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Atorvastatin Slows the Progression of Cardiac 
Remodeling in Mice with Pressure Overload 

and Inhibits Epidermal Growth Factor 
Receptor Activation

Yulin LIAO1), Hui ZHAO2), Akiko OGAI1), Hisakazu KATO2), Masanori ASAKURA1), 

Jiyoong KIM1), Hiroshi ASANUMA1), Tetsuo MINAMINO2), 

Seiji TAKASHIMA2), and Masafumi KITAKAZE1)

The aim of this study was to investigate whether atorvastatin inhibits epidermal growth factor receptor

(EGFR) activation in cardiomyocytes in vitro and slows the progression of cardiac remodeling induced by

pressure overload in mice. Either atorvastatin (5 mg/kg/day) or vehicle was orally administered to male

C57BL/6J mice with transverse aortic constriction (TAC). Physiological parameters were obtained by

echocardiography or left ventricular (LV) catheterization, and morphological and molecular parameters of

the heart were also examined. Furthermore, cultured neonatal rat cardiomyocytes were studied to clarify the

underlying mechanisms. Four weeks after TAC, atorvastatin reduced the heart/body weight and lung/body

weight ratios (8.69±0.38 to 6.45±0.31 mg/g (p<0.001) and 10.89±0.68 to 6.61±0.39 mg/g (p<0.01) in TAC

mice with and without atorvastatin, respectively). Decrease of LV end-diastolic pressure and the time con-

stant of relaxation, increased fractional shortening, downregulation of a disintegrin and metalloproteinase

(ADAM)12, ADAM17 and heparin-binding epidermal growth factor genes, and reduction of the activity of

EGFR and extracellular signal–regulated kinase (ERK) were observed in the atorvastatin group. Phenyleph-

rine-induced protein synthesis, phosphorylation of EGFR, and activation of ERK in neonatal rat cardiomyo-

cytes were all inhibited by atorvastatin. These findings indicated that atorvastatin ameliorates cardiac

remodeling in mice with pressure overload, and its actions are associated with inhibition of the EGFR sig-

naling pathway. (Hypertens Res 2008; 31: 335–344)

Key Words: statins, epidermal growth factor receptor, heart failure, hypertrophy, extracellular signal–regu-

lated kinase

Introduction

Although substantial evidence obtained by various clinical
trials has demonstrated the efficacy of β-blockers, angio-

tensin-converting enzyme inhibitors, angiotensin receptor
blockers, aldosterone antagonists, and vasodilators for treat-
ment of chronic heart failure (CHF) (1), the mortality and
morbidity of this serious condition remain high. Therefore,
investigation of novel treatments to improve the prognosis of
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CHF is an area of intense activity. Recent clinical studies per-
formed by us as well as others have shown that hydroxymeth-
ylglutaryl-CoA (HMG-CoA) reductase inhibitors (statins)
improve cardiac remodeling and survival in patients with
either ischemic or non-ischemic CHF (2–5), suggesting that
statin therapy may be a potential new approach for CHF. Ran-
domized double-blind placebo-controlled trials that are still
ongoing (6, 7) may eventually provide firm evidence about
this issue. In the meantime, well-designed experimental stud-
ies will also be helpful to clarify whether statins are beneficial

for both systolic and diastolic heart failure, as well as to
explore the underlying mechanisms.

Theoretically, several of the many actions of statins may
contribute to the improvement of cardiac remodeling. Our
previous study demonstrated that myocardial hypertrophy can
be induced via activation of matrix metalloproteinases
(MMPs), which is followed by the subsequent release of hep-
arin binding–epidermal growth factor (HB-EGF) and phos-
phorylation of the epidermal growth factor receptor (EGFR),
and we have shown that an MMP inhibitor can ameliorate

Fig. 1. Effect of atorvastatin (Ator) on cardiac hypertrophy and fibrosis in mice with pressure overload. A: Representative pic-
tures of the whole heart. B: Cardiomyocyte cross-sectional surface area (hematoxylin and eosin stain [H&E stain]). C: Long-
axis view of cardiomyocytes (H&E stain). Myocardial fibrosis (D) and perivascular fibrosis (E) are revealed by Azan staining.
The heart weight/body weight ratio (HW/BW, ANOVA p<0.0001) (F) and cardiomyocyte cross-sectional surface area (ANOVA
p<0.0001) (G) were significantly reduced in atorvastatin-treated mice. Myocardial fibrosis (ANOVA p<0.0001) (H) and
perivascular fibrosis (ANOVA p<0.003) (I) were also inhibited by atorvastatin. *p<0.01, †p<0.05 vs. TAC by post-hoc test. In
F, the number of mice is 12, 5, 12 and 11 for the sham, sham+Ator, TAC, and TAC+Ator groups, respectively. In G–I, 3–5
hearts from each group were used to obtain data. Bar: 20 μm.
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cardiac hypertrophy and improve heart failure (8). However,
it remains unknown whether or not statins inhibit this signal
pathway.

Atorvastatin is the most frequently prescribed statin world-
wide, but few studies have been performed to clarify its influ-
ence on the progression of non-ischemic CHF and the
possible cellular mechanisms involved. Accordingly, we
investigated whether atorvastatin had a beneficial effect on
the morphology and function of the left ventricle in mice with
pressure overload, and we also investigated whether inhibi-
tion of EGFR activation had a role in the beneficial effects of
statin therapy. We found that atorvastatin slowed the progres-
sion of cardiac remodeling and inhibited the activation of
EGFR and extracellular signal–regulated kinase (ERK).

Methods

Transverse Aortic Constriction Model and Exper-
imental Protocol

All procedures were performed in accordance with our insti-
tutional guidelines for animal research, which conform to the
“Guide for the Care and Use of Laboratory Animals” pub-
lished by the US National Institutes of Health (NIH Publica-
tion No. 85-23, revised 1996). Male C57BL/6J mice (7–8
weeks old and weighing 20–24 g) were anesthetized with a
mixture of intraperitoneal xylazine (5 mg/kg) and ketamine
(100 mg/kg). Transverse aortic constriction (TAC) was per-
formed to induce cardiac hypertrophy and heart failure, as
described previously (9, 10).

Mice were divided into 4 groups, which were the sham
(n=12), sham+atorvastatin (n=9), TAC (n=13), and
TAC+atorvastatin (n=12) groups. Atorvastatin calcium (an
HMG-CoA reductase inhibitor kindly provided by Pfizer
Pharmaceutical Co., Ltd., Tokyo, Japan) was administrated at
a daily dose of 5 mg/kg (dissolved in 10% ethanol and orally
administrated by gavage) from day 2 after TAC. The dose of
atorvastatin was determined according to a previous report
(11). After echocardiography and left ventricular (LV) hemo-

dynamic studies were done at 4 weeks following TAC, the
mice were sacrificed and their hearts and lungs were extracted
for further analysis. For histological examination, hearts were
fixed in 10% formalin and stained with hematoxylin/eosin or
Azan/Mallory, whereas the hearts used for Western blot anal-
ysis were snap-frozen in liquid nitrogen and stored at −80°C
until use. Hearts for RNA analysis were stored in RNAlater
liquid.

Echocardiography

Transthoracic echocardiography was performed with a Sonos
4500 and a 15-6L MHz transducer (Philips, Eindhoven, the
Netherlands). Mice were fixed in position without anesthesia.
Two-dimensional short-axis views of the left ventricle were
obtained for guided M-mode measurement of the posterior
wall thickness (LVPWd), end-diastolic dimension (LVEDd),
and end-systolic dimension (LVESd). LV fractional shortening
(FS) and the ejection fraction (EF) were calculated as follows: 

LVFS = (LVEDd − LVESd)/LVEDd × 100, 

LVEF = [(LV end-diastolic volume − LV systolic 
volume)/LV end-diastolic volume] ×100. 

The LV volume was calculated by the formula of Teichholz: 

V = [7/(2.4 + D)] × D3, 

where V is the LV volume and D is the LV dimension (12).

Invasive Hemodynamic Study

LV hemodynamics were evaluated at 4 weeks after TAC.
Mice from each group were anesthetized (lightly for TAC
mice) and were ventilated as mentioned above. A Millar cath-
eter was inserted via the right carotid artery and carefully
introduced into the left ventricle to measure the systolic pres-
sure (LVSP) and end-diastolic pressure (LVEDP). Maximum
and minimum rates of LV pressure change (max dP/dt and
min dP/dt, respectively) as well as the contractility index
(max dP/dt divided by the pressure at the time of max dP/dt)

Table 1. Echocardiographic Findings at 4 Weeks after TAC or Sham Operation

Parameters
Sham 

(n=10)
Sham+Ator 

(n=5)
TAC 

(n=11)
TAC+Ator 

(n=11)
ANOVA 
p value

LVEDd (mm) 2.85±0.05* 2.89±0.08# 3.22±0.07 2.89±0.05* 0.004
LVPWd (mm) 0.65±0.01*,† 0.61±0.02*,† 0.92±0.02 0.74±0.02* <0.0001
LVESd (mm) 1.20±0.06* 1.39±0.12* 2.10±0.1 1.15±0.09* <0.0001
LVFS (%) 58±2* 52±3* 35±2 60±3* <0.0001
LVEF (%) 89±1* 89±3* 65±3 89±2* <0.0001
HR (bpm) 543±11 540±10 490±27 527±28 0.492

TAC, transverse aortic constriction; Ator, atorvastatin; LVEDd, left ventricular end-diastolic dimension; LVPWd, left ventricular dias-
tolic posterior wall thickness; LVESd, left ventricular end-systolic dimension; LVFS, left ventricular fractional shortening; LVEF, left
ventricular ejection fraction; HR (bpm), heart rate (beats per minute). *p<0.01, #p<0.05 compared with TAC, †p<0.01 vs. TAC+Ator.
Data are mean±SEM.
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and the exponential time constant of relaxation (τ) were cal-
culated using a software program (Blood Pressure Module).

Cell Culture

Ventricular myocytes were isolated from neonatal rats at 2 to
3 days of life and cultured as described previously (8). In
brief, the cardiomyocytes were incubated for 72 h in Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal calf serum and then grown for 48 h under serum-free
conditions. Subsequently, the cells were exposed to phenyl-
ephrine (PE, 10 −4 mol/L) for 24 h in the presence or absence
of atorvastatin (10 −7 to 10 −5 mol/L). Cellular protein synthe-
sis was evaluated on the basis of [3H]leucine incorporation
and EGFR activation was examined by immunoprecipitation

Western blotting. To examine the effect of atorvastatin or the
EGFR inhibitor AG1478 on ERK activation induced by PE,
myocytes were exposed to PE 10 −4 mol/L for 5 min with or
without pretreatment for 30 min by atorvastatin 10 −5 mol/L or
AG1478 10 −6 mol/L.

EGFR Phosphorylation

Cultured cardiomyocytes were exposed to 10 −4 mol/L PE for
5 min with or without pretreatment for 30 min by atorvastatin
(10 −5 or 10 −7 mol/L). Then the cells were lysed by incubation
for 20 min at 4°C in a buffer (50 mmol/L Tris-HCl, pH 7.3;
150 mmol/L NaCl; 2 mmol/L EDTA; 0.5% sodium fluoride;
10 mmol/L sodium pyrophosphate; 0.5 mmol/L Na3VO4; 100
μg/mL phenylmethylsulfonyl fluoride; 2 μg/mL aprotinin;

Fig. 2. Improvement of cardiac function by atorvastatin (Ator). A: Representative M-mode echocardiographic images. B: Rep-
resentative graph of left ventricular pressure and its rate of change (dP/dt), a lower end-diastolic pressure and higher min dP/dt
were seen in the atorvastatin-treated mouse. C: Pulmonary congestion was ameliorated by atorvastatin at 4 weeks after TAC. D:
The lung weight/body weight ratio (LW/BW) was significantly lower in atorvastatin-treated mice than in untreated TAC mice.
ANOVA p<0.0001; *p<0.01 vs. TAC. The number of mice is shown in the parentheses.
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protease inhibitor cocktail; and 1% Nonidet P-40). Immuno-
precipitation of about 300 μg protein with Protein G
Sepharose 4 Fast Flow (GE Healthcare, Uppsala, Sweden)
and an antibody directed against the EGFR (Santa Cruz Bio-
technology, Santa Cruz, USA; 1:100), immunoblotting using
anti-PY20 to detect phosphorylation (BD Biosciences, San
Jose, USA; 1:2,500) and anti-EGFR (Upstate Biotechnology,
Lake Placid, USA; 1:500) to determine the EGFR expression
were performed as described elsewhere (8).

In vivo EGFR phosphorylation was examined according to
a previously described method (13) with some modifications.
Briefly, mice were anesthetized with pentobarbital sodium
(50 mg/kg). Phosphate buffer solution (10 mL) was perfused
into the LV chamber of living hearts and then the heart was
extracted and homogenized promptly in lysis buffer on ice.
After centrifugation at 15,000 rpm for 10 min, the protein
content in the supernatant was quantified and about 8,000 μg
protein for each mouse was immunoprecipitated with Protein
G Sepharose 4 Fast Flow and anti-EGFR (Santa Cruz Bio-
technology; 1:100), and immunoblotting using anti-PY20
(BD Bioscience, 1:1,000) and anti-EGFR (Upstate, 1:500)
were performed.

Western Blot Analysis

Proteins were prepared from whole heart homogenates or cul-
tured cardiomyocytes as described elsewhere (14). Immuno-
blotting was then performed using a mouse monoclonal
antibody directed against ERK1/2 or anti–phospho-ERK1/2
antibodies (Santa Cruz Biotechnology). Immunoreactive bands
were visualized by the enhanced chemiluminescence method
(Amersham Biosciences, Buckinghamshire, UK) and then
were quantified by densitometry with Scion Image software.

Polymerase Chain Reaction

Total RNA was prepared from homogenized whole mouse
hearts using RNA-Bee isolation reagent (Tel-Test Inc.,
Friendswood, USA) according to the manufacturer’s proto-

col. The reverse transcription (RT)–polymerase chain reac-
tion (PCR) was performed to generate cDNA from the
extracted RNA. Expression quantitation of the genes for HB-
EGF, MMP2, and MMP9 and brain natriuretic peptide (BNP)
was determined using the TaqMan real-time PCR assay and
an ABI PRISM7700 Sequence Detection System (Applied
Biosystems, Foster City, USA), as described elsewhere (9).
Oligonucleotide primers and TaqMan probes for mouse HB-
EGF, MMP2, MMP9, BNP, and RNA 18S were all purchased
from Applied Biosystems. Expression of a disintegrin and
metalloproteinase (ADAM) 12 (primers: sense 5′-GACTCA
TTGCCAATGGCTTCACGGA-3′, antisense 5′-ACTCAT
GGAGCCTGGTGAATGGGTC-3′), and ADAM17 (prim-
ers: sense 5′-ACTGACAACTGCAAGGTGTGCT-3′, anti-
sense 5′-TCCTGGATGGTGTCCATCCTCTGGT-3′) was
detected by regular PCR.

Measurement of Plasma Nitric Oxide

Blood was obtained from the right ventricle with a 25-gauge
needle at the time of sacrificing the mice. The plasma concen-
trations of NOx (NO2+NO3) were measured with an autoana-
lyzer (ENO-10; Eicom Co., Kyoto, Japan), as described
elsewhere (15–17). Samples were applied to an analytical col-
umn that was connected to a copperized cadmium reduction
column to reduce NO2 to NO3, which was then reacted with
Griess reagent, and the absorbance of the product was mea-
sured at 540 nm.

Statistical Analysis

The unpaired Student’s t-test was used for comparisons
between two groups, while one-way ANOVA with post hoc
analysis by the Tukey-Kramer or Fisher test was employed
for multiple comparisons. Skewed data were log-transformed
or log plus square root-transformed before testing was per-
formed. Results were expressed as the means±SEM and val-
ues of p<0.05 were considered to indicate statistical
significance.

Table 2. Left Ventricular Hemodynamics at 4 Weeks after TAC or Sham Operation

Group
LVSP 

(mmHg)
LVEDP 
(mmHg)

Max dP/dt 
(mmHg/s)

Min dP/dt 
(mmHg/s)

Contractility 
index

τ 
(ms)

Sham 86±2.6*,† 8.3±1.6*,† 3,074±344 2,695±270‡ 77.3±5.5* 19.2±1.3#

Sham+Ator 87±5.1*,† 5.8±2.3*,† 3,129±194 2,789±109 79.6±7.5# 17.0±0.5*
TAC 156±3.2 26.0±1.8 3,181±124 3,051±180 45.2±2.5 23.9±1.3
TAC+Ator 163±9.5 16.6±1.8* 3,419±256 3,671±251 66.0±9.1# 18.6±0.4*
ANOVA p <0.0001 <0.0001 0.7800 0.0033 0.0236 0.0010

TAC, transverse aortic constriction; Ator, atorvastatin, 5 mg/kg/day; LVSP, maximum left ventricular systolic pressure; LVEDP, left ven-
tricular end-diastolic pressure; Max dP/dt, the steepest slope during the upstroke of the pressure curve; Min dP/dt, the steepest slope
during the downstroke of the pressure curve; Contractility index, max dP/dt divided by the pressure at the time of max dP/dt; τ, the
exponential time constant of relaxation. *p<0.01, #p<0.05 vs. TAC, †p<0.01, ‡p<0.05 vs. TAC+Ator. The number of mice is 10 in each
group except for Sham+Ator group (n=5). Data are mean±SEM.
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Fig. 3. Atorvastatin (Ator) downregulated the expression of natriuretic peptide precursor type B (BNP), heparin-binding epider-
mal growth factor (HB-EGF), matrix metalloproteinases (MMPs), and EGFR and ERK1/2 activity in in vivo experiments. A–C:
Expressions of the BNP, HB-EGF, and MMP2 genes were evaluated by TaqMan real-time quantitative PCR with 18S RNA as
the internal control (ANOVA p values were <0.0001, 0.0012 and 0.0126, respectively). *p<0.01, †p<0.05 vs. TAC (statistical
analysis for HB-EGF was performed after a log and square root transformation). The number of heart samples is shown in the
parentheses. D: PCR results of ADAM12 and 17. E: Representative immunoblot of phospho-EGFR (P-EGFR) and EGFR. F:
Ratio of P-EGFR to EGFR significantly increased in the hearts of TAC mice, while atorvastatin decreased it. G: Western blot-
ting results of phospho-ERK1/2 (P-ERK1/2) and ERK1/2. H: Ratio of P-ERK1/2 to ERK1/2 markedly increased in the hearts of
TAC mice, while atorvastatin decreased the ratio, β-actin served as the loading control (ANOVA p value <0.001). I: Plasma
nitric oxide levels (ANOVA p value <0.0001). *p<0.01, †p<0.05 vs. TAC.
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Results

Atorvastatin Ameliorates Cardiac Hypertrophy

Four weeks after TAC, the wet heart/body weight ratio (HW/
BW) and cardiomyocyte cross-sectional surface area were
increased in the TAC group compared with the sham group.
No significant difference in heart weight was observed
between the sham and sham+atorvastatin groups (Fig. 1F).
Treatment with atorvastatin (TAC+atorvastatin group) ame-
liorated the hypertrophy of cardiomyocytes (Fig. 1A–C, F and
G). We also observed an inhibitory effect of atorvastatin on
myocardial and perivascular fibrosis (Fig. 1D, E, H and I).
These findings indicate that atorvastatin therapy was able to
inhibit cardiac hypertrophy and fibrosis in mice with LV pres-
sure overload.

Atorvastatin Slows the Onset of Heart Failure

Echocardiographic examination of conscious mice showed a
significant increase of LVFS and LVEF, as well as a smaller
LV chamber and thinner LV walls, in the TAC+atorvastatin
group than in the TAC group (Table 1 and Fig. 2A), suggest-
ing that atorvastatin both improved LV systolic function and
inhibited LV remodeling.

We evaluated LV hemodynamics using a Millar pressure
catheter before sacrificing the mice. LV pressure overload
was similar in the TAC groups with and without atorvastatin
treatment (Fig. 2B), but atorvastatin therapy increased the
contractility index, in addition to decreasing LVEDP and τ
(Table 2), indicating improvement of both systolic and dias-
tolic function.

We have previously demonstrated that pulmonary edema is
a reliable index of cardiac function in this model (10, 18, 19).
Compared with that in sham mice, the lung/body weight ratio

(LW/BW) was increased by 93% in TAC mice, whereas there
was only a 17% increase of the LW/BW in the TAC+atorvas-
tatin group (Fig. 2C, D).

No significant differences in the above-mentioned parame-
ters were noted between the sham and sham+atorvastatin
groups (Tables 1 and 2, Fig. 2D).

These findings strongly suggested that atorvastatin could
slow the progression from hypertrophy to heart failure. We
therefore investigated the mechanisms involved.

Atorvastatin Downregulates Expression of MMPs
and HB-EGF and BNP

Recent studies have revealed that the activation of MMP2 and
MMP9 (20), or MMP3 (21), or ADAM12 (8) and ADAM17
(22, 23) can induce the release of HB-EGF and subsequent
EGFR transactivation, while upregulation of the expression
of MMPs is reported to be associated with cardiac remodeling
(24, 25). In addition, statins are reported to effectively inhibit
the activity of MMPs (26, 27). Therefore, we examined car-
diac expression of the genes for MMP2, MMP9, BNP,
ADAM12 and 17 and HB-EGF in a TAC mouse model. As
expected, compared with those in the sham group, the expres-
sions of MMP2, BNP, and HB-EGF were increased by 3- to
5-fold in the TAC group, and atorvastatin markedly downreg-
ulated these genes (Fig. 3A–C). ADAM12 and 17 were also
upregulated in TAC mice and inhibited by atorvastatin (Fig.
3D). There was no significant change in the MMP9 gene.

Atorvastatin Inhibits Phosphorylation of EGFR
and ERK1/2

Since ERK is recognized as one of the downstream elements
of the EGFR signaling pathway and there are reports that
statins can inhibit ERK activation (28), we examined the
effect of atorvastatin on the activity of both EGFR and ERK1/
2 in the hearts of mice. In the TAC group, myocardial EGFR
and ERK1/2 activity was increased dramatically relative to
that in the sham group, while atorvastatin markedly inhibited
their activation (Fig. 3E–H).

Atorvastatin Increases the Production of Nitric
Oxide

As shown in Fig. 3I, the plasma level of NOx was markedly
decreased in TAC mice at 4 weeks, and was significantly
increased in TAC mice treated with atorvastatin.

Atorvastatin Inhibits PE-Induced Protein Synthe-
sis and EGFR Phosphorylation of Cardiomyo-
cytes

In experiments using cultured neonatal rat cardiomyocytes,
we found that protein synthesis was enhanced by PE
and was dose-dependently inhibited by co-treatment with

Fig. 4. Atorvastatin inhibited protein synthesis of cultured
neonatal rat cardiac myocytes. Phenylephrine enhanced pro-
tein synthesis and atorvastatin blocked this action. Each
experiment was repeated at least 3 times. The first bar from
the left side of the figure severed as the control. ANOVA
p<0.0001; *p<0.01, †p<0.05 vs. phenylephrine alone.
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atorvastatin (Fig. 4).
Based on our earlier report that EGFR activation by G-pro-

tein–coupled receptor (GPCR) agonists leads to the develop-
ment of cardiac hypertrophy (8) and the findings that statins
could inhibit the increase of cardiomyocyte protein synthesis
stimulated by PE or angiotensin II (29), we hypothesized that
atorvastatin may inhibit cardiomyocyte hypertrophy by pre-
venting tyrosine phosphorylation of the EGFR. As a result,
atorvastatin was found to inhibit EGFR phosphorylation
induced by exposure to PE (Fig. 5A, B). In addition, PE
induced the activation of ERK1/2, and atorvastatin inhibited
that activation (Fig. 5C, D). Furthermore, the EGFR inhibitor
AG1478 effectively attenuated PE-induced ERK activity
(Fig. 5C, D). These data indicate that atorvastatin targets the

GPCR–EGFR–mitogen-activated protein kinases (MAPKs)
signaling pathway.

Discussion

This study demonstrated that atorvastatin could markedly
ameliorate cardiac remodeling induced by LV pressure over-
load. The beneficial effects of atorvastatin observed in this
study included a decrease of cardiomyocyte hypertrophy, as
well as improvements of pulmonary congestion, cardiac
fibrosis, left ventricular contractility (LVFS and LVEF), and
left ventricular diastolic indices (LVEDP and τ). We also
found that downregulation of MMPs and HB-EGF gene
expression along with a reduction of EGFR phosphorylation

Fig. 5. Atorvastatin inhibited the EGFR-ERK signaling pathway in vitro. EGFR phosphorylation induced by phenylephrine was
significantly inhibited by atorvastatin (A and B). Atorvastatin or EGFR inhibitor AG1478 attenuated phenylephrine-stimulated
ERK1/2 activation (C, D). After 30 min of exposure to atorvastatin or AG1478, phenylephrine was added and incubated for 5
min. Each experiment was repeated at least 3 times. ANOVA p=0.001, in both B and D; *p<0.01, †p<0.05 vs. phenylephrine
(Fisher test).
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and ERK activity, and increase of nitric oxide production
were associated with the suppression of cardiomyocyte
hypertrophy and improvement of heart failure by atorvastatin.

Our finding that atorvastatin can improve both systolic and
diastolic dysfunction is in good agreement with several recent
clinical observations (2–5). Considering that a relatively low
proportion of patients with non-ischemic heart failure receive
statin therapy and a relatively high proportion of CHF
patients have diastolic dysfunction, use of statins to treat CHF
should be increased.

It is known that EGFR transactivation plays an important
role in cardiovascular remodeling (8, 20, 30–32). It has been
reported that activation of ADAM12 (8) or ADAM17 (22)
could induce the release of HB-EGF and subsequent EGFR
phosphorylation, which may eventually lead to cardiomyo-
cyte hypertrophy, while inhibition of ADAM12 or adminis-
tration of an HB-EGF neutralizing antibody blocked GPCR
agonist–stimulated myocyte hypertrophy (8). A study per-
formed by Lucchesi et al. supported the existence of a signal-
ing pathway for pressure-induced HB-EGF release and
subsequent EGFR activation in murine mesenteric resistance
arteries (20). Zhang et al. confirmed that a similar pathway is
activated to promote smooth muscle cell growth (32). Inter-
estingly, a recent study reported that GPCR modification
could inhibit cardiac hypertrophy via reduction of EGFR
transactivation (33). The present study showed that atorvasta-
tin could substantially decrease cardiac remodeling, as indi-
cated by a reduction of LV wall thickness and LV dimensions
as well as improvement of myocyte hypertrophy and perivas-
cular fibrosis, findings that are consistent with the results of a
recent pilot clinical trial (4) and several previous experimen-
tal studies (28, 29, 34). However, no study has yet examined
whether or not statins can inhibit EGFR transactivation. In
this study, we obtained evidence that atorvastatin could
inhibit EGFR phosphorylation induced by pressure overload
or the GPCR agonist PE. Since HB-EGF released from the
cell membrane is soluble and the protein expression level is
very low, it is not easy to detect by Western blot analysis.
Instead, we found that myocardial expression of ADAM12
and 17 and HB-EGF was significantly increased in the pres-
ence of cardiac hypertrophy and heart failure, and that atorv-
astatin dramatically reversed the upregulation of these gene
expressions, supporting the possibility that atorvastatin inhib-
its the MMPs–HB-EGF–EGFR signal pathway. We further
confirmed that atorvastatin inhibited PE-induced ERK activa-
tion, while inhibition of EGFR by AG1478 dramatically
attenuated PE-induced ERK activity, suggesting that ERK is
located downstream of the EGFR activation pathway. Our in
vivo data also showed that atorvastatin suppressed the
increase of ERK activity in hypertrophied and failing hearts,
which is in agreement with the results of previous studies (28,
35). Notably, this study provided the first direct evidence that
in vivo phosphorylation increased in hypertrophic and failing
hearts.

It should be noted that other actions of atorvastatin might

have contributed to its inhibitory effect on cardiac remodeling
in this study, including an antioxidant effect (29, 36),
enhancement of nitric oxide availability (37), an antiinflam-
matory effect (38), and inhibition of neurohormonal activa-
tion (39).

In summary, atorvastatin effectively suppressed cardiac
remodeling induced by pressure overload in mice, and inhibi-
tion of the activation of EGFR and ERK and increase in the
nitric oxide production were possible mechanisms involved.
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