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Abstract The phenotypic modulation of contractile vas-
cular smooth muscle cell (VSMC) is widely accepted as the
pivotal process in the arterial remodeling induced by hyper-
tension. This study aimed to investigate the potential role of
transient receptor potential vanilloid type 1 (TRPV1) on regu-
lating VSMC plasticity and intracranial arteriole remodeling in
hypertension. Spontaneously hypertensive rats (SHR), Wistar—
Kyoto (WKY) rats and TRPV1~~ mice on a C57BL/6J
background were used. By microscopic observation of the
histopathological sections of vessels from hypertensive SHR
and age-matched normotensive WKY control rats, we found
that hypertension induced arterial remodeling. Decreased
a-smooth muscle actin (a-SMA) and SM22a while increased
osteopontin (OPN) were observed in aorta and VSMCs
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derived from SHR compared with those in WKY, and VSMCs
derived from SHR upregulated inflammatory factors. TRPV1
activation by capsaicin significantly increased expression of
a-SMA and SM22a, reduced expression of OPN, retarded
proliferative and migratory capacities and inhibited inflam-
matory status in VSMCs from SHR, which was counteracted
by TRPV 1 antagonist 5’-iodoresiniferatoxin iIRTX) combined
with capsaicin. TRPV1 activation by capsaicin ameliorated
intracranial arteriole remodeling in SHR and deoxycorticos-
terone acetate (DOCA)-salt hypertensive mice. However,
the attenuation of arteriole remodeling by capsaicin was not
observed in TRPV1~"~ mice. Furthermore, TRPV1 activation
significantly decreased the activity of PI3K and phosphoryla-
tion level of Akt in SHR-derived VSMCs. Taken together, we
provide evidence that TRPV1 activation by capsaicin attenu-
ates intracranial arteriole remodeling through inhibiting
VSMC phenotypic modulation during hypertension, which
may be at least partly attributed to the suppression PI3K/Akt
signaling pathway. These findings highlight the prospect of
TRPV1 in prevention and treatment of hypertension.

Keywords TRPV1 - Intracranial arteriole - VSMC -
Phenotypic modulation - Hypertension

Introduction

Hypertension is an important global public-health burden
with high frequency. The number of adults with hyperten-
sion is estimated to increase to a total of 1.56 billion in 2025,
especially in economically developing regions (Kearney
et al. 2005). Intracranial arteriole remodeling is the major
adaptive mechanism to chronic increased blood pressure.
However, maladaptive remodeling results in detrimental
sequelae of luminal narrowing and hypoperfusion. Vascular
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smooth muscle cell (VSMC) is a key player in the process
of vascular remodeling. VSMCs within mature vessels are
highly plastic cells that can alter their phenotype in response
to local environmental changes including atherosclerosis,
angiogenesis and hypertension (Owens et al. 2004). As a
result, the resident quiescent VSMCs undergo phenotypic
modulation or switching which is characterized by decreased
contractility but enhanced proliferative and migratory capa-
bilities, as well as increased production of matrix and inflam-
matory cytokines. Although this plasticity is believed to have
evolved as a mechanism of vascular repair, inappropriate or
excessive phenotypic modulation acts as main contributor to
vascular remodeling. Reportedly, about 60 % of neointimal
volume is composed of VSMCs during early remodeled ves-
sels (Farb et al. 2004). Therefore, the attenuation or inhibi-
tion of VSMC phenotypic modulation may represent an
important therapeutic intervention in hypertension.

Capsaicin  (8-methyl-N-vanillyl-trans-6-nonenamide)  is
the major pungent ingredient in hot pepper with well-known
function of enhancing energy metabolism and decreasing
body weight (Zhang et al. 2007). Capsaicin is a highly selec-
tive agonist for the transient receptor potential vanilloid type
1 (TRPV1) cation channel (Caterina et al. 1997), which is
reported to exert important effects on cardiovascular system
by increasing evidence (Gupta et al. 2007; Pacher et al. 2004).
TRPV1 activation protects the heart from ischemia/reperfusion
injury (Zhong and Wang 2007, 2008) and prevents ischemia/
reperfusion-induced kidney injury (Rayamajhi et al. 2009).
TRPV1 activation systemically can also reduce the blood pres-
sure via promoting vasodilation (Franco-Cereceda and Rude-
hill 1989; Li and Wang 2003a; Scotland et al. 2004; Li and
Wang 2003b; Kawasaki et al. 2011). Yang et al. (2010) dem-
onstrated that TRPV1 activation in endothelial cells improves
endothelium-dependent vasorelaxation and prevents hyperten-
sion. In addition, Ma’s study (Ma et al. 2011) indicated the
essential role of TRPV1 in regulating VSMC function. They
found that TRPV1 activation in VSMCs by capsaicin can
reduce the cholesterol uptake and promote its efflux and ulti-
mately inhibit the cellular lipid accumulation. In the present
study, we investigated whether TRPV 1 activation by capsaicin
can regulate VSMC plasticity and ameliorate intracranial arte-
riole remodeling in hypertension, in an aim to clarify the poten-
tial therapeutic promise of capsaicin/TRPV1 for hypertension.

Materials and methods

Reagents

High-glucose Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), trypsin and phosphate

buffer saline (PBS) were obtained from Hyclone (Logan,
UT, USA). Capsaicin, 5’-iodoresiniferatoxin (iRTX) and
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LY294002 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The deoxycorticosterone acetate (DOCA) pel-
lets were purchased from Innovative Research of Amer-
ica (Sarasota, FL, USA). SDS-PAGE gel preparation kit
and BCA protein assay kit were from Beyotime Institute
of Biotechnology (Jiangsu, China). Cell Counting Kit-8
(CCK-8) was from Dojindo Laboratories (Mashiki-machi,
Kumamoto, Japan). Antibodies targeting a-smooth muscle
actin (a-SMA, ab32575), SM22a (ab14106) and osteo-
pontin (OPN, ab8448) were from Abcam (Burlingame,
CA, USA). Antibodies against phosphorylated-Akt (p-Akt,
No. 12178) and total-Akt (No. 8596) were purchased from
Cell Signaling Technology (Beverly, MA, USA). Antibody
targeting GAPDH (TA-08) and secondary antibodies (ZB-
5301, ZB-2305) were purchased from Zhongshan Golden
Bridge Biotechnology (Beijing, China).

Animal treatment

Fifteen TRPV1~'~ mice were obtained at eight—ten weeks
of age from Jackson Laboratory (Bar Harbor, ME, USA).
Fifteen eight-week-old male spontaneously hypertensive
rats (SHR) and ten age-matched normotensive Wistar—
Kyoto (WKY) control rats were obtained from Charles Riv-
ers Laboratories (Beijing, China). DOCA-salt hypertensive
mouse model was established with reference to a previous
study (Perez-Rivera et al. 2005). Briefly, ten mice received
unilateral nephrectomy under anesthesia using pentobar-
bital sodium. A DOCA pellet was implanted subcutane-
ously through a 1-cm incision between the shoulder blades.
DOCA mice were given drinking water containing 1 %
NaCl and 0.2 % KCI. Five sham mice also underwent uni-
lateral nephrectomy, but no DOCA pellet implantation and
were given tap water. After surgery, these mice were housed
under standard conditions for 3 weeks. Animals were ran-
domly assigned to receive the normal standard chow (con-
trol group), or normal chow plus with 0.01 % capsaicin for
mice and 0.02 % capsaicin for rats (capsaicin group).

Ethics statement

This study was carried out in strict accordance with the rec-
ommendations in the Guide for the Care and Use of Labo-
ratory Animals. Protocol approval was obtained from the
Animal Research Committee of the Third Military Medical
University. All surgery was performed under sodium pento-
barbital anesthesia, and all efforts were made to minimize
suffering.

Histopathology

After drug intervention, rats and mice were killed, and aor-
tas, carotid arteries, mesenteric small arteries and brains
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Table 1 Primers for real-time
PCR

Primer Forward

Reverse

IL-1B

TNFa
MCP-1
B-actin
GAPDH

CACCTCTCAAGCAGAGCACAG
IL-6 TCCTACCCCAACTTCCAATGCTC
AAATGGGCTCCCTCTATCAGTTC
CATGATCCGAGATGTGGAACTGGC
ACCACCATGTACCCAGGCATT
AACGGCACAGTCAAGGCTGA

GGGTTCCATGGTGAAGTCAAC
TTGGATGGTCTTGGTCCTTAGCC
TCTGCTTGGTGGTT TGCTACGAC
CTGGCTCAGCCACTCCAGC
CCACACAGAGTACTTGCGCTCA
ACGCCAGTAGACTCCACGACAT

were removed and perfusion fixed with 4 % paraformal-
dehyde. Perfusion-fixed samples were embedded in paraf-
fin, cut transversely into 5-pm-thick sections and stained
with hematoxylin and eosin (HE). Tissue slices were pho-
tographed and recorded using the Tissue Gnostics micro-
scope (Zeiss, Oberkochen, Germany).

Cell culture

Rat VSMCs were isolated from thoracic aorta at
8-10 weeks of age using an explant method described pre-
viously (McMurray et al. 1991). The adventitia and intima
were dissected from medial layer, and cells were grown
from the medial layer explants in high-glucose DMEM
with 10 % FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin (Hyclone, USA). When cell were grown to
70-80 % confluence, the explants were removed and the
VSMCs were cultured in high-glucose DMEM containing
10 % FBS and antibiotics in the cell incubator containing
5 % CO, and 95 % air at 37 °C. The cells were verified
as VSMCs through immunofluorescent staining of smooth
muscle (SM) specific marker, a-SMA. VSMCs at passages
3-10 were used in our experiments. In subsequent cell
experiment in vitro, the concentration of TRPV1 agonist
capsaicin and antagonist iRTX in cell culture media was
both 1 uM, while PI3K inhibitor LY294002 was 25 puM.

Cell proliferation assay

A Cell Counting Kit-8 (CCK-8) was used to measure the
proliferative capacity of VSMCs. VSMCs were seeded into
a 96-well plate (5 x 10? cells/well) and cultured in DMEM
containing 10 % FBS. After cell adherence and hunger, dif-
ferent drug treatments were added in the wells for 24 h in
cell incubator. Then, 10 pL CCK-8 solution was added to
the culture medium, and the cells were continued to incu-
bate for 1 h. Light absorbance at 450 nm was measured
using a Microplate Reader (Bio-Rad, Hercules, CA, USA).

Cell migration assay

Cell migration was examined using modified Boyden cham-
bers as described in our previous studies (Zhang et al. 2010,

2011). DMEM containing 10 % FBS was added to the lower
section of the Boyden chambers, and VSMCs suspended in
FBS-free DMEM (5.0 x 10* cells/mL) were added to the
upper section of the Boyden chambers. After incubation
for 4 h at 37 °C, the upside of the filters was scraped and
washed with PBS. Cells on the underside of the filters were
fixed with 4 % paraformaldehyde and stained with DAPI
(4,6-diamino-2-phenyl indole). Finally, cells were photo-
graphed and counted from five high-power (x400) fields per
well. The average was used as the number of migrating cell.

Real-time PCR

Total RNA was extracted from cultured VSMCs using
RNAiso Plus (Takara Bio, Otsu, Japan). Each sample was
mixed with the genomic DNA (gDNA) Eraser to remove
gDNA. The complementary DNA (cDNA) was obtained
by reverse-transcription PCR using PrimeScript™ RT rea-
gent Kit (Takara Bio, Otsu, Japan), following the manufac-
turer’s instructions. Real-time PCR was carried out with
SYBR Premix Ex Taq™ II (Takara Bio, Otsu, Japan) on a
CFX96 Real-Time System (Bio-Rad, Hercules, CA, USA)
for IL-1p, IL-6, TNFa and MCP-1, with B-actin or GAPDH
as control. And the primers for these genes are shown in
Table 1. The target gene expression level was normalized to
B-actin or GAPDH, and the result was presented as a fold
change by using the formula 2724,

Western blot analysis

Cells in 6-well plate were washed with ice-cold PBS,
scraped by lysis buffer (with phenylmethanesulfonyl fluo-
ride, PMSF) and centrifuged. The supernatant was then
collected, namely protein solution. Protein concentra-
tion was determined by BCA protein assay kit. Protein
samples as well as SDS-loading buffer were separated by
SDS-PAGE and transferred to PVDF membranes (Bio-
Rad, Hercules, CA, USA). After blocked in TBS contain-
ing 0.05 % Tween-20 and 5 % nonfat milk powder for 4 h
at room temperature, the PVDF membranes were subjected
to immunoblotting using antibodies to a-SMA (1:1000),
SM22a (1:1000), OPN (1:1000), p-Akt (1:1000), total-
Akt (1:1000), GAPDH (1:2000) and secondary antibodies
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(1:3000). Protein bands in PVDF membranes were detected
using extended duration substrate kit (Thermo Scientific,
Waltham, MA, USA) and quantified by Labworks 4.6
(UVP, Upland, CA, USA). The expression level of the vari-
ous proteins was normalized to GAPDH.

PI3K activity assay

The PI3K activity of VSMCs was measured using an
enzyme-linked immunosorbent assay (ELISA) kit accord-
ing to the manufacturer’s instructions and previous studies
(Zhang et al. 2010).

Statistical analysis

Results are expressed as mean + standard deviation (SD).
Statistical difference between two groups was assessed by a
paired ¢ test, while differences among three or more groups
were determined with a one-way analysis of variance with
Newman—Keuls post hoc test using GraphPad Prism 6 soft-
ware (La Jolla, CA, USA). A p value <0.05 was considered
to be statistically significant.

Results

Hypertension-induced arterial remodeling and VSMC
phenotypic modulation

To detect the arterial remodeling in hypertension, histo-
pathological sections of vessels from hypertensive SHR
and age-matched normotensive WKY control rats were
used. As shown in Fig. la, vessels from SHR showed sig-
nificant remodeling compared with those from WKY,
mainly characterized by increased lumen diameter in aorta,
thickened intima-media, disorganized VSMCs and elastic
fibers in carotid artery, thickened vessel wall with hyaline
change and stenotic or occluded lumen in mesenteric small
artery and intracranial arterioles. These data indicate global
arterial remodeling in hypertension, with distinct changes
in different levels of arteries.

To clarify whether VSMCs in vivo underwent pheno-
typic modulation during hypertension, we tested the expres-
sion of several proteins in aorta those widely accepted as
specific markers of different VSMC phenotypes. Of those,
a-SMA and SM22a express in contractile phenotype,
and OPN expresses specifically in synthetic phenotype.
As shown in Fig. 1b, a-SMA and SM22a were markedly
decreased, while OPN was markedly increased in SHR
aorta compared with those in WKY. These data indicate
the transformation of VSMC from contractile to synthetic
phenotype in hypertension, which may responsible for the
arterial remodeling.
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VSMC s derived from SHR showed activated
inflammatory status

Phenotypic modulation was further detected in vitro in cul-
tured VSMCs derived from SHR and WKY aorta. Consistent
with the results from in vivo, SHR-derived VSMCs showed
reduced expression of a-SMA and SM22a and increased
expression of OPN compared with WKY-derived VSMCs
(Fig. 2a). Hypertension has been accepted as a form of low-
grade systemic inflammation, accompanied by secretion of
various inflammatory mediators and activation of inflam-
matory signals. VSMCs can produce cytokines that attract
and activate leukocytes, induce proliferation of VSMCs
and promote expression of extracellular matrix components
to aggravate inflammatory response and stimulate vascular
lesions (Doran et al. 2008). Herein, we detected the inflam-
matory status of cultured SHR aortic VSMCs. As shown in
Fig. 2b, compared with WKY-derived cells, the SHR-derived
VSMCs showed increased mRNA expression of inflamma-
tory factors including IL-1p, IL-6, TNFa and MCP-1. These
data suggest that VSMCs derived from SHR show pheno-
typic modulation along with activated inflammatory status.

TRPV1 activation inhibited phenotypic modulation
of VSMC:s derived from SHR

TRPV1, a nonselective cation channel of the TRP sub-
family, can be activated by capsaicin and exert protective
role against cardiovascular and cerebrovascular diseases.
Recently, it has been reported that the effect of TRPV1
against hypertension was partly attributed to the improved
action of VSMCs (Zhang et al. 2015). To investigate
whether activation of TRPV1 inhibits VSMC phenotypic
modulation during hypertension, we used capsaicin to acti-
vate TRPV1 and tested the further effects on the marker
protein and inflammatory factor expression, proliferative
and migratory capacities in SHR-derived VSMCs.

As shown in Fig. 3a, capsaicin significantly increased
expression of a-SMA and SM22a and reduced expres-
sion of OPN, which was counteracted by TRPV1 antago-
nist iRTX combined with capsaicin in VSMCs from SHR.
The same regulative tendency by capsaicin and iRTX was
also detected in WKY-derived VSMCs, but the differences
were not statistically significant. As shown in Fig. 3b and c,
compared to WKY-derived VSMCs, SHR-derived VSMCs
showed increased proliferative and migratory capacities,
which were significantly retarded by TRPV1 agonist cap-
saicin. However, TRPV1 antagonist iRTX combined with
capsaicin further facilitated the proliferation and migration
in SHR-VSMC:s. Besides, capsaicin also inhibited the pro-
liferation and migration of WKY-VSMC. These data indi-
cate that TRPV1 activation protected VSMCs from pheno-
typic switching in hypertension.
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Fig. 1 Hypertension-induced arterial remodeling and VSMC phe-
notypic modulation, a hematoxylin and eosin staining on cross sec-
tions from different levels of arteries are presented. Vessels from
SHR showed significant remodeling compared with those from
WKY, mainly characterized by increased lumen diameter in aorta,
thickened intima-media, disorganized VSMCs and elastic fibers in
carotid artery, thickened vessel wall with hyaline change and stenotic

Next, we further tested the effect of TRPV1 on inflam-
matory factor expression in VSMCs. As shown in Fig. 3d,
the upregulated inflammatory factors including IL-18,
IL-6, TNFa and MCP-1 in SHR-derived VSMCs were
significantly inhibited by TRPV1 agonist capsaicin, while
TRPV1 antagonist iRTX combined with capsaicin further
increased the mRNA expression of these inflammatory fac-
tors. Moreover, TRPV1 antagonist iRTX could increase
the inflammatory factor expression even in WKY-VSMCs.
Collectively, these data suggest that TRPV1 activation can
inhibit the proinflammatory phenotype of VSMCs induced
by hypertension.

TRPV1 activation ameliorated intracranial arteriole
remodeling in hypertension

Furthermore, we investigated the effect of TRPV1 activa-
tion by capsaicin on intracranial arteriole remodeling in

or occluded lumen in mesenteric small artery and intracranial arteri-
oles. b As detected by Western blot, a-SMA and SM22a were mark-
edly decreased, while OPN was markedly increased in SHR aorta
(n = 5) compared with those in WKY (n = 5). *p < 0.05. Results are
expressed as mean =+ standard deviation (SD) of three independent
experiments

hypertension in vivo. Previous study found that dietary
capsaicin could significantly decrease the intima-media
thickness of intracranial arterioles in stroke-prone SHR,
indicating the role of capsaicin in improving cerebrovas-
cular remodeling in hypertension (Xu et al. 2011). Con-
sistently, the present study showed that capsaicin diet
ameliorated the hypertrophic and inward remodeling of
intracranial arterioles in SHR (Fig. 4a). DOCA-salt hyper-
tensive mouse model is another important and commonly
used in hypertension research (Zhao et al. 2015). Com-
pared with untreated TRPV1~"~ mice, DOCA-salt-treated
TRPV1~'~ mice showed thickened vessel wall with hyaline
change and stenotic or occluded lumen in cerebral arteri-
oles, suggesting inward remodeling induced by hyperten-
sion. However, the attenuation of arteriole remodeling by
capsaicin was not observed in TRPV1~~ mice, as that
occurred in SHR with intact TRPV1 (Fig. 4b). These data
indicate that capsaicin ameliorated intracranial arteriole
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Fig. 2 VSMCs derived a
from SHR showed activated
inflammatory status, a primary
VSMCs from SHR showed
reduced protein expression

of a-SMA and SM22a and 15
increased expression of OPN
compared with WKY-derived
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remodeling in hypertension through activating TRPV1 and
highlight the potential promise of TRPV1 for preventing or
delaying the vascular damage in hypertension.

TRPV1 inhibited VSMC phenotypic modulation
through suppressing PI3K/Akt pathway

Phosphatidylinositol 3 kinase/protein kinase B (PI3K/Akt)
signaling pathway plays a major role in VSMC phenotypic
modulation. Reportedly, enhanced PI3K/Akt signaling
induced the VSMC phenotypic modulation, characterized
by upregulation of a series of cytokines and decrease in
SM markers (Furgeson et al. 2010). Our previous study has
found that VSMCs derived from SHR showed significantly
activated PI3K/Akt signaling; PI3K inhibitor LY294002
impeded phenotypic modulation of cultured VSMCs
derived from SHR, as evidenced by rescuing the a-SMA
and SM22a expression and counteracting the proliferative
and migratory capacities (Zhang et al. 2010). In the present
study, it was found that the mRNA expression of inflam-
matory factors including IL-1p, IL-6 and TNFa in SHR-
derived VSMCs was reduced by PI3K inhibitor LY294002,
as shown in Fig. 5a. These data suggest that inhibition of
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PI3K signaling could inhibit the inflammatory reaction of
SHR-derived VSMCs. To further investigate the potential
mechanisms of TRPV1 in regulating VSMC phenotype,
we analyzed the activation status of PI3K/Akt signaling. As
shown in Fig. 5b, the activity of PI3K and phosphorylation
level of Akt in SHR-derived VSMCs were higher than those
in WKY-derived VSMCs. Capsaicin treatment significantly
decreased the activity of PI3K and phosphorylation level
of Akt in SHR-derived VSMCs, which was reversed by
TRPV1 antagonist iRTX. It is suggested that TRPV1 acti-
vation inhibits phenotypic modulation of VSMCs through,
at least partly, suppressing PI3K/Akt signaling pathway.

Discussion

Hypertension affects about one-third of adults worldwide
and is responsible for about half the global risk for stroke
and ischemic heart disease (Levy et al. 2009). Hyperten-
sion-induced arterial remodeling and the consequent ath-
erosclerosis and arteriolosclerosis are the major contribu-
tor to the cardiac-cerebral vascular diseases. In the present
study, hypertension induced global arterial remodeling,
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Fig.3 TRPV1 activation inhibited phenotypic modulation of VSMCs
derived from SHR, a as detected by Western blot, capsaicin (cap,
1 wM) significantly increased expression of a-SMA and SM22a
and reduced expression of OPN, which was counteracted by TRPV1
antagonist iRTX (1 wM) combined with capsaicin in VSMCs from
SHR. The same regulative tendency by capsaicin and iRTX was also
detected in WKY-derived VSMCs, but the differences were not sta-
tistically significant. b, ¢ Compared to WKY-derived VSMCs, SHR-
derived VSMCs showed increased proliferative and migratory capaci-
ties, which were significantly retarded by TRPV1 agonist capsaicin
(1 pM). However, TRPV1 antagonist iRTX (1 wM) combined with
capsaicin further facilitated the proliferation and migration in SHR-

WKY-VSMC SHR-VSMC WKY-VSMC SHR-VSMC

VSMCs. Besides, capsaicin also inhibited the proliferation and
migration of WKY-VSMC. d The upregulated inflammatory factors
including IL-1f, IL-6, TNFo and MCP-1 in SHR-derived VSMCs
were significantly inhibited by TRPV1 agonist capsaicin (1 pM),
while TRPV1 antagonist iRTX (1 wM) combined with capsaicin fur-
ther increased the mRNA expression of these inflammatory factors.
Moreover, TRPV1 antagonist iRTX could increase the inflammatory
factor expression even in WKY-VSMCs. n = 1 rat (SHR/WKY) per
primary VSMC culture (5 in total). *p < 0.05 versus WKY-VSMC
control (con); #p < 0.05 versus SHR-VSMC control. Results are
expressed as mean =+ standard deviation (SD) of three independent
experiments

Fig. 4 TRPV1 activation ameliorated intracranial arteriole remod-
eling in hypertension, a capsaicin (cap) diet ameliorated the hyper-
trophic and inward remodeling of intracranial arterioles in SHR.
b Compared with untreated TRPV1™~ mice (n = 5), DOCA-salt-
treated TRPV1~/~ mice (n = 5) showed thickened vessel wall with

hyaline change and stenotic or occluded lumen in cerebral arterioles,
suggesting inward remodeling induced by hypertension. However, the
attenuation of arteriole remodeling by capsaicin was not observed in
TRPV1~"~ mice (n = 5), as that occurred in SHR with intact TRPV 1
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Fig. 5 TRPV1 inhibited VSMC phenotypic modulation through sup-
pressing PI3K/Akt pathway, a the mRNA expression of inflamma-
tory factors including IL-1p, IL-6 and TNFa in SHR-derived VSMCs
were reduced by PI3K inhibitor LY294002 (25 uM). b As detected
by PI3K Activity Assay and Western blot, the activity of PI3K and
phosphorylation level of Akt in SHR-derived VSMCs were higher
than those in WKY-derived VSMCs. Capsaicin (cap, 1 uM) treat-

although the modes of remodeling were different in dif-
ferent levels of arteries. Large artery mainly displayed
outward remodeling, with increased lumen diameter in
aorta. In contrast, middle and small arteries showed signifi-
cant inward remodeling. Carotid artery showed thickened
intima-media, decreased lumen diameter and disorganized
VSMCs and elastic fibers, while mesenteric small artery
and intracranial arterioles displayed thickened vessel wall
with hyaline change and stenotic or occluded lumen.
Although complicated processes and various cells in
vessel wall are involved in the arterial remodeling in hyper-
tension, phenotypic modulation of contractile VSMCs
is widely accepted as the pivotal process. VSMCs within
mature blood vessels play dominant role in regulating
vascular contraction and dilation. Unlike either skeletal
or cardiac muscle cells that are terminally differentiated,
VSMC s retain remarkable plasticity and can undergo phe-
notypic modulation from contractile to synthetic phenotype
in response to local environmental changes such as arterial
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ment significantly decreased the activity of PI3K and phosphorylation
level of Akt in SHR-derived VSMCs, which was reversed by TRPV1
antagonist iRTX (1 wM). n = 1 rat (SHR/WKY) per primary VSMC
culture (5 in total). *p < 0.05 versus WKY; #p < 0.05 versus SHR.
Results are expressed as mean =+ standard deviation (SD) of three
independent experiments

injury and hypertension (Owens et al. 2004). Accumulating
evidence suggests that inappropriate or excessive VSMC
phenotypic modulation promotes vascular remodeling
including media hypertrophy, neointimal hyperplasia and
extracellular matrix deposition (Lee et al. 2015; Kudryavt-
seva et al. 2014). Therefore, the attenuation or inhibition
of VSMC phenotypic modulation may display the protec-
tive function against intracranial arteriole remodeling in
hypertension.

In the present study, both SHR aorta VSMCs and cul-
tured VSMCs derived from SHR underwent phenotypic
modulation, evidenced by decreased expression of SM
contractile proteins (a-SMA and SM22a) and increased
expression of SM synthetic protein (OPN). SHR-derived
VSMC:s also showed increased proliferative and migratory
capacities in vitro. In addition, activated inflammatory sta-
tus was observed in SHR-VSMCs, evidenced by increased
mRNA expression of inflammatory factors including IL-18,
IL-6, TNFo and MCP-1. These results indicate that VSMCs
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showed proinflammatory phenotypic modulation during
hypertension, paralleled with changed SM protein expres-
sion and increased viability, which synergistically promote
the arterial remodeling in hypertension.

The capsaicin receptor TRPV1 is a ligand-gated and
non-selective calcium influx channel which was isolated
and cloned from sensory neurons (Caterina et al. 1997).
TRPV1 is widely distributed in peripheral nervous system
such as dorsal root ganglion neurons and colon to mediate
various types of pain (Zhu et al. 2011; Chen et al. 2015;
Fang et al. 2015). TRPV1 is also widely expressed in the
central nervous system to control learning and memory,
which may be the novel research target for mitigation of
Alzheimer’s disease and Parkinson’s disease (Palazzo
et al. 2008; Zschenderlein et al. 2011; Jayant et al. 2016;
Nam et al. 2015). Besides, growing evidence indicates
the protective role of TRPV1 in cardiac-cerebral vascular
system. Previous study found that chronic dietary capsai-
cin ameliorated cerebrovascular hypertrophy and intima-
media thickening of intracranial arterioles in stroke-prone
SHR, which was associated with enhanced eNOS level and
endothelium-dependent relaxation (Xu et al. 2011). We
have reported that TRPV1 activation by capsaicin impeded
VSMC-derived foam cell formation and further inhibited
vascular atherosclerosis (Li et al. 2014). Although arterial
remodeling is commonly initiated by intimal injury in the
early stage, VSMCs are primarily involved in the vascular
structure changes and are the main contributor to form-
ing vascular hypertrophy trough proliferating and migrat-
ing (Zhang et al. 2011). Therefore, we tested the effect of
TRPV1 on intracranial arterioles and cultured VSMCs in
hypertensive animals in the present study. It was shown that
TRPV1 activation by capsaicin inhibited the VSMC pheno-
typic modulation by increasing expression of a-SMA and
SM22a, reducing expression of OPN and retarding the pro-
liferative and migratory capacities in SHR-derived VSMCs.
Furthermore, we found that capsaicin diet retarded the
hypertrophic and inward remodeling in intracranial arte-
rioles in SHR but not in hypertensive mice with impaired
TRPV1, indicating the pivotal role of TRPV1 in attenuating
arterial remodeling in hypertension.

VSMC proinflammatory phenotypic modulation is also a
critical process during hypertension. However, rare literature
reported the anti-inflammatory effects of TRPV1 on VSMCs.
Previous studies showed that TRPV1 activation by capsaicin
reduced inflammatory responses by decreasing the expres-
sion of TNFa, IL-6 and MCP-1, prevented macrophage infil-
tration in adipose tissue, inhibited differentiation, activation
and pro-inflammatory cytokine production of dendritic cells
(Kang et al. 2010; Toth et al. 2009). Additionally, TRPV1
gene deletion resulted in excessive inflammation and aggra-
vated abnormal tissue remodeling after myocardial ischemia
(Huang et al. 2009) and accelerated TGFB-induced renal

fibrosis in DOCA-salt hypertension (Wang and Wang 2011).
In the present study, it was found that TRPV1 activation
by capsaicin significantly inhibited the upregulated inflam-
matory factors including IL-18, IL-6, TNFa and MCP-1
in SHR-derived VSMCs. Hence, these data suggest that
TRPV1 activation by capsaicin inhibits VSMC phenotypic
modulation as well as the paralleled inflammatory status,
through which TRPV1 exerts inhibitory effect on intracranial
arteriole remodeling induced by hypertension.

Regarding the molecular mechanism that involved in
TRPV1-inhibited VSMC phenotypic modulation, we par-
ticularly focused on the role of PI3K/Akt pathway. PI3K/
Akt has been demonstrated to be essential for VSMC
proliferation and migration (Fernandez-Hernando et al.
2009). In addition, the proinflammatory effects of PI3K/
Akt are associated with the enhanced nuclear localiza-
tion and activation of NF-kB (Furgeson et al. 2010). In
the present study, it was found that the mRNA expression
of inflammatory factors including IL-1f, IL-6 and TNFa
in SHR-derived VSMCs was reduced by PI3K inhibitor
LY294002, suggesting the important inhibitory effect of
PI3K on VSMC inflammation. The activity of PI3K and
phosphorylation level of Akt in SHR-derived VSMCs were
higher than those in WKY-derived VSMCs, indicating
increased PI3K/Akt signaling pathway, which was counter-
acted by TRPV1 activation by capsaicin. These data sug-
gest that TRPV1 activation inhibits phenotypic modulation
of VSMCs through, at least partly, suppressing PI3K/Akt
signaling pathway.

Taken together, we provide evidence that TRPV1 acti-
vation by capsaicin attenuates intracranial arteriole remod-
eling through inhibiting VSMC phenotypic modulation
during hypertension, which may be at least partly attributed
to the suppression PI3K/Akt signaling pathway. These find-
ings highlight the prospect of TRPV1 in prevention and
treatment of hypertension.
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