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Jo
Objectives: Hypertension is one of the major adverse
effects of tyrosine kinase inhibitors (TKIs) targeting vascular
endothelial growth factors. However, the mechanism
underlying TKIs-induced hypertension remains unclear.
Here, we explored the role of the RhoA/Rho kinase (ROCK)
signaling pathway in elevation of blood pressure (BP)
induced by apatinib, a selective TKI approved in China for
treatment of advanced or metastatic gastric cancer. A
nonspecific ROCK inhibitor, Y27632, was then combined
with apatinib and its efficacy in alleviating apatinib-induced
hypertension was evaluated.

Methods: Normotensive female Wistar–Kyoto rats were
exposed to two different doses of apatinib, or apatinib
combined with Y27632, or vehicle for 2 weeks. BP was
monitored by a tail-cuff plethysmography system. The
mRNA levels and protein expression in the RhoA/ROCK
pathway were determined, and vascular remodeling
assessed.

Results: Administration of either a high or low dose of
apatinib was associated with a rapid rise in BP, reaching a
plateau after 12 days. Apatinib treatment mediated
upregulation of RhoA and ROCK II in the mid-aorta, more
significant in the high-dose group. However, ROCK I
expression showed no statistically significant differences.
Furthermore, the mRNA level of GRAF3 decreased dose-
dependently. Apatinib administration was also associated
with decreased levels of MLCP, and elevated endothelin-1
(ET-1) and collagen I, which were accompanied with
increased mid-aortic media. However, treatment with
Y27632 attenuated the above changes.

Conclusion: These findings suggest that activation of the
RhoA/ROCK signaling pathway could be the underlying
mechanism of apatinib-induced hypertension, while ROCK
inhibitor have potential therapeutic value.

Keywords: apatinib, hypertension, RhoA/Rho-associated
coiled-coil domain-containing protein kinase signaling
pathway, tyrosine kinase inhibitors, vascular endothelial
growth factor
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quantitative real-time PCR; ROCK, Rho-associated coiled-
coil domain-containing protein kinase; TKIs, tyrosine kinase
inhibitors; VEGF, vascular endothelial growth factors;
VSMC, vascular smooth muscle cell
INTRODUCTION
V
ascular endothelial growth factors (VEGF) play a
critical rule in tumor growth and metastasis.
Although tyrosine kinase inhibitors (TKIs) with

anti-VEGF activity have shown excellent antitumor effects
in various cancers, they have been associated with several
cardiovascular events [1], such as hypertension, with
reported incidences as high as 11–45% [2]. Increased blood
pressure (BP) not only causes discontinuation of antitumor
therapy but also exacerbates occurrence of cardiovascular
events. Although some treatment strategies for TKIs-
induced hypertension have been recommended, none of
them have sufficient evidence [2,3]. Blood pressure is
poorly controlled in many patients, increasing the demand
for identification of new substances for treatment of TKIs-
induced hypertension.

To date, little is known regarding the mechanism under-
lying TKIs-induced hypertension. Notably, mounting evi-
dences suggest that activation of the renin–angiotensin
DOI:10.1097/HJH.0000000000003060
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system or the sympathetic nervous system has little effect on
its pathogenesis, distinguishing it from primary hyperten-
sion [4–6]. Inhibition of nitric oxide (NO) pathway, and
activation of endothelin pathway, as well as vascular rare-
faction, renal function impairment caused by glomerular
injury, and increased salt sensitivity, are some of the pro-
posed underlying mechanisms [7]. Among them, inhibition
of NO synthesis and activation of endothelin-1 (ET-1)
secretion are the most widely studied.

RhoA is a member of the Rho family regulated by
guanosine triphosphate (GTP) binding and cycles between
the active GTP-bound form and the inactive guanosine
diphosphate (GDP)-bound form. This cycle is directly
controlled by three groups of regulatory proteins, namely
guanine nucleotide exchange factors (GEFs), guanine dis-
sociation inhibitors (GDIs), and GTPase-activating proteins
(GAPs). Functionally, GEFs activate RhoA by facilitating
exchange of GDP for GTP, GDIs maintain RhoA in an
inactive state, whereas GAPs promote RhoA’s intrinsic
GTPase activity to hydrolyze GTP into GDP [8]. Previous
studies have shown that Arhgap42 (also known as GRAF3)
is a Rho-specific GAP involved in the occurrence of hyper-
tension [9]. RhoA mainly interacts with two isoforms of Rho-
associated coiled-coil domain-containing protein kinases
(ROCK I and ROCK II), to induce phosphorylation with
myosin light chain phosphatase (MLCP), thus leading to its
inhibition. MLCP then dephosphorylates the myosin light
chain (MLC), thereby causing relaxation of vascular smooth
muscles [10]. Apart from mediating smooth muscle contrac-
tion, activation of the RhoA/ROCK signaling pathway also
induces other vascular processes, including endothelial
nitric oxide synthase (eNOS) inhibition, endothelial dys-
function and vascular remodeling [11].

Recent research evidences have shown that RhoA/ROCK
signaling in the vasculature is a potential target for thera-
peutic intervention of salt-sensitive hypertension [12]. On
the other hand, Lankhorst et al. [13] demonstrated that
sunitinib-induced hypertension has a similar mechanism
with salt-sensitive hypertension and could be aggravated by
high-salt intake. Therefore, we hypothesized that the RhoA/
ROCK signaling pathway could be mediating vascular
contraction and remodeling in TKIs-induced hypertensive
rats, while ROCK inhibitors could lower BP and inhibit
vascular remodeling. We, thus evaluated BP responses at
different doses of apatinib, a TKI used for antitumor ther-
apy, in normotensive Wistar–Kyoto rats. Furthermore, we
explored whether activation of the RhoA/ROCK signaling
pathway is the underlying mechanism of apatinib-induced
hypertension. Finally, we combined apatinib with Y27632,
a nonspecific ROCK inhibitor, to determine its efficacy in
reducing apatinib-induced hypertension.

MATERIALS ANDMETHODS

Animals
All animal experiments were performed according to the
guidelines of the National Institutes of Health (NIH) Guide
for the Care and Use of Laboratory Animals, while study
procedures were approved by the Animal Ethics Committee
of Lanzhou University Second Hospital. A total of 40 female
Wistar–Kyoto rats, weighing 200� 20g, were obtained from
676 www.jhypertension.com
Lanzhou Veterinary Research Institute of Chinese Academy
of Agricultural Sciences. The animals were housed at our
animal center under controlled conditions of room temper-
ature (22 8C), relative humidity (60%) and a 12h light/12h
dark cycle. They were fed on standard laboratory rat chows
(Beijing Keao Xieli Feed Co, Ltd, Beijing, China) and tap
water provided ad libitum, unless stated otherwise. Only
female rats were used as apatinib-induced hypertension is
not influenced by sex. The rats were randomly divided into
five groups (n¼ 8 in each group) after one day of adaptive
feeding.High (30mg/kgperdaydiluted in 2mlof 0.9% saline
solution) or low (15mg/kg per day diluted in 2ml of 0.9%
saline solution) doses of apatinib were administered to the
first two groups via oral gavage, whereas Y27632 (10mg/kg
per day) was administered to the following two groups via
intraperitoneal injection on top of apatinb. Rats in the last
group received 2ml of 0.9% saline solution per day via oral
gavage. All the treatments lasted for 15days.

Blood pressure monitoring
Each rat’s body weight was monitored throughout the study
period. Briefly, a tail-cuff plethysmography system (IITC
Life Science, Woodland Hills, California, USA) was used to
measure SBP, DBP, mean blood pressure (MBP) and heart
rate (HR) of conscious rats before (baseline) and through-
out the treatment period (after every 3 days). On the 15th
day of treatment, the rats were anesthetized with 2% sevo-
flurane and cannulated from either of the arteria femoralis
to monitor MBP invasively. At the end of the experimental
period, the animals were sacrificed under an intravenous
overdose of pentobarbital, and mid-aorta harvested for
further examination.

Determination of GRAF3, RhoA and eNOS
mRNA expression
Total RNA was first extracted using the Trizol method, and
reverse-transcribed into cDNA using a PrintScriptTM RT
Reagent Kit with gDNA Eraser (Takara Bio Inc., Shiga,
Japan). The cDNA was subjected to quantitative real-time
PCR (qRT-PCR) analysis using the TB GreenTM Premix Ex
TaqTM II (Takara Bio Inc.), targeting GRAF3 (ArhGAP42),
RhoA and eNOS, with GAPDH as the internal amplification
control. A list of primers used is shown in Table S1, http://
links.lww.com/HJH/B815. All experiments were conducted
using the Rotor-Gene-Q PCR platform (Version 2.3.1; Qia-
gen, Hilden, Germany).
Western blot analysis
Proteins were first extracted from each mid-aorta lysate
(20 mg), separated on 10% SDS-PAGE gels, and then trans-
ferred to polyvinylidene fluoride (PVDF) microporous
membranes (Millipore, Darmstadt, Germany). The mem-
branes were blocked with 5% skim milk, and immunoblot-
ted with the following primary antibodies: RhoA (1 : 1000,
10749–1-AP, Protein-tech, Wuhan, China), ROCK I
(1 : 1000, ab134181, Abcam, Cambridge, UK), ROCK II
(1 : 20000, ab125025, Abcam), MLCP (1 : 1000, ab32519,
Abcam), endothelin A receptor (ETA, 1 : 900, ab85163,
Abcam), and collagen I (Col I, 1 : 500, ab6308, Abcam).
The membranes were incubated with horseradish
Volume 40 � Number 4 � April 2022
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peroxidase (HRP)-conjugated antirabbit or antimouse sec-
ondary antibodies (1 : 15000, Protein-tech), and then sub-
jected to chemiluminescence detection using the ECL kit
(NcmECL Ultra, NCM Biotech, Suzhou, China). Intensity of
immunoreactive bands was normalized using GAPDH
expression (1 : 7000, 10494-1-AP, Proteintech), and quanti-
fied using densitometry analysis performed with the Image
J software (Version 1.53e, NIH, Bethesda, Maryland, USA).

Biochemical measurements
A chemiluminescent ELISA (Elabscience, Wuhan, China)
was used to assess plasma ET-1. Briefly, a capture antibody
specific to the target protein was attached to a microplate
and 100 ml samples, and different concentrations of dilute
standards that bind to the capture antibody added to the
microplate. Next, the samples were washed to remove
unbound substances, followed by the addition of a detec-
tion antibody that binds to the immobilized target protein.
Excess detection antibody was washed off and HRP sub-
strate added upon HRP conjugation for indirect detection of
bound protein. Absorbance was measured at 450 nm, and
the concentration of target protein analyzed using the
standard signal vs. concentration curve.

Histological analysis of mid-aorta hypertrophy
Mid-aorta tissues were fixed in 10% buffered formalin,
embedded in paraffin and cut into 4-mm sections. Resulting
sections were stained with one of the following: hematox-
ylin and eosin (H&E, Solarbio, Beijing, China), Victoria blue
elastic fiber dyeing (Solarbio), elastic/collagen double dye-
ing (Solarbio), or picrosirius red (Leagene Biotechnology,
Beijing, China), and then subjected to light microscopy
(TissueGnostics, Vienna, Austria) for determination of
media thickness and lumen diameter of the aortic lumen.
The media thickness/lumen diameter ratio was calculated
in each group. Picrosirius red staining was used to deter-
mine the collagen content in the aortic media with polar-
ized light microscopy (Carl Zeiss, Jena, Germany).

Statistical analysis
Statistical analyses were performed using SPSS version 25
(IBM,Armonk,NewYork,USA) andGraphPadPrismversion
6.0 (La Jolla, California, USA). Data were presented as means
� standard error of the mean (SEM) or geometric means with
95% confidence intervals (CIs). Differences between two
independent groups were determined using an unpaired
Student t-test, while one-way or two-way ANOVA followed
by either Dunnett or Tukey’s post hoc test were used to
compare means across multiple groups. Data followed by P
less than 0.05 were considered statistically significant.

RESULTS

Effect of apatinib on blood pressure
No mortality occurred during the treatment period. The aver-
age rat bodyweightwas 201.3� 8.7 g at baseline, although this
gradually increased with increasing feeding days, reaching
220.6� 6.6g at the end of the intervention. No significant
differences were observed in bodyweight across the groups at
baseline (P¼ 1.0) and at the end of intervention (P¼ 0.97).
Baseline BP was 123.3/69.3� 2.2/3.4mmHg in all groups,
Journal of Hypertension
while baseline MBP and HR were 86.8� 2.0mmHg and
371.9� 11.3bpm, respectively. Apatinib treatment signifi-
cantly increased BP from the third to the sixth day, regardless
of whether it was SBP, DBP or MBP, reaching a plateau after
12days. Compared with low-dose apatinib, high-dose apati-
nib has amore obvious effect on increasing bloodpressure.At
the endof intervention, themean MBP was 111.9� 3.6mmHg
in high-dose group and 108.1� 1.8mmHg (P< 0.001) in low-
dose group. The invasive MBP was higher than noninvasive
MBP by 23.8� 3.3mmHg, and the trend of differences
between groups was consistent with noninvasive measure-
ment (Figure S1, http://links.lww.com/HJH/B814). The
increase in BP was accompanied by a significant reduction
in HR. Notably, Y27632 significantly abolished the apatinib-
induced elevation in BP by 64.6% (P< 0.001) in the high-dose
group (DDMBP, 17.3� 3.0mmHg) and by 69.6% (P< 0.001)
in the low-dose group (DDMBP, 15.5� 2.1mmHg). However,
there is still a statistically significant difference in BP between
the two groups (95.7� 3.9mmHg vs. 92.9� 1.4mmHg,
P¼ 0.049). Although there was no significant statistical differ-
ence, the BP in the control group also increased slightly
throughout the intervention (125.0/64.9� 2.0/2.5 vs. 123.1/
65.0� 3.4/3.4mmHg, P¼ 0.28). Y27632 did not affect HR in
the rats (Fig. 1).

Expression of RhoA/Rho-associated coiled-coil
domain-containing protein kinases pathway
mRNAs and proteins
The mRNA levels of RhoA and ROCK II in mid-aorta
increased at different apatinib doses (both P< 0.001 vs.
vehicle), more significantly in the high-dose group, while
the mRNA level of GRAF3 decreased (P< 0.001 vs. vehicle).
However, apatinib caused no significant change in mRNA
level of ROCK I relative to vehicle (Fig. 2). Similar patterns
were observed with regards to expression of RhoA and
ROCK II proteins, while ROCK I expression remained the
same in all groups (Fig. 3).

Expression of proteins related to vascular
contraction and hypertrophy
Apatinib administration downregulated MLCP levels in the
mid-aorta while exposure to Y27632 attenuated this effect.
Moreover, apatinib upregulated protein levels of ETA but
downregulated mRNA levels of eNOS, both were sup-
pressed by Y27632 (Figs. 4 and 5). The concentration of
circulating ET-1 was 0.67� 0.1 pg/ml at baseline and at the
end of treatment in the vehicle group. However, it signifi-
cantly increased dose-dependently with apatinib adminis-
tration (P< 0.01). Notably, this elevation was attenuated by
Y27632 administration (Fig. 6). Furthermore, apatinib sig-
nificantly upregulated levels of Col I protein, an indicator of
vascular hypertrophy, in the mid-aorta but Y27632 treat-
ment attenuated this upregulation (Fig. 4).

Vascular remodeling
The observed patterns of collagen overexpression inspired us
to investigate the mechanical metrics of the mid-aorta. Repre-
sentative historical cross-sections from each group are shown
in Fig. 7. Sections stained using H&E (Fig. 7a and b) and
Victoria blue (Fig. 7c) both showed intact elastic laminae in all
www.jhypertension.com 677
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FIGURE 1 Profiles of apatinib-induced changes in mean blood pressure. Apatinib was associated with significant increase in MBP from the third to sixth day of the
treatment, reaching a plateau after 12 days. Apatinib also significantly reduced HR. Y27632 mitigated apatinib-induced elevation in BP by 64.6% (P<0.001) in the high-
dose group (DDMBP, 17.3�3.0 mmHg) and by 69.6% (P<0.001) in the low apatinib group (DDMBP, 15.5�2.1 mmHg) but had no effect on the reduced HR (n¼8 in
each group). HR, heart rate; MBP, mean blood pressure.

FIGURE 2 Effect of apatinib treatment on level of RhoA and Rho-associated coiled-coil domain-containing protein kinase mRNAs. Apatinib upregulated RhoA and ROCK II
mRNAs relative to the vehicle (P<0.001) but downregulated GRAF3 (P<0.001) in the mid-aorta. Apatinib had no effect on level of ROCK I mRNAs between vehicle and
treatment groups (n¼8 in each group). �P less than 0.05. ROCK, Rho-associated coiled-coil domain-containing protein kinase.
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FIGURE 3 Effect of apatinib on expression of proteins in the RhoA/Rho-associated
coiled-coil domain-containing protein kinase signaling pathway. Apatinib upregu-
lated expression of RhoA and ROCK II proteins but had no significant effect on
ROCK I expression in all groups (n¼8 in each group). �P less than 0.05. ROCK,
Rho-associated coiled-coil domain-containing protein kinase.

FIGURE 5 Profiles of endothelial nitric oxide synthase mRNA expression. Apatinib
treatment downregulated eNOS, while the effect was mitigated by Y27632 (n¼8
in each group). �P less than 0.05. eNOS, endothelial nitric oxide synthase.

Rho kinase in apatinib-induced hypertension
groups. Notably, 30, but not 15mg/kg per day of apatinib
caused amarked increase in intra-laminaedistances. Similarly,
only the high dose slightly increased the MT/LD ratio. How-
ever, Y27632 reduced the MT/LD ratio in both doses (Fig. 7f).
Furthermore, elastic/collagen double dyeing (Fig. 7d) and
picrosirius red staining (Fig. 7e) revealed an increase in
collagen after high dose treatment, consistent with the
increased intralaminar distances. Notably, even the low dose
of apatinib treatment increased the percentage of collagen-
positive area in the mid-aorta, whereas Y27632 alleviated this
alteration in both groups (Fig. 7e and g).

DISCUSSION
Apatinib [AiTanTM (China); Rivoceranib (global)], a novel,
small molecule, and selective TKI targeting VEGF receptor-
FIGURE 4 Expression of proteins related to vascular contraction and hypertrophy. Weste
the mid-aorta while Y27632 administration attenuated this tendency. Protein levels of ET
mitigated both (n¼8 in each group). �P less than 0.05. ETA, endothelin A receptor; MLC

Journal of Hypertension
2 (VEGFR-2), was the second antiangiogenic drug to be
approved in China for treatment of advanced or metastatic
gastric cancer [14]. However, the drug is associated with
various adverse effects, key among them being hyperten-
sion, which reportedly had an incidence of 35.2% in a
phase III clinical trial, and is also one of the main reasons
for dose reduction [15]. To date, the underlying mechanism
of apatinib-induced hypertension remains unclear. Previ-
ous studies investigating mechanisms of antiangiogenic
agents have mainly focused on another TKI, sunitinib,
with upregulation of the ET-1 and downregulation of
the NO system getting the most attention [5,16]. In the
present study, we sought to evaluate effects of apatinib on
BP changes, then explored whether there is another mech-
anism underlying the change of ET-1 and NO in TKIs-
induced hypertension.
rn blot showing that apatinib administration mediated downregulation of MLCP in
A were upregulated with administration of either dose of apatinib and Y27632
P, myosin light chain phosphatase.

www.jhypertension.com 679



FIGURE 6 Levels of endothelin-1 in plasma. Circulating ET-1 concentration was
0.67�0.1 pg/ml at baseline and the end of treatment in vehicle administration,
then significantly increased dose-dependently after apatinib administration
(P<0.01). Y27632 attenuated this elevation (n¼8 in each group). �P less than
0.05. ET-1, endothelin-1.

Li et al.
Previous antitumor studies have explored apatinib
doses of 40–60 mg/kg per day in rats [17,18], 60–
100 mg/kg per day in mice [19,20] and 500–750 mg/day
(6.7–10 mg/kg per day) in humans [21]. However, a recent
study revealed that administration of apatinib, at a dose of
10 or 30 mg/kg per day for 15 days, not only significantly
inhibited the growth and proliferation of tumor cells but
also promoted their apoptosis in mice [22]. Therefore, we
adopted these two doses (30 and 15 mg/kg per day) to
explore the effects of apatinib on BP over a 15-day period.
In addition, we studied effect of Y27632 on apatinib-
induced hypertension, using previously reported doses
[9,23,24].

Our results showed that administration of both high
(30 mg/kg per day) and low (15 mg/kg per day) doses of
apatinib significantly increased BP in rats within 3–6 days,
reaching a plateau in 12 days, and this was accompanied by
a significant reduction in HR. Compared with low-dose
apatinib, high-dose apatinib had a more obvious effect on
BP. Y27632 mitigated the apatinib-induced elevation in BP,
yet failed to eliminate the differences between the high-
dose and low-dose groups. Although without significant
statistical differences, BP in the control group also
increased slightly throughout the intervention, which
may be caused by the intake of saline. Previous studies
on sunitinib showed a drug-induced elevation of BP within
2 days of treatment [4,5,7,8,16,25], which was shorter than
the present study. This may possibly be because of a
relatively higher dose of sunitinib administered in these
studies. However, the drug doses in our study were much
closer to that of the clinical settings. Despite the time
differences in BP rise, our results were consistent with
findings from a previous study on sunitinib, which showed
that concomitant treatment with the ROCK inhibitor sig-
nificantly suppressed sunitinib-induced elevation in BP,
although it had little effect on sunitinib-induced HR reduc-
tion. Therefore, activation of RhoA/ROCK signaling could
680 www.jhypertension.com
be a key mechanism underlying TKIs-induced hyperten-
sion [26].

Results from qRT-PCR and western blot analyses
revealed that apatinib treatment mediated significant upre-
gulation of RhoA and ROCK II, but there was no change in
ROCK I expression. The serine/threonine kinases, ROCK I
and ROCK II, are the most widely studied downstream
effectors of RhoA. Although they share 60% identity overall,
90% identity within the kinase domain, 100% identity within
the ATP binding pocket and share many substrates [8], only
ROCK II binds directly to the myosin-binding subunit of
MLCP and plays a crucial role in vascular smooth muscle
cells (VSMC) contractility [10,27]. Previous studies have
shown that activating ROCK II inhibits MLCP activity in a
dose-dependent manner, thereby increasing MLC phos-
phorylation, and increasing contraction [8]. Our results also
revealed significant downregulation of MLCP after treat-
ment of both apatinib doses and reversed by concomitant
treatment with nonspecific ROCK inhibitor Y27632, con-
firmed our hypothesis.

GRAF3, a RhoA-specific GAP, specifically expressed in
smooth muscle cells, controls BP by limiting RhoA-depen-
dent contractility of resistance arterioles. This suggests that
GTPase expression could be acting as a negative feedback
mechanism to limit excessive vessel constriction. To this
end, a previous study found that GRAF3-deficient mice
exhibited increased susceptibility to DOCA-salt-mediated
hypertension [28]. Results from another in-vivo mouse
model showed that even modest induction of GRAF3 in
smooth muscle cells significantly decreased basal BP and
vasoconstrictor-induced hypertension, indicating that allo-
steric activators of GRAF3 are targeted antihypertensive
drugs [29]. Therefore, apatinib could be acting by first
activating RhoA via GRAF3 inhibition thereby causing vas-
cular remodeling, as evidenced by expression of collagen
and increased media thickness of mid-aorta. Previous data
on vascular remodeling induced by TKIs are quite rare. In a
mouse model that simulated tumor by expressing VEGFA
with an adenoviral vector, aflibercept, a VEGF Trap, pro-
moted the collapse of angiogenic vessels probably via
inhibiting the release of eNOS and affecting endothelial
function, accompanied by an elevation of systemic blood
pressure [30]. Grisk et al. [26] revealed in a rat model that
treatment of sunitinib for 4 days can lead to hyalinosis and
thickening of the vascular wall of the preglomerular resis-
tance arteries, though the underlying mechanism is unclear.
As the development of GRAF3 agonists is more complicated
than ROCK antagonists, and the GRAF3 agonists cannot
completely prevent RhoA activation, we, therefore, chose
ROCK antagonists as the intervention drug.

Apart from RhoA/ROCK pathway, matrix metalloprotei-
nase (MMP) and cathepsins (CatS/CatK) families also play
important roles in vascular remodeling. In a mouse model
of stress-related vascular aging, the expression of MMP-2/-9
and CatS/CatK in the aorta was significantly increased,
which may be related to inflammation and oxidative stress
[31]. CatS also participates in the proliferation and migration
of VSMC induced by injury through cross-talk with histone
deacetylase 6 (HDAC6) [32]. CatK-mediated caspase-8 mat-
uration is a key initial step for oxidative stress-induced
smooth muscle cell apoptosis, and is involved in the
Volume 40 � Number 4 � April 2022



FIGURE 7 Representative histological sections. Sections stained with both H&E (a and b) and Victoria blue (c) revealed intact elastic laminae in all groups. Apatinib at a
dose of 30 mg/kg/day caused an increase in intralaminae distances in hypertensive specimens. A high apatinib dose caused a slight increase in the MT/LD ratio but Y27632
administration reduced this ratio in both doses (f). The elastic/collagen double dyeing (d, indicated in red) and picrosirius red staining (e, collagen I in orange-red, and
collagen III in green) further revealed increased collagen after high-dose treatment, consistent with the increased intralaminar distances. Percentage of collagen-positive
area in the mid-aorta significantly increased even in the low-dose group, while Y27632 alleviated this alteration in both doses (g) (n¼8 in each group). MT/LD, media
thickness/lumen diameter.
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injury-related vascular remodeling and neointimal hyper-
plasia [33]. CatK even plays an essential role in skeletal
muscle repair in response to cardiotoxin injury [34].
Whether MMPs and Cat families are involved in apatinib-
related vascular remodeling remains to be further studied.

As a potent vasoconstrictor, ET-1 is mainly produced
by vascular endothelial cells, and acts through its two type
of receptors, ETA and ETB. When combined with ETA on
VSMCs, ET-1 induces vasoconstriction, and when com-
bined with ETB on endothelial cells, it induces NO and
prostaglandin production, which leads to vasodilation
[35]. Previous studies have demonstrated that increased
ET-1 secretion and decreased NO production are the key
mechanisms through which TKIs induce hypertension
[4,5,16]. Moreover, TKIs with anti-VEGF activities were
found to cause endothelial dysfunction, thereby elevating
ET-1 and decreasing eNOS, which is essential for NO
production, and causing an imbalance between NO and
ET-1 [36]. In the present study, apatinib treatment caused a
decrease in eNOS but mediated an increase in ETA in the
mid-aorta, accompanied by an increase in plasma ET-
1 levels.

Furthermore, we explored whether Rho is involved in
the changes of NO and ET systems, and found that Y27632
significantly upregulated eNOS expression but downregu-
lated ETA expression in the mid-aorta and ET-1 in plasma,
indicating that the RhoA/ROCK signaling pathway could
be involved in regulation of the above two. Previous
studies have shown that endothelial cells play a crucial
role in regulation of vasomotor activity by releasing vaso-
dilator NO and vasoconstrictor ET-1, which is impaired
when endothelial dysfunction occurs [37,38]. Additional
evidences have also shown that NO production in endo-
thelial cells is a target and effector of RhoA signaling.
Notably, activation of RhoA/ROCK was found to down-
regulate endothelial eNOS expression in endothelial cells
by reducing eNOS mRNA stability, while ROCK inhibitors
reportedly upregulated eNOS expression [11]. Further-
more, the RhoA/ROCK signaling pathway is involved in
the mechanotransduction mechanism involved in the
adherence junction strengthening at EC–EC contacts. This
endothelial mechanosensing is essential for alignment of
EC along the flow direction, thereby promoting vascular
homeostasis [39]. Therefore, it is possible that activating the
RhoA/ROCK signaling pathway could be related to endo-
thelial dysfunction, which may cause ET-1 upregulation. In
addition, there is an interesting link existing between
production of NO and secretion of ET-1. Weng et al. [40]
demonstrated that even very low concentrations of NO
could suppress release of ET-1 from human umbilical vein
endothelial cells, and this was accompanied by down-
regulation of preproET-1 mRNA. More experimental
results have shown that a decrease in available vascular
NO can result in increased ET-1 levels, and the vasocon-
striction induced by eNOS blockade with L-arginine ana-
logues is largely because of enhanced ET-1 signaling
[41,42]. Overall, these findings indicate that low NO pro-
duction by endothelial cells could cause increased ET-1
signaling [43]. On the other hand, high level of ET-1 impairs
endothelial NO production [44] and ETA siRNA upregulates
NO via NOS enzymes [45]. Furthermore, the elevated ET-1
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could potentially act as an upstream factor to activate the
RhoA/ROCK signaling pathway [46,47], and generate a
vicious cycle. Previous results from a transected aorta
constriction mouse model showed that activation of the
RhoA/ROCK signaling could be playing a central role in
enhancing vasoconstriction to ET-1 and impairing endo-
thelial NO-mediated vasodilation. Notably, H-152-medi-
ated ROCK inhibition alleviated the enhanced
vasoconstriction to ET-1 and prevented coronary arteriolar
constriction to ACh in a manner sensitive to eNOS blocker
[48].

Another concern of the ROCK inhibitor is its impact on
antitumor therapy. Actually, RhoA/ROCK activation was
found to promote metastatic spread and tumor invasion
[49], Previous studies have verified activation of the Rho/
ROCK signaling pathway in various cancers, including
nasopharyngeal carcinoma [50], pancreatic ductal adeno-
carcinoma [51], neuroblastoma [52], glioblastoma [53] and
gastric cancer [54]. Notably, ROCK inhibitors were shown to
significantly prevent tumor growth, invasion and metastasis
in the aforementioned cancers. Furthermore, ROCK block-
ade promotes cancer cell phagocytosis and induces antitu-
mor immunity by enhancing T-cell priming via dendritic
cells, suppressing tumor growth in syngeneic tumor models
[55]. Therefore, ROCK inhibitors may counteract the blood
pressure-increasing effects of VEGF antagonists, and pro-
mote their antineoplastic effects, indicating that they are the
best choice for treatment of TKIs-induced hypertension.

Collectively, results of the present study indicated that
apatinib treatment increased BP and promoted vascular
remodeling by activating the RhoA/ROCK signaling path-
way. However, Y27632, a nonspecific ROCK inhibitor,
reversed apatinib-induced increase in BP and vascular
remodeling. Therefore, RhoA/ROCK activation could be
the underlying mechanism of apatinib-induced hyperten-
sion while ROCK inhibitors could be potential therapeutic
drugs.
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