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ARTICLE INFO ABSTRACT

Vascular remodeling is the pathogenic basis of hypertension and end organ injury, and the proliferation of
vascular smooth muscle cells (VSMCs) is central to vascular remodeling. Yes-associated protein (YAP) and
transcriptional co-activator with PDZ-binding motif (TAZ) are key effectors of the Hippo pathway and crucial for
controlling cell proliferation, apoptosis and differentiation. The present study investigated the role of YAP/TAZ

Original content: original data and
Supplementary data (Original data)

I;fl};w;;rdS: in cardiac and vascular remodeling of angiotensin II-induced hypertension. Ang II induced YAP/TAZ activation
Cardiovascular diseases in the heart and aorta, which was prevented by YAP/TAZ inhibitor verteporfin. Treatment with verteporfin
YAP/TAZ significantly reduced Ang II-induced cardiac and vascular hypertrophy with a mild reduction in systolic blood
Hypertension pressure (SBP), verteporfin attenuated Ang II-induced cardiac and aortic fibrosis with the inhibition of transform

Vascular remodeling growth factor (TGF)p/Smad2/3 fibrotic signaling and extracellular matrix collagen I deposition. Ang II induced
Rho A, extracellular signal-regulated kinase 1/2 (ERK1/2) and YAP/TAZ activation in VSMCs, either Rho kinase
inhibitor fasudil or ERK inhibitor PD98059 suppressed Ang II-induced YAP/TAZ activation, cell proliferation and
fibrosis of VSMCs. Verteporfin also inhibited Ang II-induced VSMC proliferation and fibrotic TGFp1/Smad2/3
pathway. These results demonstrate that Ang II activates YAP/TAZ via Rho kinase/ERK1/2 pathway in VSMCs,
which may contribute to cardiac and vascular remodeling in hypertension. Our results suggest that YAP/TAZ
plays a critical role in the pathogenesis of hypertension and end organ damage, and targeting the YAP/TAZ
pathway may be a new strategy for the prevention and treatment of hypertension and cardiovascular diseases.

1. Introduction and hypercontractility of vascular smooth muscle cells (VSMCs), as well

as the imbalance between extracellular matrix (ECM) accumulation and

Hypertension affects over one billion people worldwide and is a
major risk factor for the development of cardiovascular diseases, sub-
optimal control of blood pressure is the leading attributable risk for
cardiovascular mortality (Slivnick and Lampert, 2019). Long-term high
blood pressure can alter the structure and function of the heart and
blood vessels and promote premature aging phenotype of blood vessels,
characterized with vascular remodeling, inflammation and endothelial
dysfunction (Gallo et al., 2021; Yildiz et al., 2020). Vascular remodeling
is an active process that involves the proliferation, apoptosis, fibrosis

degradation, leading to an increase in vascular stiffness, wall thickness,
and reduced distensibility (Humphrey, 2021; Liu et al., 2022). Vascular
fibrosis and remodeling are main pathological processes that promote
hypertension related cardiovascular diseases (Cai et al., 2021).

The cellular mechanisms and intracellular signaling events of car-
diovascular remodeling in hypertension are complex. Many factors have
been implicated in the pathophysiological process of cardiovascular
remodeling in hypertension, with the activation of renin-angiotensin
aldosterone system (RAAS) being one of the most significance
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(Martyniak and Tomasik, 2022). Ang II is the effector of RAAS, mainly
exerts its biological effects by binding to the angiotensin II type I re-
ceptor (AT1R) (Ashour, 2022). At the cellular level, Ang II stimulates
ATIR to activate multiple signaling pathways, such as
mitogen-activated protein kinases (MAPKs), Rho kinase and nuclear
factor (NF)xB, which may increase the proliferation, fibrosis, oxidative
stress of cardiomyocyte and VSMCs, ECM accumulation and endothelial
dysfunction, thereby promoting cardiovascular remodeling (Bregeon
et al., 2009; Kawai et al., 2017; Zhao et al., 2019).

There are increasing evidence showing that the Hippo/Yes-
associated protein (YAP) pathway plays a role in cardiovascular
remodeling and related CVDs (Li and Huang, 2023; Zheng et al., 2022).
The Hippo pathway controls organ size by regulating survival, prolif-
eration and apoptosis, and YAP and its associated PDZ-binding motif
(TAZ) are key downstream effectors of the Hippo pathway (Moya and
Halder, 2019). YAP is an important molecule to sense biochemical force
and hemodynamic stress (Wang et al., 2016). Altered ECM stiffness and
thickness in cardiac and vascular wall and disturbed blood flow asso-
ciated with hypertension, may be a potent activator of YAP/TAZ
(Dupontetal., 2011; Liu et al., 2019). In turn, the activation of YAP/TAZ
may further promote cardiovascular remodeling by altering ECM pro-
duction/degradation, VSMC growth and death, and vascular inflam-
mation (Yamashiro et al., 2020; Zheng et al., 2022). In addition, there is
a complex interaction between YAP/TAZ and Ang II singling in cardio-
vascular system (Lin et al., 2018)

We have recently shown that Ang II activates YAP/TAZ signaling to
induce endothelial dysfunction, vascular inflammation and renal injury
in hypertensive mice (Xu et al., 2021; Zhang et al., 2021). In this study,
we investigated the role and potential signaling mechanisms of YAP/-
TAZ activation in Ang II-induced cardiovascular remodeling in hyper-
tensive mice.

2. Materials and methods
2.1. Animal and experimental protocols

Six-week-old male C57BL/6 mice were purchased from the Charles
River Animal Laboratory in Beijing (China). These mice were housed in
the animal facility of Shenyang Medical College and free access to tap
water and mice diet. All animal experimental protocols complied with
the international standards stated in the guide for the Care and Use of
Laboratory Animals. All animal protocols were approved by the Insti-
tutional Animal Care and Use Committee of Shenyang Medical College
(SYYXY2021110101). After adapting to the environment for 2 weeks,
mice were randomly divided into three groups and treated for 3 weeks:
(1) control group (Ctr): mice underwent a sham surgery with the im-
plantation of an empty osmotic mini-pump (n = 6); (2) Ang II group
(Ang II): mice were implanted with an osmotic mini-pump (Alzet model
1002D, DURECT Inco., Cupertino, CA, United States) and infused with
Ang II (1.1 mg/kg/day, Sigma-Aldrich, St. Louis, MO, n = 6); (3)Ang II
infusion plus verteporfin treatment group (Ang II/Ve): mice were
implanted with an osmotic mini-pump and infused with Ang II plus
verteporfin (Houston, TX) treatment (n = 6). We have previously shown
that Ang II at this pressor dose can induce hypertension and cardio-
vascular and renal injury in mice (Zhang et al., 2021). The mice in Ang
II/Ve group were intraperitoneally injected with 60 mg/kg of verte-
porfin every other day. Verteporfin was dissolved in 10% DMSO saline
solution, to eliminate potential side effects of DMSO solvent, the mice in
control and Ang II group were intraperitoneally given with same amount
of the solvent every other day. Verteporfin is an inhibitor of YAP, which
inhibits YAP activation by disrupting the YAP-TEAD interactions and
decreases the protein expression of YAP (Szeto et al., 2016; Wei et al.,
2017). Systolic blood pressure (SBP) and diastolic blood pressure (DBP)
were measured by tail-cuff method (Softron Biotechnology Co., Ltd.,
Beijing, China) at quiet and dark room in the conscious mice as previ-
ously described (Huang et al., 2018). The mice were trained daily for 5
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consecutive days before the experiments started. SBP and DBP were
measured at baseline (before mini-pump implantation) and every week
thereafter. Record at least five successive readings and average them as a
single value for each mouse. Mice were euthanized by an overdose of
anesthetic (5% chloral hydrate 0.4 mL/100 g body weight, L.P.). The
aorta and hearts were harvested and snap frozen in liquid nitrogen.

2.2. Histological examination

The thoracic aorta (just below the highest point of the aortic arch)
and one piece of heart tissue were fixed in 4% paraformaldehyde in
phosphate-buffered saline. The tissue samples were embedded in
paraffin and cut into 4 pm-thick sections, and stained with hematoxylin
eosin (Sigma Aldrich, St. Louis, MO) or wheat germ agglutinin (WGA ,
Beijing Solarbio Science & Technology Co.,Ltd. ) . Four digital images
per sample were acquired using a Leica DM4B fluorescence microscope
(Leica Microsystems Inc., Mannheim, Germany) and analyzed with
ImageJ 1.48V software, average aortic wall thickness and myocardial
cell area were measured. Masson-trichrome staining was used to eval-
uate vascular fibrosis. The percentage of positive stained area was
assessed with ImageJ software as a semi-quantitative analysis of
collagen content in vascular tissue. The slide examination, image
quantitation and representative photomicrographs were taken in a
blinded manner, and the reviewer was unaware of the experimental
groups.

2.3. VSMC culture

The VSMC line A7R5 derived from the thoracic aorta of rat was
obtained from American Type Culture Collection (ATCC, Manassas, VA),
and cultured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, NY) supplemented with 10% fetal bovine serum, 100 U/
ml streptomycin and 100 U/ml penicillin in a humidified atmosphere of
5% CO3 at 37 °C. Cells were used between passage 4 and passage 12 with
60% confluence and seeded in six-well plates (2 x 10° cells/well), and
starved in serum-free DMEM medium for 24 h before the experiments
were performed. Cells were incubated with Ang II (100 nmol/L) for
6-24 h. In some experiments, cells were preincubated with YAP inhib-
itor verteporfin (0.5 pmol/L), Rho A inhibitor fasudil (10 pmol/L) or
ERK inhibitor PD98059 (20 pmol/L) before Ang II was applied.

2.4. CCK-8 assay

VSMC proliferation was determined using a CCK-8 assay kit
(Vazyme, Nanjing, China). Growing cells were diluted to 2 x 10% cells/
ml and seeded in 96-well plates, cells were incubated with Ang II (100
nmol/L) or Ang II plus the indicated inhibitor for 24 h, 10 pl CCK-8
solution was added to well followed by the incubation for 2 h at
37 °C. Absorbance at 450 nm was measured with a microplate reader
(BGM LABTECH, Germany). Samples were run in triplicate.

2.5. Immunofluorescence

The aortic rings were embedded in paraffin and cut into 4 pm-thick
sections. The slides were incubated with sodium citrate buffer (pH 6.0)
and placed on a pressure cooker for 10 min for antigen retrieval, the
sections were blocked with 5% goat serum in TBS (blocking solution) for
1 h. Then the sections were incubated with primary mouse anti-YAP
(1:200 dilution with TBST buffer, SC-101199, Santa Cruz Biotech.) or
rabbit anti-collagen I (1:200 dilution with TBST buffer, SC-39357, Santa
Cruz Biotech.) antibodies overnight at 4 °C, followed by the incubation
with fluorescein (FITC)-conjugated goat anti-mouse secondary antibody
for YAP (1:500 dilution with TBST buffer, Beyotime Biotechnology), or
fluorescein (Cy3)-conjugated goat anti-rabbit secondary antibody for
collagen I (1:300 dilution with TBST buffer, Beyotime Biotechnology.) at
37 °C for 1 h. The nucleus was counter-stained with DAPI. Fluorescence
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intensity was visualized and photographed using a Leica DM4B fluo-
rescence microscope (Leica Microsystems Inc., Mannheim, Germany).
The relative fluorescence intensity (RFI) of nuclear YAP or collagen I
was determined using the ImageJ 1.54 software system and normalized
by control group.

2.6. Western blot

The aorta or VSMCs were washed with cold PBS and lysed in RIPA
lysis buffer supplemented with 1 mmol/L PMSF, 10 pg/ml aprotinin and
10 pug/ml leupeptin at 4 °C for 60 min. In some experiments, nuclear and
cytoplasmic protein fractions were separated and extracted using
nucleoprotein extraction kit (BestBio, Shanghai, China) according to the
manufacture’s protocol. Protein concentration was measured by the Bio-
Rad protein assay (Beyotime Biotech., Shanghai, China). Fifty pg of total
proteins were separated by 8 or 12% polyacrylamide gel electrophoresis
and transferred to nitrocellulose membrane. The membranes were
incubated with a blocking solution (5% milk in TBST buffer) at room
temperature for 2 h, and then incubated with primary antibodies against
YAP (SC-101199, Santa Cruz Biotech.), p-YAP (13008T, Cell Signaling),
TAZ (48838, Cell Signaling), p-TAZ (599718, Cell Signaling), Rho A (SC-
418, Santa Cruz Biotech.), TGFp (A16640, ABclonal), Smad2/3 (sc-
133098, Santa Cruz Biotech.), p-Smad3 (9520, Cell Signaling), collagen
I (SC-39357, Santa Cruz Biotech.), HDAC1 (SC-81598, Santa Cruz
Biotech.), and GAPDH (60004-1-Ig, Proteintech Group) at 4 °C over-
night (1:500 dilution with blocking solution). The membranes were
incubated with horseradish peroxidase-conjugated secondary antibody
(1:5000 dilution using blocking solution) for 2 h at room temperature.
The signals of luminal chemiluminescence were detected by an Aplegen
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Omega Lum G Gel Documentation System (Aplegen Inc., Pleasanton)
and quantified by ImageJ. 1.48V software system. HDAC1 was used as a
loading control for nuclear lysates, and GAPDH for whole lysates. Data
was normalized by control group.

2.7. Statistical analysis

Data was analyzed using GraphPad statistical software package, and
expressed as mean + SE. Statistical significance of difference was
determined by one-way or two-way ANOVA with Bonferroni’s correc-
tion for multiple comparisons. Values were considered significant when
p < 0.05.

3. Results

3.1. Verteporfin inhibits YAP/TAZ activation in the heart and vessels of
Ang II hypertensive mice

YAP and its transcriptional coactivator TAZ are core downstream
molecules and cascade effectors of the Hippo signaling pathway. The
activation of the Hippo pathway induces YAP/TAZ phosphorylation,
resulting in YAP/TAZ inactivation and retention in the cytosolic apart-
ment (Kwon et al., 2022). When the hippo signaling pathway is inacti-
vated, unphosphorylated YAP/TAZ transfers from the cytoplasm into
the nucleus and binds to TEAD1-4 to increase the expressions of target
genes (Pocaterra et al., 2020). We used immunofluorescence staining to
determine nuclear fluorescence intensity of YAP in the aorta and heart.
Ang 1I significantly increased nuclear fluorescence intensity of YAP in
the aorta (Fig. 1A&B) and heart (Fig. 1E&F), while treatment with
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Fig. 1. YAP/TAZ activation in the aorta and heart of Ang II hypertensive mice. Representative images of YAP immunofluorescence in the aorta (A) and heart (E), YAP
was immunolabeled with FITC (Green) , cell nucleus stained with DAPI (blue), bar = 75 pm. Quantitative analysis of YAP fluorescence intensity in aortic (B) and
myocardial (F) cell nuclei. The protein expression of YAP (C) and TAZ (D) in the nuclear fraction of aorta. The protein expression of YAP (G) and TAZ (H) in the
nuclear fraction of heart. Ctr: C57BL/6 mice were implanted with an empty osmotic mini-pump, Ang II: mice were infused with angiotensin II for 3 weeks, Ang II/Ve:
mice were infused with Ang II plus verteporfin treatment for 3 weeks. All data were expressed as mean + SEM. n = 6 *p < 0.05 vs. Ctr group; *p < 0.05 vs. Ang

II group.
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verteporfin significantly reduced nuclear fluorescence intensity of YAP.
In addition, we separated aortic and cardiac tissues into the nuclear and
cytoplasmic fractions, and determined the protein expressions of nuclear
YAP/TAZ and cytosolic phosphor-YAP/phosphor-TAZ by Western blot.
Ang 1II increased the protein expression of YAP/TAZ in the nuclear
fraction of the aortic (Fig. 1C&D) and cardiac tissues (Fig. 1G&H), and
decreased phosphor-YAP/phosphor-TAZ in the cytoplasmic fraction of
aortic (Fig. S1 A&B) and cardiac (Fig. S1C&D) tissues. These results
indicate that Ang II activates YAP/TAZ signaling pathway in the
vascular system and heart, while verteporfin effectively inhibits this
pathway.

3.2. Verteporfin lowers Ang II-induced elevation of blood pressure and
cardiac and vascular hypertrophy and fibrosis

The infusion of Ang II for 3 weeks significantly increased heart
weight (4.6 + 0.2 vs. 3.8 + 0.1 mg/g body weight in control group, p <
0.05, Fig. 2A&B) and cardiomyocyte sectional area (375.0 & 19.0 vs.
218.7 + 11.9 pm? in control group, p < 0.05), as demonstrated by HE
(Fig. 2C&D) and WGA staining (Fig. S2). Verteporfin significantly
reduced heart weight (3.9 + 0.1 vs. 4.6 + 0.2 mg/g body weight in Ang
II group, p < 0.05, Fig. 2A&B) and cardiomyocyte sectional areas (258
+14vs. 375 £19 pm2 in Ang II group (p < 0.05, Fig. 2C&D & Fig. S2).
Masson-trichrome staining showed that Ang II significantly increased
the positive staining area of collagen in the heart, which was signifi-
cantly reduced in Ang II/Ve mice (Fig. 2E&F). The infusion of Ang II for
3 weeks significantly increased SBP (165 + 4 vs. 111 + 2 mmHg in
control group, p < 0.05, Fig. 3A) and DBP (102 + 3 vs. 71 + 4 mmHg in
control group, p < 0.05, Fig. 3B) in the mice, treatment with verteporfin
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significantly reduced Ang II-induced elevation of SBP (144 + 3 vs. 165
+ 4 mmHg in Ang II group, p < 0.05, Fig. 3A) and DBP (88 + 4 vs. 102
+ 3 mmHg in Ang II group, p < 0.05, Fig. 3B). Ang II also increased the
thickness of aortic wall (68.7 + 1.0 vs. 48.7 & 2.8 pm in control group, p
< 0.05), which was significantly reduced in Ang II/ Ve mice (53.9 + 1.8
vs. 68.7 £ 1.0 pm in control, p < 0.05, Fig. 3C&D). As shown in
Fig. 3E&F, Masson-trichrome staining showed that the staining area of
collagen significantly increased in the aorta of Ang II hypertensive mice,
and treatment with verteporfin markedly reduced the positive staining
area of collagen in Ang II mice. Consistent with the results of Masson-
trichrome staining, immunofluorescence staining showed that Ang II
also increased the immunofluorescence intensity of collagen I, which
was reduced in Ang II/Ve mice (Fig. 3G&H). We have previously
demonstrated that Ang II induces renal fibrosis via the stimulation of
TGFB/Smad2/3 pathway (Zhang et al., 2021). Ang II significantly
increased aortic expressions of TGFpl, collagen I and the ratio of
phosphor-Smad3/Smad2/3 but not total Smad2/3, treatment with ver-
teporfin markedly reduced these fibrotic factors (Fig. 4). These results
suggest that the activation of YAP/TAZ pathway plays an important role
in Ang II-induced cardiac and vascular hypertrophy and fibrosis, thereby
contributing to cardiovascular remodeling.

3.3. Ang II promotes proliferation and fibrotic protein expressions via the
activation of YAP/TAZ pathway in VSMCs

We investigated the effect of Ang Il on YAP/TAZ activation in A7R5
VSMCs in vitro. We used immunofluorescence staining to determine
nuclear fluorescence intensity of YAP and TAZ, as shown in Fig. SA&B &
figures C&D, Ang II significantly increased nuclear fluorescence
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Fig. 2. Treatment with verteporfin reduced Heart weight (A&B), cardiac hypertrophy (C&D), and fibrosis (E&F) in Ang II mice. Representative images of heart
section stained with HE (C) or Masson trichrome (E), and the quantitative analysis of cardiomyocyte cross-sectional area (D, bar = 25 pm) and positive collagen
stained area (F, bar = 75 pm) in the heart. n = 6 *p < 0.05 vs. Ctr group; *p < 0.05 vs. Ang II group.
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Fig. 3. Verteporfin lowered blood pressure (A&B) and attenuated aortic hypertrophy (C&D) and fibrosis (E&F) in Ang II hypertensive mice. Representative images of
the aortic wall stained with HE (C), and quantitative analysis of the aortic wall thickness (D), bar = 75 pm. Representative images of aortic fibrosis determined by
Masson trichrome staining (E), and quantitative analysis of positive collage-staining area in aortic section (F). Representative images collagen I in the aorta
determined by immunofluorescence (G), bar = 75 pm, quantitative analysis of collagen I fluorescence intensity in the aorta (H). n = 6 *p < 0.05 vs. Ctr group; *p <

0.05 vs. Ang II group.

intensity of YAP and TAZ, while treatment with verteporfin significantly
reduced Ang II-induced increase in the nuclear fluorescence intensity of
YAP and TAZ. Ang II time-dependently increased the protein expressions
of nuclear YAP and TAZ in VSMCs (Fig. 5E&F), and decreased the
expression of cytosolic p-YAP and p-TAZ (Fig. S3). Ang II promoted the
proliferation of VSMCs starting from 24 h of treatment (Fig. 5G).
Furthermore, Ang II increased the protein expressions of TGFpl, p-
Smad3, fibronectin and collagen I in VSMCs but did not affect the pro-
tein expression of total Smad2/3 (Fig. 6). The inhibition of YAP/TAZ
activation with verteporfin suppressed Ang II-induced cell proliferation
(Fig. 5G) and the expression of these fibrotic proteins (Fig. 6). These
results suggest that Ang II activation of the YAP/TAZ pathway help
promote VSMC proliferation and fibrosis.

3.4. Ang II activates YAP/TAZ pathway via the stimulation of Rho A/
ERK1/2 pathway in VSMCs

We have recently shown that Ang II activates the YAP/TAZ pathway
via the activation of Protein Phosphatases 2A subunit C (PP2Ac)
dephosphorylation in HUVECs(Xu et al., 2021). In this study, we
investigated effect of Ang II on the protein expression of PP2Ac and
phosphor-PP2Ac in VSMCs. However, Ang II did not affect the protein
expression of PP2Ac and phosphor-PP2Ac (Fig. S4). It has been shown
that Ang II activates Rho kinases to induce VSMC proliferation and the
expression of fibrotic factors (Du et al., 2015; Wu et al., 2019b). We
determined the protein expression of Rho A in Ang Il-treated VSMCs.
Ang II time-dependently increased Rho A expression (Fig. 7A), and the
inhibition of Rho kinases with fasudil prevented Ang II-induced Rho A
protein expression (Fig. 7B). To investigate the effect of fasudil on Ang
II-induced YAP/TAZ activation, fibrosis and cell proliferation in VSMCs,
cells were preincubated with fasudil for 30 min followed by the incu-
bation with Ang II for 24 h. Fasudil prevented Ang II-induced nuclear

translocation of YAP and TAZ (Fig. 7C&D), and decreased cytosolic
expression of p-YAP and p-TAZ (Fig. S5), fasudil also inhibited Ang
[I-induced protein expression of TGFf, p-Smad3, collagen I and cell
proliferation (Fig. 7E-I). These results indicate that Ang II-induced
YAP/TAZ activation, fibrosis and cell proliferation is mediated by
stimulating Rho kinase in VSMCs.

It has been shown that Rho A can activate ERK1/2 and promote the
nuclear translocation of p-ERK1/2, which may bind to YAP to stabilize
YAP in nucleus (Qin et al., 2019; Zhu et al., 2008). To investigate
whether ERK1/2 is a downstream molecule of Rho A to mediate Ang II
activation of YAP/TAZ pathway, we investigated the effect of fasudil on
Ang II-induced ERK1/2 phosphorylation (the active form of ERK1/2) in
A7R5 VSMCs, Ang Il significantly increased the expression of p-ERK1/2,
which was inhibited by fasudil, suggesting that Rho kinase is upstream
molecule of Ang II activation of ERK1/2. Then, we investigated the ef-
fect of ERK1/2 inhibitor PD98059 on Ang II-induced YAP/TAZ activa-
tion, VSMCs were preincubated with ERK1/2 inhibitor PD98059 for 30
min followed by incubation with Ang II for 24 h, PD98059 effectively
inhibited Ang II-induced ERK1/2 phosphorylation (Fig. S6A), the inhi-
bition of ERK1/2 activation with PD98059 prevented an increase in Ang
II-induced expression of YAP/TAZ in the nucleus (Fig. 8B&C) and a
decrease in Ang II-induced the expression of p-YAP/p-TAZ in the cyto-
plasm (Fig. S6B&C), while the inhibition of YAP/TAZ with verteporfin
did not affect p-ERK1/2 expression (Fig. S7), suggesting that ERK1/2 is
upstream molecule of Ang II activation of YAP/TAZ. Finally we inves-
tigated the effect of PD98059 on Ang II-induced cell proliferation and
fibrotic signaling TGFf/Smad2/3, PD98059 significantly inhibited Ang
II-induced the protein expression of TGFp (Fig. 8D), p-Smad3 and
collagen I (Fig. 8F&G) and cell proliferation (8H), but did not affected
the protein expression of total Smad2/3 (Fig. 8E). These results indicate
that Ang II activates YAP/TAZ pathway via the stimulation of Rho
A/ERK1/2 pathway, the activation of this pathway contributes to Ang
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II-induced VSMC proliferation and fibrosis.
4. Discussion

There is growing evidence showing the importance of the Hippo/
YAP pathway in vascular remodeling and related cardiovascular dis-
eases (Mia and Singh, 2022a; Zheng et al., 2022). We have previously
shown that Ang II activates the YAP/TAZ pathway in the endothelium,
which contributes to endothelial dysfunction and vascular inflammation
(Xu et al., 2021). In the present study, we further demonstrate that Ang
II activates the YAP/TAZ pathway in the heart and vessels, as an in-
hibitor of YAP/TAZ activation, verteporfin suppresses Ang II-induced
YAP/TAZ activation and prevents Ang II-induced vascular and cardiac
hypertrophy and fibrosis. In cultured VSMCs, Ang II activates the Rho
A/ERK1/2 pathway to induce YAP/TAZ activation, thereby promoting
VSMC proliferation and fibrosis. These results strongly suggest that the
YAP/TAZ pathway plays a critical role in Ang II-induced hypertension
and vascular remodeling and injury.

YAP/TAZ is the main down effector and transcriptional co-regulator
of the Hippo pathway, YAP and TAZ cooperatively regulate the tran-
scription of target genes. The activation of YAP/TAZ is Hippo-dependent
and Hippo-independent, and the inactivation of Hippo signaling
pathway induces dephosphorylation and activation of YAP/TAZ by
initiating cascade dephosphorylations of Hippo downstream molecules,
such as LATS1 (large tumor suppressor 1/2) (Zhao et al., 2020). In
additional Hippo pathway, other molecules, such as small GTPase pro-
teins, integrins and G protein-coupled receptor mediators have been
shown to regulate YAP/TAZ activities through Hippo-independent
phosphorylation of YAP/TAZ (Jang et al., 2020; Yamashiro et al.,
2020; Zindel et al., 2021).

Recent studies suggest that YAP/TAZ plays an important role for

maintenance of vascular homeostasis in health individual and is
involved in the regulation of cardiovascular remodeling in cardiovas-
cular diseases (Lv and Ai, 2022; Yamashiro et al., 2020). The Hippo/YAP
pathway controls organ size and tissue homeostasis by regulating cell
growth, death and differentiation (Xie et al., 2022). Vascular remodeling
is an active process that involves the death, proliferation and migration
of endothelial cells and VSMCs as well as the production and degrada-
tion of ECM, and is the pathological basis of hypertensive vascular
complications (Cai et al., 2021). Ang II is an important contributor to
hypertensive cardiovascular remodeling (Harrison et al., 2021). Ang II
promotes cardiac and vascular inflammation, fibrosis and VSMC pro-
liferation and migration via the facilitation of AT1R-mediated various
intracellular signaling pathways (Cantero-Navarro et al., 2021; Huynh
et al., 2022). We found that Ang II induced cardiovascular remodeling
via the activation of YAP/TAZ pathway, because the inhibition of
YAP/TAZ by verteporfin attenuated Ang II-induced cardiac and vascular
hypertrophy and fibrosis.

Ang Il can activate multiple signaling pathways, including YAP/TAZ,
ERK1/2, Rho A/ROCK kinase (Ohtsu et al., 2005). RhoA/ROCK kinase is
the final pathway of a wide spectrum of molecular effectors such as
Angiotensin II, and participates in regulating cell division, the
actin-based cytoskeleton, reactive oxygen species genesis and VSMC
constriction (Li et al., 2019; Nour-Eldine et al., 2016). It has been shown
that RhoA/ROCK kinase is essential for Ang II-induced cardiovascular
remodeling, and the blockade of Rho A by lovastatin inhibits Ang
II-induced YAP/TAZ activation and vascular fibrosis in mice (Wu et al.,
2019a). ERK1/2 is an important signaling molecule to regulate cell
proliferation and cardiac and vascular hypertrophy, it has been shown
that Rho A can stimulate ERK1/2 phosphorylation and the nuclear
translocation of p-ERK1/2 to bind to and stabilize YAP in the nucleus
(Hao et al., 2022). In the present study, we found that Ang II promoted
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YAP/TAZ activation in the aorta and heart of mice and in cultured
VSMC, Ang II also increased the expression of Rho A and p-ERK1/2, and
either Rho kinase inhibitor fasudil or ERK1/2 inhibitor PD98059 inac-
tivated YAP/TAZ in VSMCs and inhibited Ang II-induced cell prolifer-
ation and fibrotic protein expressions. These results suggest that Ang II
activates YAP/TAZ pathway through the activating the Rho A/ERK1/2

pathway. Because fasudil inhibited ERK1/2 activation, and verteporfin
did not affect p-ERK1/2 expression, thereby we surmise that Rho kinase
is upstream molecule of Ang II activation of ERK1/2, which subse-
quently activates the YAP/TAZ pathway to promote VSMC proliferation
and expression of fibrotic proteins.

Recently, we have shown that Ang II activates YAP/TAZ through
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PP2Ac-dependent dephosphorylation of YAP/TAZ in the endothelium,
which contributes to endothelial activation and vascular inflammation
(Xu et al., 2021). However, PP2Ac inhibitor LB-100 did not inhibit Ang
II-induced YAP/TAZ activation in VSMCs. Thus, it seems that Ang II
activates YAP/TAZ through different signaling pathways in the endo-
thelium and VSMCs. Ang II activates YAP/TAZ in the endothelium
through YAP/TAZ and in VSMCs through Rho A/ERK1/2, which may
regulate different cell fate in the endothelium and VSMCs.

Fibrotic response is a critical contributor to hypertensive end organ
damage and cardiovascular remodeling (Intengan and Schiffrin, 2001).
It has been shown that YAP/TAZ plays a critical role in regulating
fibrotic responses in various type of cells, and YAP/TAZ promotes tissue
and organ fibrogenesis through the activation of the TGFf/Smad2/3
pathway (Mia and Singh, 2022b; Varelas et al., 2010). The inhibition of
YAP/TAZ attenuates unilateral ureteral obstruction-induced renal
fibrosis associated suppressing TGFf/Smad2/3 pathway (Szeto et al.,
2016). In this study, we found that verteporfin inhibited Ang II-induced
vascular fibrosis and the expression of profibrotic factors TGFp and
collagen I in VSMCs, suggesting that Ang II induces vascular fibrosis
through stimulating YAP/TAZ-mediated TGFp/Smad2/3 pathway.

Limitations: There are several limitations in our study. First, it is well
known that high blood pressure is an important factor to induce cardiac
and vascular hypertrophy and remodeling, and Ang II-induced cardiac
and vascular hypertrophy and remodeling in hypertensive mice are
blood pressure-dependent and blood pressure-independent (Salah et al.,
2019). In this study, verteporfin mildly lowered blood pressure in Ang II
hypertensive mice, so it can’t be ruled out that decrease in SBP itself may
help reduce cardiac and vascular hypertrophy and remodeling in Ang
II/Ve mice. However, blood pressure in Ang II/Ve mice remained hy-
pertension, while verteporfin significantly lowered aortic and heart
weight as well as fibrosis. Furthermore, our data in in vitro VSMCs
showed that verteporfin can directly inhibit Ang II-induced VSMC pro-
liferation and fibrotic TGFp1/Smad2/3 signaling. Therefore, we believe
that the activation of YAP/TAZ is the main factor leading to cardio-
vascular remodeling and hypertrophy in Ang II hypertension. Next,
although we showed that Ang II induced the activation of the YAP/TAZ
pathway, cell proliferation and fibrosis in VSMCs through stimulating
the Rho A/ERK1/2 pathway, it is still unclear whether Ang II induces
YAP/TAZ activation and proliferation and fibrosis in myocardial cells
through the similar signaling mechanisms. Clarifying these mechanisms
in myocardial cells and heart tissue will be our future study. Finally, we
did not have verteporfin alone in normal mice, which may help us un-
derstand verteporfin’s effects in normal mice. However, verteporfin did
not significantly affect the parameters in VSMCs, thus we believe that
the results in absence of this group should not affect our conclusion.

In conclusion, in the present study, we provide solid evidence to
demonstrate that Ang II activates YAP/TAZ to induce hypertensive
cardiac and vascular remodeling and VSMC proliferation and fibrosis.
Ang II activation of YAP/TAZ is mediated by Rho A/ERK1/2 pathway in
VSMCs. YAP/TAZ may be a new target for hypertensive and cardio-
vascular diseases.
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