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Rosuvastatin Reverses Hypertension-Induced Changes in
the Aorta Structure and Endothelium-Dependent

Relaxation in Rats Through Suppression of Apoptosis and
Inflammation

Qingbo Lv, MD, Yao Wang, MD, Ya Li, MD, Liding Zhao, MD, Yingchao Gong, MD, Meihui Wang, MD,
Min Wang, MD, PhD, Guosheng Fu, MD, PhD, and Wenbin Zhang, MD, PhD

Abstract: Vascular remodeling is one of the most critical compli-
cations caused by hypertension. Previous studies have demonstrated
that rosuvastatin has anti-inflammatory, antioxidant, and antiplatelet
effects and therefore can be used to treat cardiovascular disease. In this
study, we explored the beneficial effects of rosuvastatin in reversing
aortic remodeling in spontaneously hypertensive rats. After treating
with different doses of rosuvastatin, its antilipid, antiapoptosis, and
anti-inflammatory effects were determined. We also examined whether
rosuvastatin can improve the structure and function of the aorta. We
found that rosuvastatin treatment of spontaneously hypertensive rats
for 2 months at 2 different doses can effectively reduce the media
thickness of the aorta compared with the control group. Similarly,
rosuvastatin improved the vascular relaxation function of the aortic
rings at a high level of acetylcholine in vitro. Mechanistically, it was
found that rosuvastatin increased the expression of endothelial nitric
oxide synthase and plasma nitrite/nitrate levels. Besides, rosuvastatin
suppressed the apoptosis and inflammation and upregulated the
expression of gap-junction complex connexin 43 both in media and
endothelium. Finally, rosuvastatin inhibited the AT1R/PKCa/HSP70
signaling transduction pathway. In summary, these findings demon-
strated that rosuvastatin could improve the vascular structure and
function mainly by increasing endothelial nitric oxide synthase expres-
sion and preventing apoptosis and inflammation. This study provided
evidence that rosuvastatin has beneficial effects in reversing the re-
modeling of the aorta due to hypertension.
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INTRODUCTION
Hypertension has been considered as one of the leading

global diseases worldwide, responsible for 7.6 million deaths
each year.1 It is a complex disease and characterized by
chronic and excessive pressure on arteries. Raised blood pres-
sure often causes hemodynamic disorders, neurohumoral
changes, and local endocrine environment changes. These
changes may form a crucial pathological basis that can aggra-
vate hypertension and induce the damage of target organs,
including heart, brain, kidney, and arterial blood vessels.2–4

Therefore, patients with hypertension often have higher risks
of cardiocerebrovascular events, such as coronary heart dis-
ease, cerebral hemorrhage, and cerebral infarction.5,6

As an adaptive response to hypertension, arterial
remodeling is one of the most important pathological changes
during the progress of hypertension. Normally, such adap-
tively structural changes are accompanied by a narrowing of
the vascular lumen, increased media thickness (MT), and
stiffness of the aorta. Mechanistically, apoptosis, inflamma-
tion, and fibrosis are proved to be critical in the process of
arterial remodeling induced by hypertension.7 Therefore,
treatments that can reverse these pathological changes could
be beneficial for patients with hypertension in attenuating
arterial remodeling and target organ damage.

Although rosuvastatin is clinically used for decreasing
low-density lipoprotein cholesterol (LDL-C), it also has many
benefits in treating cardiovascular diseases. Some basic
researches have been well performed to verify such effects
and explore the potential mechanisms. For instance, rosuvas-
tatin was found to attenuate the pressure overloaded cardiac
hypertrophy through TGF-b/Smads pathways and Akt-ERK1/
2-GATA4 pathways.8,9 Our previous study also demonstrated
that rosuvastatin could prevent the myocardial injury in spon-
taneously hypertensive rats (SHRs) through PKCa/b2 path-
way.10 In addition to this, rosuvastatin was also beneficial in
vascular function. A study by Colucci et al11 reported that
rosuvastatin could prevent Ang II-induced changes in the
resistance arteries, including their structure and function.
However, its effect on the hypertension-induced remodeling

Received for publication October 22, 2019; accepted March 11, 2020.
From the Key Laboratory of Cardiovascular Intervention and Regenerative

Medicine of Zhejiang Province, Department of Cardiology, Sir Run Run
Shaw Hospital, School of Medicine, Zhejiang University, Hangzhou,
People’s Republic of China.

Supported by Natural Science Foundation of Zhejiang Province
(LY18H020007 and LQ16H020001) and National Natural Science
Foundation of China (81800212 and 81500212).

The authors report no conflicts of interest.
Q. Lv and Y. Wang contributed equally to this article.
Reprints: Guosheng Fu, MD, PhD or Wenbin Zhang, MD, PhD, Department

of Cardiology, Sir Run Run Shaw Hospital, School of Medicine Zhejiang
University, 3 East Qingchun Rd, Hangzhou, Zhejiang Province, People’s
Republic of China (e-mail: fugs@zju.edu.cn or 3313011@zju.edu.cn).

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc.
This is an open-access article distributed under the terms of the Creative
Commons Attribution-Non Commercial-No Derivatives License 4.
0 (CCBY-NC-ND), where it is permissible to download and share the
work provided it is properly cited. The work cannot be changed in any
way or used commercially without permission from the journal.

584 | www.jcvp.org J Cardiovasc Pharmacol� � Volume 75, Number 6, June 2020

mailto:fugs@zju.edu.cn
mailto:3313011@zju.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


of large blood vessels has not been fully investigated. So, we
designed this study to observe the effect of rosuvastatin on the
structure and function of the aorta in SHR. We hypothesized
that rosuvastatin could protect the aorta against vascular re-
modeling by increased endothelial nitric oxide synthase
(eNOS) expression, inhibiting apoptosis and inflammation,
and promoting Cx43 expression in SHR.

METHODS

Experimental Animals
One-year-old male SHRs and age-matched normotensive

Wistar-Kyoto (WKY) rats were purchased from the Laboratory
Animal Center of Zhejiang Chinese Medical University. The
animal procedures were conducted in compliance with the
institutional guidelines of Zhejiang Chinese Medical University
and approved by the Animal Experimentation Ethics Committee
of Zhejiang Chinese Medical University. According to the
previous study,10 a total of 36 SHRs were randomly assigned to
3 groups namely: the SHR group, SHR with a low dose of
rosuvastatin (10 mg/kg/d) (SHR + LD group), and SHR with
a high dose of rosuvastatin (40 mg/kg/d) (SHR + HD group).
Each group consisted of 12 SHRs. Rosuvastatin was dissolved
in saline and given through gavage administration for 8 weeks.
The SHR group was given the same dose of the vehicle. Age-
matched WKYs were treated with the same dose of the vehicle
as to the normal-tensive group (n = 12). Efforts were taken to
ensure minimal suffering of rats in all the experiments.

Measurement Systolic Blood Pressure
Systolic blood pressure (SBP) was measured at the

beginning and every 4 weeks with the tail-cuff method in all
experimental rats.12 Briefly, the rats were allowed to adapt to
the restraint cages, which was preheated to 378C for 15 minutes
before the measurement. Next, the tail was fixed and kept in
close contact with a noninvasive blood pressure device
(softronBP98A; Chengdu; China) under the same temperature.
Each measurement was repeated 3 times for accuracy.

Measurement of Lipid Profiles
At the end of the experiment, the blood samples from all

rats of 4 groups were collected after overnight fasting. Then,
the blood samples were centrifugated at 3000g for 10 minutes
at 48C. The plasma samples were obtained and stored at
2808C. The concentrations of total cholesterol (TC), LDL-C,
high-density lipoprotein cholesterol (HDL-C), and triglycerides
(TG) were measured using commercial kits (Cat No.A110-2-1,
Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Measurement of Plasma Nitrite/Nitrate
Levels

To determine the NO production of plasma, the nitrite/
nitrate levels, a stable metabolite of NO, were measured. The
plasma was first obtained in the same way mentioned above.
Plasma nitrite/nitrate concentrations were detected using the
colorimetric assay kit (Cat No.S0024, Beyotime, Haimen,
China) following the manufacturer’s protocol. The nitrite/

nitrate levels were determined by measuring the absorbance
at 540 nm and calculated referring to the standard curve.

Measurement of Vascular Relaxation Function
For measuring the endothelium-dependent relaxation of

the aorta, concentration–response curves were generated with
a cumulative stimulation of acetylcholine (Ach) following
previous studies.13,14 Briefly, the thoracic aortas were excised
and quickly put in the cold modified Krebs–Henseleit solution
(KHS). The composition of the solution in mM was as fol-
lows: NaCl: 118.3, KCl: 4.7, MgSO4: 1.2, NaHCO3: 25,
CaCl2$2H2O: 2.5, KH2PO4: 1.2, D-Glucose: 5.5, and EDTA:
0.026. The aortic samples were cut into arterial ring segments
of 4 mm width and immersed in a bath solution aerated with
95% O2 and 5% CO2 at 378C. Each artery was stretched by 2
hooks, one fixed and other attached to a force–displacement
transducer (Grass Instrument Co, Quincy, MA). The signals
of the transducer were recorded using the MacLab data
acquisition system (Version 3.5, ADI Instruments, Australia).
The arterial rings were equilibrated with the tension of 1 g for
at least 45 minutes. The bath solution was replaced every 15
minutes during the equilibrium procedure. Subsequently, the
integrity of the artery was tested by stimulating with KCl
(80 mM) for 5 minutes at intervals of 10 minutes. In the event
of 2 consecutive equal contractions, the aortas were consid-
ered stable. After washing the surplus K+ solution, the aortic
rings were stimulated with a cumulative concentration of Ach
(10210 2 1025M). The ratios of endothelium-dependent
relaxation were recorded. The response curve was acquired
using GraphPad Prism 7.0 (GraphPad Software, CA). Each
curve was plotted using the average result of 3 individual
experiments for each group and expressed as mean 6 SD.

Histopathological Analyses
The isolated thoracic aorta tissue was fixed with 4%

paraformaldehyde for 24 hours. Then, it was dehydrated and
embedded in paraffin. The aortas were cut into slices of 4 mm
and prepared for hematoxylin and eosin (H&E) staining to
measure the MT and luminal diameter (LD) of the aorta.
Photomicrographs were determined by computer-aided image
analysis systems of Image-Pro Plus version 6.0 software
(Media Cybernetics, Silver Spring, MD). For each section,
3 random fields of aortic rings were selected and measured
for MT and LD. The ratio of MT/LD was then calculated.

Immunofluorescence and TUNEL Staining
To localize connexin 43 (Cx43) and apoptosis in the

thoracic aorta, immunofluorescence staining was performed.
Paraffinized sections of aortas were then stained with anti-
Cx43 antibody (1:200, Abcam, ab11370) overnight at 48C.
After this, staining with secondary antibody conjugated with
fluorescein isothiocyanate (1:1000, MultiSciences, 70-
GAR4881) for 1 hour at room temperature was performed.
Terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) staining was performed using in situ
cell death detection kit (Roche Applied Science, IN) on
paraffin-embedded sections following the manufacturer’s pro-
tocol. Distribution of Cx43 and apoptosis on sections of the
thoracic aorta was detected and analyzed under ·200
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magnification using a fluorescence photomicroscope (Leica,
Wetzlar, Germany). Five random fields were chosen for the
calculation of the relative expression of Cx43 and TUNEL-
positive cells for each slide. The calculation of Cx43 was
expressed as the relative expression between 4 groups. The
percentage of apoptosis cells was expressed as the ratio of
TUNEL-positive (green) and the total number of cells stained
using 4,6-diamino-2-phenylindole hydrochloride (DAPI)
(blue). a-SMA (red) was also stained with primary antibody
(1:200, CST, 19245) to reflect the position of the vascular
smooth muscle cell (SMC).

Reverse Transcription-Quantitative
Polymerase Chain Reaction (RT-qPCR)

Total RNA from the tissues was extracted using TRIzol
(Invitrogen, CA) and converted into cDNA with
PrimeScriptTM RT Master Mix (Takara, Tokyo, Japan).
qPCR was subsequently performed to measure the relative
mRNA expression of genes using UltraSYBR Mixture
(CWBIO, Beijing, China) on the Viia 7 system (Applied
Biosystems, CA). The cycling conditions were 958C prede-
naturation for 10 minutes, followed by 40 cycles; each cycle

included 958C denaturation for 15 seconds and 608C exten-
sion for 1 minute. The relative transcription levels of genes
were calculated using the DCt method and normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
primer sequences of target genes were synthesized by
TSINGKE (Hangzhou, Zhejiang, China) and are listed in
Table 1.

Western Blotting
The protein expression was determined by Western

blotting. First, the tissues of the thoracic aorta were macerated
with radioimmunoprecipitation assay (RIPA) buffer and
phenylmethanesulfonyl fluoride (PMSF) (100:1). The extrac-
tion of protein was performed with a tissue grinder, and
supernatant was collected for the quantification using a bicin-
choninic acid assay kit (Beyotime). The same amount of
proteins (20 mg) was loaded on a polyacrylamide gel for
electrophoresis followed by transfer to a 0.22 mm thick poly-
vinylidene fluoride membrane (Bio-Rad, CA). The membrane
was blocked using 5% nonfat milk for 1 hour at room tem-
perature and incubated with corresponding primary antibodies
against eNOS (1:1000, CST, 9586), p-eNOS (1:1000, CST,
9571s), Akt (1:1000, CST, 4691), p-Akt (1:1000, CST,
4060), cleaved caspase-3 (1:1000, CST, 9662), Bcl-2
(1:200, Santa Cruz, SC-492), Bax (1:200, Santa Cruz,
20067), angiotensin II type 1 receptor (AT1R) (1:1000,
Abcam, 124505), p-PKCa (1:200, Santa Cruz, SC-12356),
PKCa (1:200, Santa Cruz, SC-8393), heat shock protein 70
(HSP70) (1:1000, CST, 4873), and GAPDH (1:5000,
MultiSciences, 70-ab011-100) overnight at 48C. In the end,
the membrane was incubated with secondary anti-rabbit
(1:5000, MultiSciences, 70-GAM0072) or anti-mouse
(1:5000, MultiSciences, 70-GAM007) antibodies at room
temperature for 1 hour. The bands were detected by electro-
chemiluminescence reagents (Beyotimes) using the
Amersham Imager 600 system (GE Healthcare,
Buckinghamshire, England). GAPDH was used as an internal
loading control in our study.

Statistical Analysis
All the experimental results were expressed as mean 6

SD. Differences between the 4 groups were compared by
one-way ANOVA with Tukey’s post hoc test. P-value ,
0.05 was considered as a statistical difference.

RESULTS

Rosuvastatin Did Not Lower the SBP in SHRs
In the first steps, we examined whether rosuvastatin

treatment can influence the blood pressure of SHRs. As
shown in Table 2, the SBP of SHRs at baseline was much
higher than that in age-matched WKY (P-value , 0.01).
Continuous treatment of SHRs with either a lower or higher
dose of rosuvastatin did not reduce the SBP significantly even
after 2 months compared with the baseline, indicating that
rosuvastatin did not have any antihypertensive effect in this
study.

TABLE 1. List of Primer Sequence of Target Gene Used in
RT-qPCR

Genes Primers (F-forward, R-Reverse)

eNOS F-50-TGACCCTCACCGATACAACA-30

R-50-CTGGCCTTCTGCTCATTTTC-30

CXCR1 F-50-CAGGCTTCTCCAGCACACAAG -30

R-50-TTGGTCATTGGAACCCTCTTAC -30

CXCR2 F-50-GCAAACCCTTCTACCGTAG -30

R-50-AGAAGTCCATGGCGAAATT -30

HSP70 F-50-GCTGACCAAGATGAAGGAGAT-30

R-50-GCTGCGAGTCGTTGAAGTAG -30

IL-12a F-50-TGATGATGACCCTGTGCCTT
GG-30

R-50-AGAGTCTCGCCGCTGTGATTC-30

IL-6R F-50-GCCAGGGTTTTCCCA
GTCACGAC-30

R-50-GAGCGGATAACAATTT
CACACAGG-30

MCP-1 F-50-CCCACTCACCTGCTGCTACTC-30

R-50-AGAAGTGCTTGAGGTGGTTGT
G-30

ICAM1 F-50-TGTCAAACGGGAG ATGAATGGT-30

R-50-CCTCTGGCGGTAAT
AGGTGTAAAT-30

VCAM1 F-50-AGGTTGGGGATTCCGTTGTT-30

R-50-ACACATTAGGGACCGTGCAG-30

MMP10 F-50-TGCTGCTGTGCTTTCCGAT-30

R-50-AGCAAGATC
CATGGTTGAGTGG-30

TGFb1 F-50-CACGATCATG
TTGGACAACTGCTCC-30

R-50-CTTCAGCTCCACAGAGA
AGAACTGC-30

GAPDH F-50-CTTCTCATTCCTGCTCGTGG-30

R-50-GGTATGAAATGGCAAATCGG-30
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Rosuvastatin Improved the Lipid Profiles in
SHRs

After 2 months of rosuvastatin treatment, the lipid
profiles of all rats were verified. As shown in Table 3, SHRs
have lower TC and LDL-C levels than WKYs (P-value ,
0.01). Rosuvastatin treatment significantly lowered the levels
of TC and LDL-C in SHRs (P-value , 0.01). Meanwhile,
a high dose of rosuvastatin treatment upregulated the HDL-C
levels in SHRs (P-value , 0.05). But, for TG levels, there
were no differences between the 4 groups.

Rosuvastatin Upregulated the Expression of
eNOS and Plasma Nitrite/Nitrate Levels in
SHRs

We further examined the total and phosphorylated
forms of eNOS, as well as its mRNA expression. Our
results suggested that the mRNA level of eNOS was lower
in SHRs as compared to WKYs (P-value , 0.01).
Treatment with a low or high dose of rosuvastatin signifi-
cantly upregulated eNOS mRNA level in SHRs (Fig. 1A).
In addition, we also found that a high dose of rosuvastatin
significantly increased the total and phosphorylated forms
of eNOS (P-value , 0.01), as shown in Figures 1B–D. The
ratio of p-eNOS/eNOS in the SHRs was also upregulated
by rosuvastatin treatment, as shown in Figure 1E.
However, plasma nitrite/nitrate concentrations detected
by the total nitric oxide assay showed that the nitrite/
nitrate levels in SHRs were lower than WKYs (Fig. 1F).
Two different doses of rosuvastatin treatment both signif-
icantly increased the nitrite/nitrate levels compared with
the SHR group. But, no significant difference was observed
between 2 rosuvastatin groups.

Rosuvastatin Improved the Endothelium-
Dependent Vascular Relaxation in SHRs

To further explore the effect of rosuvastatin on vascular
relaxation function, 3 of the thoracic aortas from each group
were dissected and subjected to endothelium-dependent
relaxation tests. As shown in Figure 2, the WKYs had better
endothelium-dependent relaxation function responding to the
cumulative concentration of Ach than the SHRs. The most
significant difference between the 2 groups was observed
when the cumulative concentration of Ach reached 1025 M.
However, the relaxation function was restored in both rosu-
vastatin groups. The relaxation ratios of the aorta in the SHR
+ LD group and SHR + HD group were significantly higher
than those in the SHR group at the cumulative concentration
of 1025 M. We also calculated the area under curve (AUC)
values for 4 curves, as shown in Table 4. The AUC value of
the SHR group was much smaller than the WKY group,
whereas the AUC values of the SHR + LD group and SHR
+ HD group were both larger than that of the SHR group.

Rosuvastatin Reversed the Remodeling of
Aortic Structure in SHRs

The changes in MT and LD of the thoracic aorta were
shown in Table 5. SHRs displayed a higher MT and LD as
compared to WKYs. The ratio of MT/LD in SHRs was higher
as compared to WKYs. Treatment with a low or high dose of
rosuvastatin significantly reduced MT compared with the
SHR group (both P-value , 0.05). However, the level of
LD after rosuvastatin treatment was not significantly
decreased compared with the SHR group. Finally, in compar-
ison to the ratio of MT/LD between the SHR group and 2
rosuvastatin groups, a significant reduction was observed
(both P-value , 0.05).

Rosuvastatin Suppressed Apoptosis in the
Aorta of SHRs

As compared to WKYs, the expression of cleaved
caspase-3 in SHRs was increased, whereas the ratios of
p-Akt/Akt and Bcl/Bax were reduced, as shown in Figure 3.
Rosuvastatin treatment for 2 months decreased the expression
of cleaved caspase-3 (P-value , 0.01) but increased the ratio
of Bcl-2/Bax (P-value , 0.01). A high dose of rosuvastatin
further enhanced the changes mentioned above in a dose-
dependent manner (P-value , 0.05). A low dose of rosuvas-
tatin did not markedly increase the ratio of p-Akt/Akt, but

TABLE 2. Changes of SBP

Group

SBP (mm Hg)

Base line On the 4th week On the 8th week

WKY 133.64 6 6.02 131.64 6 7.77 124.73 6 8.72

SHR 194.37 6 7.81* 191.14 6 9.21* 200.04 6 9.00*

SHR + LD 199.36 6 9.38* 194.43 6 8.77* 193.21 6 12.58*

SHR + HD 199.11 6 10.49* 193.93 6 10.69* 189.43 6 12.01*

Values, mean 6 SD; n = 12.
*P , 0.01 versus WKYs.

TABLE 3. The Effect of Rosuvastatin on the Lipid Profiles

TC (mmol/L) LDL-Cholesterol (mmol/L) HDL-Cholesterol (mmol/L) Triglyceride (mmol/L)

WKY 2.99 6 0.17 1.41 6 0.20 0.54 6 0.12 0.81 6 0.15

SHR 2.69 6 0.18* 1.21 6 0.17† 0.52 6 0.08 0.84 6 0.18

SHR + LD 1.79 6 0.23*‡ 0.91 6 0.11*‡ 0.62 6 0.11 0.78 6 0.19

SHR + HD 1.62 6 0.16*‡ 0.89 6 0.13*‡ 0.64 6 0.09† 0.77 6 0.16

Values, mean 6 SD; n = 12.
*P , 0.01 versus WKYs.
†P , 0.05 versus WKYs.
‡P , 0.01 versus SHRs.
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a high dose of rosuvastatin increased the ratio of p-Akt/Akt
significantly compared with the SHR group and SHR + LD
groups (both P-value , 0.05). The TUNEL staining result of
4 groups is shown in Figure 4. The percentage of TUNEL-
positive cells was significantly higher in the SHR group than
those of the WKY group. However, rosuvastatin treatment
decreased the apoptosis of cells, as reflected by the reduced
number of TUNEL-positive cells. Overall, these changes in
apoptosis markers and TUNEL staining showed that rosuvas-
tatin decreased the apoptosis in the aorta of SHRs.

Rosuvastatin Increased Cx43 Distribution in
Media and Endothelium in SHRs

Further experiments were conducted to explore the
distribution of Cx43 in the media and endothelium of the
aorta. As shown in Figure 5, Cx43 was significantly lower in
terms of intensity and number in SHRs as compared to WKYs
in media and endothelium (Figs. 5A, B, respectively).
However, treatment of rosuvastatin increased the Cx43
immunofluorescence in a dose-dependent manner in media
and endothelium as compared to the SHR group, as shown
in Figure 5C.

Rosuvastatin Exerted an Anti-Inflammatory
Effect of the Aorta in SHRs

We also examined the anti-inflammatory effect of
rosuvastatin by detecting the presence of major inflammatory
cytokines at the mRNA level (Figs. 6A–E). As shown in
Figure 6A, the mRNA levels of C-X-C motif chemokine
receptor (CXCR), including CXCR1 (IL8RA) and CXCR2
(IL8RB), were much higher in SHRs as compared to
WKYs, as well as interleukin 12a (IL12a). Similar changes
in mRNA levels of IL6R and MCP-1 were observed between
SHRs and WKYs. Treatment with rosuvastatin decreased the
mRNA levels of CXCR2, IL12a, IL6R, and MCP-1 in SHRs
(P-value , 0.05). The expression level of ICAM-1 was not
significantly increased in SHRs as compared to the WKY
group. However, rosuvastatin treatment significantly
decreased the expression of ICAM-1 at the mRNA level in
a dose-dependent manner (Fig. 6B). The expressions of
VCAM-1 was considerably higher in the SHR group than
that of the WKY group at mRNA levels (Fig. 6C). Two
different doses of rosuvastatin were found to decrease its
expression. Moreover, the mRNA levels of MMP10 and
TGF-b1 were found to be higher in the SHR group than the

FIGURE 1. Effect of rosuvastatin on
the expression and activation of
eNOS in SHRs. A, The mRNA level of
eNOS measured by RT-qPCR. B,
Representative Western blotting
image of p-eNOS and eNOS
expression in the 4 groups. C and D,
Quantification results of phosphory-
lated and total forms of eNOS by
Western blotting. E, The ratio of p-
eNOS/eNOS by Western blotting. F,
The results of plasma nitrite/nitrate
concentration in the 4 groups by
total nitric oxide assay (n = 4 for each
group). *P , 0.05 versus WKY
group, **P , 0.01 versus WKY
group, #P , 0.05 versus SHR group,
##P , 0.01 versus SHR group.
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WKY group (Figs. 6D, E), and rosuvastatin partly reversed
this increase (P-value , 0.05).

Rosuvastatin Altered the Expression of AT1R-
PKCa-HSP70 Pathway

We further determined whether the AT1R-PKCa-
HSP70 pathway mediated the antivascular remodeling effect
of rosuvastatin. Western blotting was performed to measure
the expression of proteins associated with the AT1R-PKCa-
HSP70 axis. In the SHR group, the expression of AT1R and
HSP70, as well as the activity of PKCa, were higher as
compared to the WKY group (P-value , 0.01), as shown
in Figure 7. The total protein level of PKCa were unchanged.
After treatment with a high dose of rosuvastatin, the expres-
sion of AT1R and HSP70 decreased significantly as compared
to the SHR group. However, a low dose had no such effect.
The phosphorylation level of PKCa was decreased by either
a low or high dose of rosuvastatin.

DISCUSSION
This study demonstrated that a two-month treatment

with rosuvastatin of SHR could effectively reverse the
thickening media and decrease the MT/LD ratio of the
thoracic aorta. Also, rosuvastatin improved the
endothelium-dependent relaxation of the aorta in SHR.
These improvements were associated with increased eNOS
expression of the aorta and NO content in plasma. Besides,
we also verified that rosuvastatin treatment suppressed the

apoptosis and inflammation of the aorta and decreased the
plasma LDL-C and TC levels. Furthermore, we reported for
the first time that rosuvastatin treatment could upregulate the
expression of Cx43 and inhibit the AT1R-PKCa-HSP70 path-
way in SHR. Collectively, our finding proved that rosuvasta-
tin exerted a protective role in the hypertension-induced aortic
remodeling of SHR.

In this study, we first explored whether such improve-
ments were mediated by the antihypertensive effect of
rosuvastatin. Although many studies have confirmed the
protective role of statins, either alone or combined with
another agent, in attenuating blood pressure of several
hypertensive animal models,15,16 studies such as those by
Yamashita et al17 and Park et al18 also reported that the blood
pressure was not affected in hypertensive rats by statins. So, it
is still not entirely clear whether statin alone has an antihy-
pertensive effect. Interestingly, the blood pressure of SHRs
was not significantly decreased in our study, whereas the
expression and activation of eNOS were both increased by
rosuvastatin treatment, accompanied by the increased plasma
NO content. There are two possible reasons to explain that
rosuvastatin has a limited antihypertensive effect in SHRs.
First, the mechanism of blood pressure regulation is complex,
and several vasoconstricting agents can counteract the vaso-
dilating effect of NO, such as ET-1 and Ang II. The blood
pressure of SHRs was dependent on the balance of vasocon-
stricting agents and vasodilating agents. Second, the extents
of eNOS and NO increase were not so remarkable, so the anti-
hypertensive effect by NO increase was not statistically sig-
nificant. It reminded us that the underlying mechanisms
should be explained other than the improvement of blood
pressure.

A previous study revealed that rosuvastatin increased
the endothelial NO production in a myocardial ischemia/
reperfusion mice model.19 So, we also examined the expres-
sion and activation of eNOS in the aorta and plasma NO
contents. Studies have shown that eNOS is a protective gene
in vascular-related diseases, which regulates NO production.
NO can diffuse through the VSMCs and catalyze the con-
version of GTP into cGMP. The activated PKG induced by
increased cGMP further triggers the phosphorylation of
downstream target protein to lower the Ca2+ concentration
and thereby resulting in relaxation of the vessels. In our
study, treatment with different doses of rosuvastatin
increased the mRNA and protein levels of eNOS in SHRs,
as well as the plasma NO contents. Such improvements

TABLE 4. The AUC Value of Each Endothelium-Dependent
Relaxation Curve for Four Groups

WKY SHR SHR + LD SHR + HD

AUC (log mol/L · %) 214 122.8 144.2 156.5

TABLE 5. Measurement of MT and LD

MT (mm) LD (mm) MT/LD (%)

WKY 71.54 6 1.47 1.67 6 0.02 4.28 6 0.04

SHR 116.76 6 3.35* 1.85 6 0.06* 6.30 6 0.05*

SHR + LD 107.30 6 2.12† 1.77 6 0.05 6.05 6 0.12†

SHR + HD 103.89 6 3.70† 1.74 6 0.05 5.98 6 0.11†

Values, mean 6 SD; n = 3.
*P , 0.01 versus WKYs.
†P , 0.05 versus SHRs.

FIGURE 2. Effect of rosuvastatin on the endothelium-
dependent relaxation of the aorta in response to acetylcho-
line in the 4 groups. Data are expressed as the mean6 SD (n =
3 each group). **P , 0.01 versus WKY group, #P , 0.05
versus SHR group.

Rosuvastatin Mediated Remodeling of the AortaJ Cardiovasc Pharmacol� � Volume 75, Number 6, June 2020

Copyright © 2020 The Author(s). Published by Wolters Kluwer Health, Inc. www.jcvp.org | 589



might be mediated by its lipid-lowering effect because stud-
ies suggested that increased LDL could downregulate the
expression of eNOS, inhibit the endothelial-derived NO
activity, and decrease receptor-mediated NO release.20,21

In addition, another study found that rosuvastatin promoted
a sustained increase of eNOS and endothelial NO production
in treating human umbilical vein endothelial cells.22 To
explain this, they hypothesized that the increased
S-nitrosylation of mt-HSP70 and tropomyosin benefited
endothelial integrity and regulated the endothelial migration.
Their study provided a new outlook on the regulatory mech-
anism by rosuvastatin in endothelial cells at the posttransla-
tional level.

As one of the most effective models of studying
hypertension, SHRs with sustained high blood pressure often
exhibit excessive apoptosis in the arteries, stimulated by high
levels of Ang II.23 Apoptosis of the vascular SMC modulates
the inward eutrophic remodeling of vessels. Normally, apo-
ptosis is localized to the outer periphery, along with a growth
in the inner membrane. Such pathological changes can cause
a decrease in the LD and an increase in the MT. To determine
whether rosuvastatin has an antiapoptosis effect, we measured
the expression of apoptosis biomarkers such as Bcl-2/Bax,
cleaved caspase-3, and p-Akt/Ak, and performed the
TUNEL staining experiment. Our findings suggested that
treatment with rosuvastatin increased the expression of Bcl-
2 and reduced the expression of Bax. Meanwhile, as

a negative regulator of cell death gene, activated Akt was
increased by rosuvastatin and thereby suppressing apoptosis.
Furthermore, rosuvastatin decreased the cleaved caspase-3
expression, a promoter of apoptosis. These results, combined
with the result of TUNEL assay, confirmed that rosuvastatin
had an antiapoptosis effect, which could be a reason for the
decreased MT and MT/LD ratio of the aorta in SHRs.

The gap junctions are the key players in cell-to-cell
communication and are considered to be crucial for coordi-
nating and synchronizing the contractions of vessels in
response to electrotonic signals. Cx43 is one of the most
notable gap junction channel proteins expressed between
vascular SMCs (VSMC) and endothelial cells (EC) as
a connector.24,25 It was reported that Cx43 is a key factor
in regulating vascular tone and reactivity.26 Knockdown of
Cx43 inhibited the Ang II-induced enhancement of vascular
reactivity and contractility.27,28 Previous studies have demon-
strated low expression of Cx43 in the media and endothelial
in SHRs,14 which is in agreement with our results.
Rosuvastatin significantly enhanced the immunofluorescent
spots of Cx43 in the media and endothelium in SHRs. It
showed that rosuvastatin might improve vascular reactivity
and contractility.

Vascular inflammation is one of the most common
complications of hypertension. The participation of several
inflammatory factors stimulated by Ang II and ox-LDL,
including interleukin and intercellular adhesion molecule,

FIGURE 3. The antiapoptosis effect of rosuvastatin on the aorta of SHRs. A, Representative Western blotting image of protein
expression of apoptosis-related biomarkers. B–D, Quantification results of p-Akt/Akt, cleaved Caspase3, and Bcl-2/Bax by Western
blotting, respectively (n = 4 for each group). **P , 0.01 versus WKY group, #P , 0.05 versus SHR group, ##P , 0.01 versus SHR
group. OP , 0.05 versus SHR + LD group, OOP , 0.01 versus SHR + LD group.
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normally acts as a contributor to vascular remodeling. They
can recruit monocytes/macrophages to the vascular wall and
involve in the progression of atherosclerosis.29 In addition to

this, hemodynamic abnormalities induced by hypertension
can also cause endothelial dysfunction and endothelial
macrophage adhesion due to an upregulated expression of

FIGURE 4. Effect of rosuvastatin on the apoptosis of aorta determined by TUNEL assay. A, Representative image of TUNEL result
for 4 groups. The arrows indicate the TUNEL-positive endothelial cells. The a-SMA-positive cells (red dots) refer to vascular SMCs.
B, Quantification results of TUNEL-positive cell percentage. Data are expressed as the mean 6 SD (n = 5 each group). **P , 0.01
versus WKY group, #P , 0.05 versus SHR group.
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ICAM-1 and VCAM-1. So, the decreased ICAM-1 and
VCAM-1 expressions by rosuvastatin might be mediated by
reduced LDL levels in this study. The formation and degra-
dation of extracellular matrix (ECM) is another key process
for vascular remodeling. TGF-b1 is an important profibrotic
mediator that works by inhibiting the degradation of ECM. It
has been reported that the TGF-b1 level was increased signif-
icantly both in the kidney and heart of SHRs mediating renal
fibrosis and myocardial fibrosis.30,31 And statins have been
reported to decrease the serum TGF-b levels significantly,
suggesting that statin might have a suppressive effect on the
expression of TGF-b.32 In our study, we found that rosuvas-
tatin can suppress the expression of TGF-b1 in the aortic
tissues of SHRs, indicating its antifibrotic effect on SHRs.
MMP10 is an enzyme that breaks down the ECM and regu-
lates the migration of inflammatory cytokines across the

membranes, eg, neutrophil. It also blocks the activation of
macrophage and proliferation of lymphocytes. Meanwhile,
MMP10 was found to be regulated by TGF-b1.33 In this
study, rosuvastatin significantly suppressed the MMP10 lev-
els in SHRs, which could be attributed to the decreased levels
of TGF-b1. These findings suggested that rosuvastatin in-
hibited the invasion of inflammatory cytokines into the inner
membrane, thus improving the endothelium-dependent relax-
ation function and reducing the MT.

Further experiments were performed to determine the
ATR1 expression and relevant signal transduction pathway in
vascular remodeling by rosuvastatin. Several studies have
elicited the relationship between RAAS and vascular remod-
eling,34,35 including some of them majoring in the effect of
statin in the inhibition of AT1R expression. The expression of
AT1R in both heart and aorta was increased by overactivation

FIGURE 5. Effect of rosuvastatin on
the distribution of Cx43 in the aorta
in SHRs. A, Representative image
showing Cx43 distribution indicated
by white arrows in the media of the
aorta. B, Representative image
showing Cx43 distribution indicated
by white arrows in the endothelium
of aorta. C, Quantification results of
relative Cx43 expression between 4
groups. Data are expressed as the
mean 6 SD (n = 5 each group). **P
, 0.01 versus WKY group, #P , 0.05
versus SHR group, ##P , 0.01 versus
SHR group.
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of the RAAS system in SHRs. Binding with Ang II, AT1R
triggers multiple intracellular signaling pathways, such as the
coupling of G proteins, which activates vasoconstriction dur-
ing hypertension.36 A study by Tian et al37 has investigated
the effect of rosuvastatin in the endothelial function of db/db
mice. They found that rosuvastatin participated in favorable
modulation of the RAAS cascade and attenuated vasocon-
strictions induced by elevated Ang II concentration through
the AT1R inhibition in db/db mice. So, their principal con-
clusion was that rosuvastatin was attributed to an increase of
NO bioavailability by the ROS inhibition from the AT1R-

NAD(P)H oxidase cascade. In this study, we only investi-
gated the expression of AT1R expression in the aorta. The
expression of AT1R was decreased significantly by a high
dose of rosuvastatin, suggesting that the RAAS was attenu-
ated. Another benefit due to RAAS inhibition in our study
was reduced vascular inflammation. Blocking RAAS was
found to negatively regulate inflammatory factors,38 such as
ICAM-1, VCAM-1, IL-6R, and IL-12a.

Several studies have revealed the role of the PKC
family in hypertension. The high expression and activation of
PKC subtypes such as PKCa, PKCb, PKCu, and PKCd can

FIGURE 6. The anti-inflammatory effect of rosuvastatin on the aorta of SHRs. A, The mRNA expression of CXCR1, CXCR2, IL12a,
and MCP-1 in the 4 groups. B and C, The mRNA expression of the adhesion molecule ICAM-1 and VCAM-1 in the 4 groups. D and
E, The mRNA expression of MMP10 and TGF-b1 in the 4 groups (n = 4 for each group). *P , 0.05 versus WKY group, **P , 0.01
versus WKY group, #P , 0.05 versus SHR group, ##P , 0.01 versus SHR group, OP , 0.05 versus SHR + LD group, OOP ,
0.01 versus SHR + LD group.

FIGURE 7. Effect of rosuvastatin on
the protein expression related to the
AT1R-PKCa-HSP70 axis in the aorta
of SHRs. A, Representative Western
blotting image of AT1R-PKCa-HSP70
axis protein expression. B–D, The
quantification results of AT1R-PKCa-
HSP70 axis protein expression nor-
malized to GAPDH (n = 4 for each
group). *P , 0.05 versus WKY
group, **P , 0.01 versus WKY
group, #P , 0.05 versus SHR group,
##P , 0.01 versus SHR group, OP
, 0.05 versus SHR + LD group,
OOP , 0.01 versus SHR + LD
group.
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increase the blood pressure and vasoconstriction.39–41

Previous studies have demonstrated that activation of
PKCb2 and PKCu is enhanced in the aorta of SHRs.42 This
further increases the phosphorylation of the Ca2+-sensitization
pathway, such as CPI-17-MYPT1-MLC, causing the contrac-
tion of vascular smooth muscles.43 The findings of our study
indicated that a high dose of rosuvastatin could decrease the
phosphorylation of PKCa in SHRs, suggesting that it might
be mediated by the inhibition of PKC.

HSP70 is a molecular chaperone that is found to be
enhanced in the vessels of SHRs. Previous studies have
demonstrated that HSP70 can not only mediate protein
folding and transport during stress but also prevent apopto-
sis.44,45 Although apoptosis was increased in SHRs, upregu-
lated HSP70 might participate in protecting VSMC and EC
against apoptosis of SHRs. However, rosuvastatin treatment
decreased the expression of HSP70 in SHRs, which attenu-
ated apoptosis in the aorta.

There are still several limitations to our study. First,
given the structural and functional complexity of the adaptive
response of the aorta to hypertension, the benefits of
rosuvastatin in SHRs shown in this study are only observa-
tional. Second, in-depth investigations are required to explore
the direct mechanisms on how changes in apoptosis and
inflammation, as well as AT1R/PKCa/HSP70 signaling trans-
duction pathways by rosuvastatin, are involved in the vascular
remodeling of the aorta during hypertension. Third, our study
only revealed the benefits of rosuvastatin in the remodeling of
the aorta, but its role for the whole vascular system, particu-
larly the coronary arteries and cerebrovascular vessels, is not
determined. Furthermore, the number of observations for each
group was quite limited. Only 3 to 5 samples were analyzed
for some experiments. Finally, whether those benefits existed
in patients with a clinical dose still need clinical trials for
confirmation.

CONCLUSIONS
This study provided an observational investigation of

the protective role of rosuvastatin in improving vascular
structure and function. Mechanistically, we found that
rosuvastatin increased the expression of eNOS, enhanced
the plasma NO content, and prevented apoptosis of aortic
cells. Moreover, it upregulated the expression of Cx43 in
media and endothelium and suppressed the inflammation by
reducing proinflammation cytokines in the aorta. Inhibition of
AT1R/PKCa/HSP70 signaling transduction pathway in SHRs
was also discovered by rosuvastatin treatment.
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