
ORIGINAL ARTICLE

Simvastatin prevents large blood pressure variability
induced aggravation of cardiac hypertrophy in
hypertensive rats by inhibiting RhoA/Ras–ERK
pathways

Narimasa Takayama1, Hisashi Kai1, Hiroshi Kudo1, Suguru Yasuoka1, Takahiro Mori1, Takahiro Anegawa1,
Mitsuhisa Koga2, Hidemi Kajimoto2, Yoshitaka Hirooka3 and Tsutomu Imaizumi1

Pronounced variability in blood pressure (BP) is an aggravating factor of hypertensive end-organ damage. However, its

pathogenesis remains unknown. Statins have various protective effects on the cardiovascular system. Thus, we determined

whether simvastatin would attenuate the aggravation of hypertensive cardiac remodeling in a rat model of hypertension with

large BP variability, and also investigated the signaling mechanism involved in its effect. A model of hypertension with large BP

variability was created by performing bilateral sinoaortic denervation (SAD) in spontaneously hypertensive rats (SHRs). A SAD or

sham operation was performed in 12-week-old rats. Thereafter, simvastatin (0.2 mg kg�1 per day) or vehicle was intraperitoneally

administered every day. After 6 weeks , telemetric recordings revealed that SAD enhanced BP variability without changing the

mean BP. SAD increased myocyte hypertrophy, myocardial fibrosis and macrophage infiltration associated with the upregulation

of brain natriuretic peptide (BNP), type I procollagen, transforming growth factor (TGF)-b and monocyte chemoattractant protein

(MCP)-1, and activation of RhoA, Ras and ERK1/2. Simvastatin did not change the mean BP or BP variability in SAD-operated

SHRs. In SAD-operated SHRs, simvastatin attenuated myocyte hypertrophy and BNP expression, as well as RhoA, Ras and

ERK1/2 activities. In contrast, simvastatin did not change myocardial fibrosis, macrophage infiltration, or the expression of

procollagen and TGF-b or MCP-1 in SAD-operated SHRs. Simvastatin did not affect serum lipid levels. In conclusion,

simvastatin attenuated the large BP variability-induced aggravation of cardiac hypertrophy, but not myocardial fibrosis, in SHRs.

The activation of RhoA/Ras–ERK pathways may contribute to the aggravation of cardiac hypertrophy by a combination of

hypertension and large BP variability.
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INTRODUCTION

Along with diurnal blood pressure (BP) changes,1,2 an increase in
short-term BP variability is a characteristic feature of hypertension,
especially in the elderly and in patients with carotid atherosclerosis.3–6

Large BP variability aggravates cardiac remodeling in hypertensive
patients.7–9 Further, large BP variability is an independent risk factor
for cardiovascular events in hypertensive patients.10–12 However, the
mechanism by which hypertensive cardiac remodeling is aggravated by
increased BP variability remains unknown. Recently, we have created a
rat model exhibiting a combination of hypertension and large BP
variability by performing bilateral sinoaortic denervation (SAD) in
spontaneously hypertensive rats (SHRs).13 This model can also be
considered to represent the characteristic features of hypertension in

the elderly or those having carotid atherosclerosis.14 We have
shown that SAD induces cardiac inflammation, which leads to
aggravation of hypertensive remodeling (myocyte hypertrophy and
myocardial fibrosis) in SHRs.13 It is thought that cardiac remodeling
in this model would reflect the synergistic effects of the response
to sustained pressure overload and the response to increased BP
variability.

Statins, or 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
reductase inhibitors, have various protective effects on the cardiovas-
cular system independent of their lipid-lowering effects.15,16 The
targets of statins include the small GTP-binding proteins RhoA and
Ras. Increased mechanical stress is one of the triggers that activate the
RhoA and Ras pathways in cardiac myocytes.17
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Accordingly, we hypothesized that statins may prevent cardiac
hypertrophy in response to dynamic, short-term BP changes along
with hypertrophy induced by static, chronic BP elevation. Statins can
attenuate hypertensive hypertrophy in animal models.18,19 The aims of
this study were to investigate the effect of simvastatin on the large BP
variability-induced aggravation of hypertensive cardiac remodeling in
SHRs, and to determine the signaling mechanism involved in such an
effect.

METHODS
The study protocol was reviewed and approved by the Animal Care and

Treatment Committee of Kurume University. Male SHRs were purchased from

SLC Inc. (Shizuoka, Japan) and housed under standard conditions of humidity,

room temperature, and a 12-h:12-h dark-light cycle. They were provided with

free access to tap water and chow.

Study groups
SHRs were randomly assigned into the following four groups (n¼20 per

group): Sham+vehicle, receiving sham operation and vehicle; Sham+

simvastatin, receiving sham operation and simvastatin; SAD+vehicle, receiving

SAD and vehicle; and SAD+simvastatin, receiving SAD and simvastatin. At 12-

weeks-old, the SAD or sham operation was performed. In the SAD+simvastatin

and Sham+simvastatin groups, 0.2 mg kg�1 per day simvastatin (Merck

Research Laboratories, Rahway, NJ, USA) was intraperitoneally administered

every day beginning at 7 days after the operation. This dose of simvastatin was

the maximum dose that did not reduce BP in SHRs during the observation

period. Before use, simvastatin was activated by alkaline hydrolysis to open the

lactone rings, thereby converting it to its dihydroxy-open form or the active-

metabolite form.20,21

Bilateral SAD
At 12 weeks old, the SHRs underwent bilateral SAD as previously

described.13,22 Briefly, the rats were anesthetized intraperitoneally with a

mixture of ketamine (50 mg kg�1), medetomidine (0.5 mg kg�1) and atropine

sulfate (0.5 mg kg�1). The aortic depressor nerve and the superior laryngeal

nerve were cut bilaterally. The bilateral superior cervical ganglia and cervical

sympathetic trunks were resected. Thereafter, the carotid bifurcation and the

external and internal carotid arteries were bilaterally stripped off the surround-

ing connective tissues, followed by the application of 10% phenol in absolute

ethanol. The Sham-operated SHRs underwent bilateral isolation of the neck

muscle alone.

Telemetric hemodynamic recording and data analysis
At 6 weeks after SAD, the rats underwent implantation of a BP radiotelemeter

(model TA 11 PA-C 40, Data Sciences International, Minneapolis, MN, USA)

under anesthesia with intraperitoneal pentobarbital (30 mg kg�1).13 Thereafter,

the rats were housed individually in a hemodynamic monitoring cage. At 7

days after telemeter implantation (19-weeks-old), 24-h BP and heart rate were

monitored under the unrestricted, conscious condition. The 24-h average,

standard deviation, and coefficients of the variance of mean BP and heart rate

were calculated for descriptive statistics of the distribution variability.13

Morphometric analysis and immunohistostaining
After hemodynamic monitoring, the rats were killed with an intraperitoneal

injection of overdose of pentobarbital. Blood was drawn from the right atrium

Figure 1 Effects of sinoaortic denervation (SAD) and simvastatin (Simva) on mean blood pressure (BP) and BP variability in spontaneously hypertensive rats

(SHRs) at 7 weeks after the operation. A, Representative 24-h telemetric recordings of mean BP. B, Pooled data of the effects of SAD and simva on the

average (a), standard deviation (s.d.) (b), and coefficient of variance (CV) (c), of mean BP in SHRs. Bar¼1�s.d. (n¼20). *Po0.05 vs. Sham+vehicle;
dPo0.05 vs. Sham+Simva.
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to measure serum lipids using an automated analyzer (DRI-CHEM3500V, Fuji

Film, Tokyo, Japan). After rats were perfuse fixed with 4% neutrally buffered

paraformaldehyde at 100 mm Hg, the left ventricle (LV) was isolated from both

atria and the right ventricular free wall, weighed, and immediately embedded in

paraffin. The paraffinized sections (n¼10/group) were subjected to morpho-

metry and immunohistostaining.23 The shortest transverse myocyte diameter

and the percent area of myocardial fibrosis, respectively, were measured in three

independent hematoxylin/eosin-stained sections and Mallory-Azan-stained

sections of each rat.23,24 Macrophages labeled with an antibody for ED-1

(Chemicon International, Temecula, CA, USA) were counted at �200 magni-

fication in three independent entire cross-sections of each animal.25

Echocardiographic studies
Under anesthesia with intraperitoneal ketamine (50 mg kg�1) and xylazine

(10 mg kg�1), echocardiographic measurements (n¼10 per group) of LV mass

and LV fractional shortening were performed using a commercially available

echocardiographic machine equipped with a 7.5-MHz transducer (SDD 5500,

Aloca, Tokyo, Japan).23

Real-time reverse-transcription PCR analysis
Immediately after hemodynamic monitoring, the rats were killed with an

intraperitoneal injection of an overdose of pentobarbital and then perfused

with ice-cold saline for 5 min. Unfixed LVs (n¼10 per group) were isolated,

snap-frozen in liquid nitrogen, and stored at �80 1C until use for real-time

reverse-transcription-PCR analysis, immunoblotting and RhoA and Ras activ-

ity assays. Total RNA was extracted and reverse-transcribed as described

previously.26 Equal amounts of the resulting cDNA were subjected to real-time

PCR for rat brain natriuretic peptide (BNP), rat type 1 procollagen, rat

transforming growth facto (TGF-b) and rat monocyte chemoattractant protein

(MCP)-1.23,27 Expression levels of the target genes were normalized to GAPDH.

RhoA and Ras activity assays
Unfixed LV samples were homogenized in lysis buffer using FastPrep homo-

genizer (MP-Biomedicals, Irvine, CA, USA). RhoA-GTPase and Ras-GTPase

levels were measured using the G-LISA RhoA activation assay kit (Cytoskeleton,

Denver, CO, USA) and the Ras GTPase Chemi ELISA kit (Active Motif Japan,

Tokyo, Japan), respectively.

Immunoblotting
After homogenization in the lysis buffer, total protein was extracted, separated

by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis, and sub-

jected to immunoblotting.28,29 Blots were probed with an antibody against

ERK1/2 or phosphorylated ERK1/2 (Cell Signaling Technology, Beverly, MA,

USA), and the signals were detected with an enhanced chemiluminescence

reagent kit (Amersham Pharmacia Biotech Inc. (Piscataway, NJ, USA).27,30 The

intensity of immunoreactive bands was quantified by an image analysis system

(ATTO, Tokyo, Japan).

Statistical analysis
Data are expressed as mean±s.d. Quantitative histological analysis was

performed by two observers in a blinded manner. The interobserver or

intraobserver variability was o5% in each experiment. One-way ANOVA

followed by Scheffe’s F test was performed for the comparisons. A P value of

o0.05 was considered statistically significant.

RESULTS

Effects on mean BP and BP variability
Figure 1A shows representative 24-h telemetric recordings of mean BP
at 7 weeks after SAD or sham operation (19-weeks-old). The mean BP
levels were similar in the Sham+vehicle, Sham+simvastatin,
SAD+vehicle and SAD+simvastatin groups (Figure 1B). SAD
increased parameters of BP variability, namely, the standard deviation
and coefficient of the variance of mean BP. Simvastatin did not affect

Table 1 Effects of SAD and simvastatin on heart rate and lipid profile

Sham SAD

Vehicle Simvastatin Vehicle Simvastatin

Heart rate (beats per min)

Average 313±18 322±11 296±18 304±18

s.d. 41±8 40±4 40±5 38±5

Coefficient of variance 13±2 12±1 13±1 12±2

Lipid profile

Total cholesterol (mg per 100 ml) 68±10 69±6 65±6 64±5

High-density lipoprotein

cholesterol (mg per 100 ml)

49±99 45±5 45±8 44±8

Triglycerides (mg per 100 ml) 47±16 47±112 48±8 46±12

Abbreviation: SAD, sinoaortic denervation.
Data are mean±s.d. There were no differences among the four groups.

Figure 2 A, Representative photographs of Mallory–Azan stainings of the whole sections and microphotographs (inlets) of the left ventricles (LVs). Fibrotic

tissue is stained blue. B, Pooled data of the effects of SAD and simva on LVW/BW (a), the minimum transverse myocyte diameter (b), and percent

myocardial fibrosis area (c). Bar¼1�s.d. (n¼10). *Po0.05 vs. Sham+vehicle; dPo0.05 vs. Sham+Simva; wPo0.05 vs. SAD+vehicle.
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the average or the variability of mean BP. The average and variability
of heart rate did not differ among the four groups (Table 1).
Simvastatin did not change the serum level of total cholesterol,
high-density lipoprotein or triglycerides.

Effects on cardiac hypertrophy
SAD increased the ratio of LV wet weight to body weight (LVW/BW),
myocyte diameter and BNP mRNA expression, which is a molecular
marker of myocardial hypertrophy (Figures 2 and 3Aa). In the
Sham+simvastatin group, LVW/BW, myocyte diameter and BNP expres-
sion were decreased as compared with the Sham+vehicle group, although
the change in BNP expression did not reach statistical significance. In the
SAD+simvastatin group, LVW/BW, myocyte diameter and BNP expres-
sion were reduced to levels not significantly different from those of the
Sham+vehicle and Sham+simvastatin groups.

Effects on myocardial fibrosis
In the Sham+vehicle group, there was mild perivascular fibrosis
(Figure 2). SAD not only enhanced perivascular fibrosis, but also
induced patchy and massive reparative fibrosis, resulting in increased
myocardial fibrosis area associated with upregulation of TGF-b and
type 1 procollagen mRNAs (Figures 2 and 3Ab–c). Simvastatin had
little effect on myocardial fibrosis and the expression of TGF-b and
procollagen. SAD induced MCP-1 upregulation and macrophage
infiltration (Figures 3Ad and B). Simvastatin did not affect MCP-1
expression or macrophage count.

Effects on echocardiographic data
SAD increased echocardiographic LV mass index (Figure 4a). Simvas-
tatin prevented the SAD-induced aggravation of LV hypertrophy. In
sham-operated SHRs, simvastatin reduced LV mass index, but the
change was not significant. LV fractional shortening did not differ
between the Sham+vehicle and Sham+simvastatin groups (Figure 4b).
SAD reduced LV fractional shortening. Simvastatin slightly attenuated
SAD-induced LV dysfunction, although this effect did not reach
statistical significance.

Effects on SAD-activated signaling pathways
The activity levels of RhoA (not significant) and Ras (Po0.01) were
lower in the Sham+simvastatin group than in the Sham+vehicle group
(Figure 5a). SAD increased RhoA and Ras activity levels. Simvastatin
inhibited the SAD-induced activation of RhoA and Ras, reducing their
activities to levels similar to those of Sham+simvastatin group. Next,
we investigated the phosphorylation levels of ERK1/2, which is a Ras-
dependent mitogen-activated protein kinase. SAD increased ERK1/2
phosphorylation (Figure 5b), whereas total ERK1/2 levels did not
differ among the four groups. The SAD-induced elevation of ERK1/2
phosphorylation was inhibited by simvastatin.

DISCUSSION

This study has shown that simvastatin ameliorates not only hyperten-
sive hypertrophy in sham-operated SHRs, but also the large BP
variability induced aggravation of hypertrophy in SAD-operated
SHRs, whereas not changing the mean BP and BP variability.
Simvastatin inhibited the SAD-induced activation of the RhoA/Ras–
ERK pathways in SHRs. In contrast, simvastatin had little effect on
myocardial fibrosis in SAD-operated SHRs. Plasma lipid levels were
also not affected by simvastatin.

The SAD procedure itself induces transient sympathetic nerve
activation immediately after the operation, and it may lead to other,
currently unknown changes. However, our recent study has

Figure 3 A, Pooled data of real-time reverse-transcription-PCR analysis
showing the effects of SAD and simva on myocardial brain natriuretic

peptide (BNP) (a), transforming growth factor (TGF-b) (b), type I procollagen

(c), and monocyte chemoattractant protein (MCP-1) (d) mRNA expression.

Expression levels of target genes are normalized to GAPDH. Bar¼1�s.d.

(n¼6). B, Pooled data of the effects on the ED-1-labeled macrophage count

(per section). Bar¼1�s.d. (n¼10). *Po0.05 and **Po0.01 vs.

Sham+vehicle; dPo0.05 and ddPo0.01 vs. Sham+Simva; wPo0.05 vs.

SAD+vehicle.

Figure 4 Pooled data showing the effects of simva on echocardiographic LV

mass index (a) and LV fractional shortening (b). Bar¼1�s.d. (n¼10).

*Po0.05 and **Po0.01 vs. Sham+vehicle; dPo0.05 and ddPo0.01 vs.

Sham+Simva; wwPo0.01 vs. SAD+vehicle.
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demonstrated that circulating levels of interleukin-1b, tumor necrosis
factor-a, norepinephrine and active renin are not increased in SHRs at
7 weeks after SAD.13 Thus, SAD-induced chronic cardiac remodeling
may be independent of systemic inflammation, the systemic renin–
angiotensin system, and sympathetic nerve activation. It is likely that
the effect of SAD is attributable to increased BP variability in the
chronic phase of this model.

Simvastatin reduced cardiac hypertrophy without changing the
mean BP in sham-operated SHRs. This finding is in agreement with
earlier studies demonstrating that statins attenuate hypertensive car-
diac hypertrophy in rats receiving chronic angiotensin II infusion or
rats with thoracic aorta constriction.18,31 In this study, simvastatin
inhibited the aggravation of cardiac hypertrophy in SHRs with large
BP variability. These findings suggest that statins not only attenuate
hypertrophic changes in response to static, chronic pressure overload
(for example, SHRs and rats with aortic constriction) or neurohu-
moral stimuli (for example, rats with angiotensin II infusion), but also
inhibit hypertrophy induced by dynamic, short-term BP changes (for
example, increased BP variability).

The Ras–ERK1/2 pathway activates hypertrophic gene expression in
various models of cardiac hypertrophy.32,33 RhoA is important for
ERK1/2 activation in the mechanical stress-induced hypertrophy of
cardiac myocytes.17,34 Thus, the RhoA/Ras–ERK1/2 pathways are
implicated in the signaling system that has a role in cardiac hyper-
trophy in response to hypertension. Another important finding of this
study was that simvastatin prevented the SAD-induced activation of
RhoA, Ras and ERK1/2 in SHRs. Isoprenylation is essential for the
activation of RhoA and Ras, as well as ERK1/2, in cardiac myocytes.35

Because inhibition of isoprenylation is one molecular mechanism
underlying the pleiotropic effects of statins,15,16 our findings suggest
that the RhoA/Ras–ERK pathway has a role in the aggravation of
hypertensive cardiac hypertrophy induced by large BP variability.

Unexpectedly, simvastatin did not affect myocardial fibrosis and the
expression of TGF-b or procollagen in this model. Recently, we have
shown that the SAD-induced aggravation of myocardial fibrosis
depends on the MCP-1-mediated macrophage infiltration associated
with TGF-b induction.13 In this study, we demonstrated that SAD
induced the aggravation of myocardial fibrosis associated with MCP-1
and TGF-b upregulation and macrophage infiltration. We think that
simvastatin did not decrease myocardial fibrosis in this model because
simvastatin did not inhibit the SAD-induced upregulation of MCP-1,

TGF-b or macrophage infiltration. In this regard, it is interesting to
note that myocyte hypertrophy and myocardial fibrosis are regulated
independently in hypertensive hearts.36,37 Mechanical stress itself has a
role in initiating hypertrophic responses in myocytes by activating
multiple signaling pathways.38,39 In contrast, the circulating and
autocrine/paracrine humoral factors, such as angiotensin II, TGF-b
and MCP-1, have been implicated in hypertensive myocardial
fibrosis.23,25,40–42 Further research is necessary, to determine the
mechanism by which simvastatin induces the different effects between
myocyte hypertrophy and myocardial fibrosis in this model.

In this study, simvastatin slightly attenuated SAD-induced LV
systolic dysfunction, but the effect was not statistically significant. In
contrast, our recent study has demonstrated that a subdepressor dose
of candesartan, an angiotensin II type-1 receptor (AT1R) blocker,
prevents LV dysfunction in SAD-operated SHRs.13 It is noteworthy
that candesartan inhibits the aggravation of not only cardiac
hypertrophy, but also perivascular and reparative fibrosis, although
simvastatin does not affect myocardial fibrosis, in SAD-operated
SHRs. These findings suggest that the lack of reduction of myocardial
fibrosis by simvastatin may explain why simvastatin failed to prevent
SAD-induced LV dysfunction.

There are several limitations to this study. First, the molecular
mechanisms of RhoA and Ras-ERK1/2 activation were not clarified.
During direct activation by mechanical stress, G protein-coupled
receptor agonists, such as angiotensin II, endothelin-1 and phenyle-
pherine, activate the Ras-ERK cascade via protein kinase C activation
and subsequently upregulate hypertrophic gene upregulation in car-
diac myocytes.32 In addition, angiotensin II and a-adrenergic agonists
activate RhoA through Gaq/Ga11 proteins in cardiac myocytes.17,43 We
have demonstrated that the cardiac angiotensin II system is activated
in SAD-operated SHRs.13 Therefore, angiotensin II may be a candi-
date that links large BP variability and RhoA/Ras–ERK activation in
this model. Second, simvastatin prevents cardiac hypertrophy in rats
receiving angiotensin II infusion.44 Statins downregulate AT1R expres-
sion in platelets and vascular smooth muscle cells.45,46 Thus, simvas-
tatin may prevent SAD-induced aggravation of hypertensive cardiac
hypertrophy, at least in part, by inhibiting the angiotensin II-mediated
mechanism. This issue should be addressed in future studies. Addi-
tionally, pitavastatin prevents cardiac hypertrophy and myocardial
fibrosis in Dahl salt-sensitive rats.47 Currently, the discrepancies
between this and previous studies are not clear. The difference in

Figure 5 a, Effects of SAD and simva on RhoA (left) and Ras (right) activity levels. Relative fluorescence unit (RFU). Bar¼1�s.d. (n¼10). b, Effects of SAD

and simva on ERK1/2 activity levels. Top, representative immunoblots for protein expression (ERK1/2) and phosphorylation level of ERK1/2 (pERK1/2).

Bottom, pooled data of the effects on ERK phosphorylation levels. The density of the phosphorylated p42 band was normalized to that of p42 in each

sample (pERK/ERK). Bar¼1�s.d. (n¼6). *Po0.05 vs. Sham+vehicle; dPo0.05 and ddPo0.01 vs. Sham+Simva; wPo0.05 and wwPo0.01 vs. SAD+vehicle.
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statins used might be important because pitavastatin shows a 10-fold
greater inhibitory effect on HMG-CoA reductase than that of simvas-
tatin.48 We do not deny the possibility that larger doses of simvastatin
would attenuate myocardial fibrosis in this model. Finally, several
signaling pathways, such as p38 mitogen-activated protein kinase and
p125 focal adhesion kinase, are implicated as mediators of stretch-
induced myocyte hypertrophy.32 Thus, it remains to be elucidated
whether such pathways would contribute to the SAD-induced aggra-
vation of cardiac hypertrophy in SHRs.

In conclusion, simvastatin inhibited the aggravation of cardiac
hypertrophy in a rat model of a combination of hypertension and
large BP variability, without changing the mean BP and BP variability.
Our findings suggest that the function of simvastatin in this
model occurs via the inhibition of the RhoA/Ras–ERK1/2 pathways,
independent of its lipid-lowering effect. Large BP variability is a
characteristic feature of hypertensive patients with advanced athero-
sclerosis, especially with carotid atherosclerosis and in the elderly.
Moreover, cardiac hypertrophy is an independent risk factor of
cardiovascular events. However, there is no treatment currently avail-
able to directly reduce BP variability. This study raises the possibility
that statins could be useful for preventing the exacerbation of cardiac
hypertrophy in hypertensive patients with large BP variability.
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