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SUMMARY

1. Additive beneficial effects on cardiovascular disease
have been reported for amlodipine and atorvastatin. However,
it is still unclear whether the combination of amlodipine and
atorvastatin has additive beneficial effects on the regression of
advanced cardiac hypertrophy in hypertension. In the present
study, the effects of the drug combination on advanced cardiac
hypertrophy were investigated in elderly spontaneously hyper-
tensive rats (SHR).

2. Elderly SHR (36 weeks old) were randomly allocated
into four groups of 12: (i) a vehicle-treated control group;
(ii) an amlodipine (10 mg/kg per day)-treated group; (iii) an
atorvastatin (10 mg/kg per day)-treated group; and (iv) a group
treated with a combination of amlodipine and atorvastatin
(both at 10 mg/kg per day). Drugs were administered by oral
gavage every morning for a period of 12 weeks before hearts
were harvested for analysis.

3. Combined administration of amlodipine and atorvastatin
significantly suppressed cardiomyocyte hypertrophy, interstitial
fibrosis and upregulation of hypertrophic and profibrotic genes,
and also improved left ventricular diastolic dysfunction to a
greater extent than did amlodipine monotherapy. Further
beneficial effects of combination therapy on advanced cardiac
hypertrophy were associated with a greater reduction of NADPH
oxidase-mediated increases in cardiac reactive oxygen species
(ROS), rather than decreased blood pressure and serum
cholesterol levels.

4. To elucidate the underlying molecular mechanisms, we
examined cardiovascular NADPH oxidase subunits and found
that amlodipine clearly attenuated the expression of p47phox and
p40phox and slightly but significantly reduced p22phox and Rac-1
levels in heart tissue. Combination treatment with amlodipine

plus atorvastatin led to a further reduction in p22phox, p47phox

and Rac-1 protein levels compared with amlodipine alone.
5. In conclusion, combined amlodipine and atorvastatin

treatment has a greater beneficial effect on advanced cardiac
hypertrophy compared with amlodipine monotherapy. The bene-
fits are likely to be related to the additive effects of the drugs on
the suppression of NADPH oxidase-mediated ROS generation.
Key words: atorvastatin, cardiac hypertrophy, hypertension,

reactive oxygen species.

INTRODUCTION

Cardiac hypertrophy is an independent risk factor for cardiovascular
morbidity and mortality in patients with hypertension. Cardiac
hypertrophy initially occurs as a compensatory response to pressure
overload, but gradually leads to inadequate remodelling, congestive
heart failure and sudden death. Therefore, investigations into novel
treatments to reverse cardiac hypertrophy are of immense interest.
Regression of left ventricular hypertrophy (LVH) following treatment
with antihypertensive medication is associated with an improved
prognosis for patients with hypertension.1 However, previous studies
have shown that although lowering of blood pressure is an important
factor in the reversal of cardiac hypertrophy, it is not the sole factor
involved. Recently, experimental and clinical evidence has indicated
that oxidative stress (i.e. the excessive production of reactive oxygen
species (ROS)) plays an important role in the initiation and
amplification of cardiac hypertrophy and heart failure induced by sys-
temic hypertension.2,3 Furthermore, several studies have indicated
that inhibition of oxidative stress may delay the progression of car-
diac hypertrophy and heart failure.4 In addition to its antihypertensive
effect, amlodipine, a long-acting dihydropyridine calcium channel
blocker (CCB), has been shown to exert a favourable effect on the
regression of cardiac hypertrophy by inhibiting oxidative stress.5,6

Statins are potent inhibitors of cholesterol biosynthesis. Statins
have direct anti-oxidant and anti-inflammatory effects and improve
vascular endothelial function, which may result in a significant
prevention of cardiovascular disease (CVD) independent of their
lipid-lowering effect. A growing body of evidence supports the
notion that statins may prevent cardiac hypertrophy and the
development of heart failure through pleiotropic effects.7 In addition,
accumulating evidence indicates that the combined administration
of amlodipine and statins has additive beneficial effects on the
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inhibition of atherosclerosis and preservation of nitric oxide (NO)
bioavailability as a result of the inhibition of oxidative stress.8,9

Moreover, in the Anglo-Scandinavian Cardiac Outcomes Trial–Lipid
Lowering Arm (ASCOT-LLA) study, low-dose atorvastatin
(10 mg/day) was shown to significantly reduce the incidence of
stroke and some cardiac end-points when added to amlodipine in
patients with hypertension and average cholesterol levels.10 These
results suggest a possible additive beneficial effect of combined
amlodipine and atorvastatin on CVD. The beneficial effects on
vascular protection have been investigated extensively.9,11 However,
to the best of our knowledge, whether combined administration of
amlodipine and atorvastatin has an additive beneficial effect on
advanced cardiac hypertrophy remains unknown, as do the under-
lying pharmacological mechanisms.
Spontaneously hypertensive rats (SHR) are frequently used as a

model of genetic hypertension in which heart failure develops with
ageing, similar to the situation in humans. Spontaneously hyper-
tensive rats with heart failure mimic hypertension-induced heart
failure in humans caused by cardiac, haemodynamic and neuro-
hormonal abnormalities during the transition from compensated
cardiac hypertrophy to failure.12

In the present study, we used elderly SHR as a model of hyper-
tensive cardiac hypertrophy complicated by early stage diastolic
dysfunction to explore: (i) whether the addition of atorvastatin exerts
further beneficial effects on advanced cardiac hypertrophy and
diastolic dysfunction compared with amlodipine monotherapy; and
(ii) the possible mechanisms underlying the additive beneficial effects
of combination therapy, with a particular focus on oxidative stress.

METHODS

Animals and treatment

Elderly SHR (36 weeks old) were purchased from Shanghai SLAC Laboratory
Animal (Shanghai, China). Rats were maintained at controlled temperature
and under a 12 h light–dark cycle. Rat were fed standard rat chow and tap
water ad libitum. Rats were randomly allocated into four groups of 12: (i) a
vehicle-treated control group; (ii) an amlodipine (10 mg/kg per day)-treated
group; (iii) an atorvastatin (10 mg/kg per day)-treated group; and (iv) a group
treated with a combination of amlodipine and atorvastatin (both at
10 mg/kg per day). Drugs were administered by oral gavage every morning
for 12 weeks before the hearts were harvested for analysis. In preliminary
experiments, we administered amlodipine to SHR at doses of 3 or
10 mg/kg per day, based on previous studies.6,13 At 10 but not 3 mg/kg per
day, amlodipine inhibited cardiac hypertrophy and myocardial oxidative
stress. Therefore, we used 10 mg/kg per day amlodipine in all further experi-
ments. The dose of 10 mg/kg per day atorvastatin was chosen because
the plasma concentration achieved in rats with this dose was within the
dose range observed in the clinical setting.14,15 Both amlodipine and
atorvastatin were donated by Pfizer (Dalian, China). The Animal Studies
Committee of Hebei Medical University approved the experimental protocol.

In all rats, systolic blood pressure (SBP) was measured non-invasively
using the tail-cuff method (LE 5001; PanLab, Barcelona, Spain), as described
previously.16 The SBP values reported are the average of three sequential
blood pressure measurements that were within 10 mmHg of each other.
During the course of treatment, SBP was monitored fortnightly, with the last
measurement obtained 24 h before rats were killed.

Echocardiography

At the end of the experiment, rats were anaesthetized with sodium pento-
barbital (40 mg/kg, i.p.). Transthoracic echocardiography was performed

using a commercially available Acuson Ultrasound System (Sequoia 512;
Siemens, Erlangen, Germany) equipped with a 14 MHz linear transducer,
as described previously.17 The following parameters were measured: left
ventricular (LV) end-diastolic dimension (LVEDd), LV end-systolic
dimension (LVEDs), LV posterior wall thickness at diastole and systole
(LVPWd and LVPWs, respectively), interventricular septal thickness at
diastole and systole (IVSd and IVSs, respectively), percentage of LV fractional
shortening (LVSF) and LV ejection fraction (LVEF). The LV weight
(LVW) was calculated as follows:

LVW ¼ 1:04� ððLVEDdþ LVPWdþ IVSdÞ3–LVEDd3Þ

Both LVEF and LVSF were used as indices of cardiac systolic function,
whereas isovolumic relaxation time (IVRT) was used as an index of
diastolic function. All echocardiographic measurements were performed by
one investigator blinded to the study group.

Left ventricular haemodynamic studies and measurement
of cardiac hypertrophy

After echocardiography, rats were placed in the supine position. The right
carotid artery was cannulated with a 2 Fr pressure catheter (SPR320; Millar
Instruments, Houston, TX, USA) that was advanced into the LV for the
recording of ventricular pressure. The pressure catheter was connected to
a data-acquisition system (MP 150; BIOPAC Systems, Goleta, CA, USA).
Left ventricular systolic pressure (LVSP), LV end-diastolic pressure
(LVEDP) and maximum and minimum rates of LV pressure change (dP/dtmax

and dP/dtmin, respectively) were recorded. because dP/dtmin was demonstrated
to be dependent on LVSP, we divided dP/dtmin by LVSP; the diastolic time
constant (s) was calculated as described previously.18 All haemodynamic
measurements were performed by one investigator blinded to the study group.

Next, rats were killed and blood samples were collected and the heart
harvested. The LV was separated from the atria and right ventricle and
was weighed. The ratio of LV weight to bodyweight was calculated as the
LV mass index (LVMI), which was a measure of LVH. The middle part of the
LV (entire coronal section) was immersed in 10% neutral-buffered formalin
and the rest of the myocardial tissue was frozen rapidly in liquid nitrogen and
stored at –80�C until further analysis.

Histological analysis

Myocardial hypertrophy and collagen accumulation were examined as
described previously.19 Briefly, paraffin-embedded segments of heart
were cut into 5 lm sections before being stained with haematoxylin and
eosin (HE) and Masson’s trichrome. The areas taken up by cardiomyocytes
or interstitial fibrosis were quantified with the use of image analysis
software (Image-Pro Plus; Media Cybernetics, Bethesda, MD, USA). To
evaluate myocardial hypertrophy, the cardiomyocyte cross-sectional area
(CSA; > 100 cells/section) in each HE-stained section was measured and
data were averaged across sections. To determine the degree of collagen
accumulation, 10 fields were selected at random and the ratio of the area of
fibrosis to that of connective tissue plus cardiomyocytes was calculated, with
the data averaged across sections.

Real-time reverse transcription–polymerase chain reaction

Total RNA was extracted from rat heart ventricles with TriZol Reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The cDNA was synthesised from total RNA (0.5 lg) using the
PrimeScript RT Reagent Kit (Takara Biotechnology, Dalian, China) according
to the manufacturer’s instructions. Subsequently, the cDNA was subject
to real-time polymerase chain reaction (PCR) using Power SYBR Green
PCR Master Mix (Applied Biosystems, Warrington, UK). Each real-time
PCR reaction consisted of 2 lL diluted reverse transcription (RT) product,
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10 lL SYBR Green PCR Master Mix and 250 nmol/L forward and reverse
primers. Reactions were performed on a 7500 Real-Time PCR System
(Applied Biosystems) for 40 cycles of 95�C for 15 s followed by 60�C for
1 min after an initial incubation at 95�C for 10 min. The primers used
for real-time PCR were as follows: atrial natriuretic peptide (ANP), forward
5¢-GGCTCCTTCTCCATCACCAA-3¢ and reverse 5¢-CGAGAGCACCTC-
CATCTCTC-3¢; b-myosin heavy chain (MHC), forward 5¢-GTCAAGCTCC-
TAAGTAATCTGTT-3¢ and reverse 5¢-GAAAGGATGAGCCTTTCTTTGC-3¢;
transforming growth factor (TGF)-b1, forward 5¢-AAGAAGTCAC-
CCGCGTGCTA-3¢ and reverse 5¢-TGTGTGATGTCTTTGGTTTTGTCA-3¢;
procollagen I, forward 5¢-TGCCGTGACCTCAAGATGTG-3¢ and reverse
5¢-CACAAGCGTGCTGTAGGTGA-3¢; and GAPDH, forward 5¢-CCAT-
GGAGAAGGCTGGGG-3¢ and reverse 5¢-CAAAGTTGTCATGGATGACC-3¢.
The fold change in expression of each gene was calculated using the DDCt
method, with the housekeeping gene GAPDH used as an internal control.

Detection of superoxide in the LV

Superoxide levels in the LV were determined using two approaches. First, the
oxidative fluorescence dye dihydroethidium (DHE) was used to evaluate
in situ ROS generation in the LV as described previously.20 Briefly, frozen
10 lm sections of LV tissue were incubated with DHE (10 lmol/L; Sigma,
St Louis, MO, USA) in phosphate-buffered saline (PBS) for 30 min at 37�C
in a humidified chamber protected from light. The DHE is oxidized on
reaction with superoxide to ethidium, which binds to the DNA in the nucleus
and fluoresces red. The intensity of the oxidative fluorescence was detected by
fluorescent microscopy (Olympus IX 71; Olympus, Tokyo, Japan). Image
intensity was evaluated using FV10-ASW1.7 software (Olympus) and average
fluorescence intensities were used for image quantification.

In addition, we also estimated myocardial oxidative stress by measuring
malondialdehyde (MDA) levels. Left ventricular tissue was homogenized
in 0.9% NaCl solution and then centrifuged at 3000 g for 20 min. Protein
concentrations in the supernatant were measured using the Bradford assay.21

Malondialdehyde levels in LV tissue were determined by the thiobarbituric
acid spectrometric method of Ohkawa et al.22 The pink-coloured chromogen
formed by the reaction of thiobarbituric acid with MDA in an acidic medium
was read at 532 nm. In these experiments, 1,1,3,3-tetraethoxypropane was
used as the external standard. Concentrations of MDA are expressed in
lmol/g protein.

Measurement of NADPH oxidase activity and
Cu,Zn-superoxide dismutase activity

The NADPH oxidase activity of LV tissue homogenate was measured by
lucigenin chemiluminescence in a luminometer (LB955; Berthold Technolo-
gies, Wildbad, Germany), as described previously.23 Briefly, LV tissue was
washed with ice-cold PBS and homogenized in cold lysis buffer (containing
protease inhibitors). NADPH oxidase activity was measured by a lumines-
cence assay in 50 mmol/L phosphate buffer, pH 7.0, containing 1 mmol/L
EGTA, 150 mmol/L sucrose, 10 lmol/L dark-adapted lucigenin as the
electron acceptor and 100 lmol/L NADPH as the substrate in a final
volume of 900 lL. The reaction was started by the addition of 100 lL
homogenate and luminescence measurements were obtained every 30 s for
5 min. The results were measured as relative light units (RLU)/s per mg
protein after subtraction of background luminescence. Protein content was
determined in a 20 lL aliquot of the homogenate and the results were
standardized to this measurement.

The activity of Cu,Zn-superoxide dismutase (SOD) was evaluated with a
commercially available SOD assay kit according to the manufacturer’s
instructions (Jiancheng Bioengineering, Nanjing, China). The Cu,Zn-SOD
activity in heart tissue is expressed as U/g protein.

Western blot analysis

Membranous protein extraction from LV tissue was performed using the
Mem-PER Membrane Protein Extraction Reagent Kit (Pierce Chemical,

Rockford, IL, USA) according to the manufacturer’s instructions.
Total protein extraction from LV tissue was performed as described
previously.24,25 Briefly, LV tissue was suspended in 1 mL ice-cold RIPA lysis
buffer (50 mmol/L Tris–HCl, pH 7.4, 150 mmol/L NaCl, 0.25% sodium
deoxycholate, 0.1% Nonidet P-40, 0.1% sodium dodecyl sulphate (SDS),
1 mmol/L EDTA, 1 mmol/L Na3VO4, 1 mmol/L dithiothreitol, 1 mmol/L
phenylmethylsulphonyl fluoride) and homogenized for 1 min in a PRO tissue
homogenizer (PRO Scientific, Shelton, CT, USA) at the highest setting.
After centrifugation at 8000 g for 10 min, the protein concentration was
determined using a modified Lowry protein assay.26 Equal membranous
or total protein samples were electrophoresed on 12% SDS–polyacrylamide
gels and then transferred onto polyvinylidene difluoride membranes.
Membranes were incubated with appropriate dilutions of anti-p22phox

(1 : 400), anti-p47phox (1 : 400), anti-p40phox (1 : 400), anti-Cu,Zn-SOD
(1 : 400) and anti-b-actin (1 : 1000) antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and anti-Rac-1 (1 : 1000) antibody (Cell Signalling
Technology, Danvers, MA, USA) overnight at 4�C. Samples were incubated
in the presence of an alkaline phosphates secondary antibody for 1 h at
room temperature in TTBS (500 mmol/L NaCl, 0.05% Tween 20, 50 mmol/L
Tris-HCl, pH 7.5) and processed for chemiluminescent detection accord-
ing to the manufacturer’s instructions (Santa Cruz Biotechnology). All
bands were evaluated by densitometry with Quantity One V4.6.2 software
(Bio-Rad, Hercules, CA, USA). Bands of interest were normalized against
b-actin and data are presented as relative density ratios.

Measurement of plasma lipid and B-type natriuretic
peptide levels

Blood was obtained from the inferior vena cava when rats were killed.
Serum cholesterol levels were measured using a commercially available
kit (Zhongsheng Beikong Bioengineering, Beijing, China), whereas plasma
B-type natriuretic peptide (BNP) levels were quantified using a commercially
available ELISA kit (RapidBio Lab, Calabasas, CA, USA).

Statistical analysis

Data are expressed as the mean ± SD. Differences in SBP among the four
groups were analysed by repeated-measures ANOVA, with the Greenhouse–
Geisser adjustment for multisample asphericity (SPSS v.11.0 for Windows;
SPSS, Chicago, IL, USA). Comparisons of other data were made by one-way
ANOVA. To control the family wise Type I error rate, the Ryan–Holm step-down
Bonferroni procedure was applied to the raw two-sided P values. Adjusted
P £ 0.05 was regarded as significant.

RESULTS

Effects on blood pressure, bodyweight, heart rate and
blood cholesterol

Amlodipine alone or in combination with atorvastatin significantly
decreased SBP to a similar degree (P < 0.01), whereas the same dose
of atorvastatin alone had little effect on SBP over 12 weeks treatment
in SHR (Fig. 1). After 12 weeks treatment with amlodipine,
atorvastatin or their combination, no significant changes were seen
in bodyweight, heart rate or serum cholesterol levels (Table 1).

Effects on cardiac hypertrophy and cardiac function

Treatment with amlodipine or atorvastatin alone significantly
decreased LVMI, plasma BNP levels, cardiomyocyte CSA and
interstitial fibrosis in SHR. Moreover, combined treatment with
amlodipine and atorvastatin induced significant reversal of LVH
and attenuation of plasma BNP levels, as well as cardiomyocyte
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CSA and interstitial fibrosis, to a greater extent than was seen with
amlodipine monotherapy (Table 1; Fig. 2).
As indicated in Tables 2 and 3, compared with control SHR, treat-

ment with amlodipine or atorvastatin alone tended to decrease IVRT
and s in SHR, but only combination therapy significantly attenuated
IVRT and s (P < 0.01). Both amlodipine and atorvastatin reduced
LVEDP and increased dP/dtmin/LVSP. Furthermore, in contrast with
amlodipine monotherapy, combination therapy further reduced
LVEDP and increased dP/dtmin/LVSP in SHR. These results indicate
that combined administration of amlodipine and atorvastatin not only
reverses cardiac hypertrophy, but also improves LV diastolic dysfunction.

Effects on the expression of cardiac hypertrophic and
profibrotic gene markers

Cardiac hypertrophy is characterized not only by an increase in
myocyte size and interstitial fibrosis, but also by gene reprogram-
ming, such as the upregulation of hypertrophic and profibrotic genes.
Thus, to estimate cardiac hypertrophy it is essential to examine
effects on cardiac gene expression. In the present study, we measured
expression of ANP and b-MHC as markers of cardiomyocyte

hypertrophy and collagen I and TGF-b1 as markers of cardiac
fibrosis. Amlodipine or atorvastatin treatment alone significantly
attenuated the increase in LVANP, b-MHC, collagen I and TGF-b1
mRNA expression in SHR, with combination therapy suppressing
the expression of these genes even further (Fig. 3).

Effects on cardiac superoxide andMDA levels and cardiac
NADPH oxidase and Cu,Zn-SOD activity

As shown in Fig. 4, both amlodipine and atorvastatin reduced the
intensity of DHE staining and LV MDA levels in SHR to a similar
degree. Combination treatment decreased the intensity of cardiac
DHE staining and MDA levels of SHR to a greater extent than that
seen for amlodipine alone.
Amlodipine or atorvastatin monotherapy significantly reduced LV

NADPH oxidase activity in SHR and activity was further decreased
by combination therapy. Conversely, amlodipine and atorvastatin,
alone and in combination, only slightly (and not significantly)
enhanced Cu,Zn-SOD activity. Furthermore, there were no signifi-
cant differences in Cu,Zn-SOD activity between the amlodipine,
atorvastatin and combination therapy groups.

Effects on cardiac NADPH oxidase subunits and
Cu,Zn-SOD expression

As shown in Fig. 5, p47phox and p40phox levels in membrane
fractions from cardiac tissues were significantly reduced by amlodipine
or atorvastatin treatment. Combination therapy reduced p47phox but
not p40phox levels further compared with monotherap with either
drug (Fig. 5). Amlodipine slightly but significantly reduced cardiac
p22phox levels and cardiac Rac-1 levels in SHR, whereas atorvastatin
markedly attenuated cardiac p22phox levels and Rac-1 levels.
Combined amlodipine and atorvastatin therapy led to a further
reduction in p22phox, p47phox and Rac-1 protein levels compared with
amlodipine alone. As shown in Fig. 6, Cu,Zn-SOD levels in SHR
were not affected by amlodipine, atorvastatin or combination
treatment.

DISCUSSION

The present study demonstrated that the addition of atorvastatin to
amlodipine achieved greater benefits than amlodipine monotherapy
on advanced cardiac hypertrophy and early diastolic dysfunction in
elderly SHR. The additive benefits consisted of not only inhibition,

Table 1 Effects of amlodipine, atorvastatin and their combination on cardiac morphology, plasma serum cholesterol levels and B-type natriuretic peptide
concentrations

SHR SHR + AM SHR + AT SHR + AM + AT

Bodyweight (g) 365 ± 25 360 ± 18 358 ± 20 359 ± 24
HR (b.p.m.) 371 ± 17 370 ± 21 360 ± 41 357 ± 22
LVMI (mg/g) 3.01 ± 0.21 2.51 ± 0.16**† 2.68 ± 0.11**† 2.26 ± 0.18**
BNP (pg/mL) 375 ± 33 274 ± 50**† 305 ± 38**†† 222 ± 38**
TC (mmol/L) 1.52 ± 0.24 1.57 ± 0.31 1.53 ± 0.21 1.48 ± 0.27

Data are the mean ± SD (n ¼ 8). **P < 0.01 compared with vehicle-treated spontaneously hypertensive rats (SHR); †P < 0.05, ††P < 0.01 compared with
combined amlodipine/atorvastatin-treated SHR (SHR + AM + AT).

AM, amlodipine; AT, atorvastatin; HR, heart rate, LVMI, left ventricular mass index; BNP, B-type natriuretic peptide; TC, total cholesterol.

Fig. 1 Effects of amlodipine, atorvastatin and their combination on systolic
blood pressure (SBP) in spontaneously hypertensive rats (SHR) over the 12
weeks of treatment with vehicle (d), amlodipine alone (·), atorvastatin alone
(n) or their combination (s). Data are the mean ± SD (n ¼ 8).
**P < 0.01 compared with vehicle-treated SHR; ††P < 0.01 com-
pared with combined amlodipine/atorvastatin-treated SHR.
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but also reversal of structural and functional alterations and
marked attenuation of NADPH-oxidase-mediated ROS generation
in the LV.
It has been shown recently in several models of experimental

hypertension, such as adolescent SHR, DOCA-salt, Dahl salt-
sensitive, Ren2 transgenic and angiotensin II-infused hypertensive
rats, that statins attenuate concomitant cardiac hypertrophy, which

is associated with decreased fibrosis, increased coronary perfusion
and improved cardiac function.27–31 In most of these studies, statins
have been shown to effectively prevent or reverse cardiac
hypertrophy at an early stage. Conversely, there have been very few
studies investigating the cardioprotective effects of statin treatment
initiated after the onset of LVH and LV dysfunction, which is similar
to most clinical situations.32,33 Spontaneously hypertensive rats have
been used widely as a model in which to investigate drug effects on
hypertensive end-organ injury. However, to the best of our
knowledge, it is not clear whether statins are effective in the
regression of advanced cardiac hypertrophy in elderly SHR,
especially when added to antihypertensive drugs. Two clinical studies
on patients with hyperlipidaemia and essential hypertension have
indicated that the addition of statins may have an additional beneficial
effect on reducing LV mass.34,35 In the present study, we found that
atorvastatin monotherapy significantly improved cardiac hypertrophy
and diastolic dysfunction. Of particular importance is the finding that
the addition of atorvastatin to amlodipine significantly reversed
established cardiac hypertrophy and improved cardiac diastolic
dysfunction to a greater extent than amlodipine alone. Thus, our
observations provide experimental evidence for the clinical use of
combined amlodipine and atorvastatin for the regression of
hypertensive cardiac hypertrophy and improvement of cardiac
diastolic dysfunction. Of note, our combination therapy did not alter
blood pressure, bodyweight or serum cholesterol levels in SHR
compared with amlodipine monotherapy. This permitted us to
examine the potential pleiotropic effect of this combination on
cardiac hypertrophy beyond its blood pressure-lowering or lipid-
lowering effects.
It has been shown that CCBs and statins exert direct anti-oxidant

effects on CVD.6,29,33 Therefore, to further understand the mechanism
underlying these additive beneficial effects on cardiac remodelling,
we investigated whether combination therapy had any additional
effects on oxidative stress in SHR. Accumulating evidence suggests
that ROS are capable of directly activating intracellular cascades
involved in the regulation of prohypertrophic and profibrotic gene
expression.36 Reactive oxygen species have been implicated in car-
diac hypertrophy, as well as in many processes that affect cardiac
function, such as ion flux, excitation–contraction coupling, gene
expression and inflammation.3 Scavenging of ROS by anti-oxidants
may block cardiac hypertrophy and improve cardiac dysfunction,
which provides further evidence for the role of oxidative stress in this
process.2,4,30 Consistent with previous reports,37,38 the present study
demonstrated that cardiac oxidative stress, as measured by the
production of MDA and DHE staining of the LV, was higher
in 48-week-old SHR. As in previous studies,5,29,30 amlodipine and
atorvastatin alone significantly inhibited cardiac ROS levels.
Moreover, combined administration of amlodipine and atorvastatin
caused a further reduction in cardiac ROS levels compared with
amlodipine monotherapy.
Oxidative stress is the result of an increase in ROS production

and/or an inadequate endogenous anti-oxidant defence system. The
main enzyme sources of ROS production in the cardiomyocyte and
vascular wall are NADPH oxidase, xanthine oxidase and endothelial
NO synthase. It has been shown that an increase in the activity and
expression of myocardial NADPH oxidase is the main source of
ROS production involved in cardiac hypertrophy.2,39 Therefore, we
investigated the effects of each agent alone and in combination on
NADPH oxidase activity. Our results revealed that amlodipine and

Fig. 2 Effects of amlodipine (AM), atorvastatin (AT) and their combination
(AM + AT) on cardiomyocyte hypertrophy and interstitial fibrosis in
spontaneously hypertensive rats (SHR). (a) Representative micrographs,
(b) cardiomyocyte cross-sectional area (CSA) and (c) interstitial fibrosis in
each group. Data are the mean ± SD (n ¼ 5). *P < 0.05, **P < 0.01 com-
pared with vehicle-treated SHR; †P < 0.05 compared with combined amlodi-
pine/atorvastatin-treated SHR. Bars, 100 lm.
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Table 2 Effects of amlodipine, atorvastatin and their combination on cardiac remodelling and cardiac function estimated by echocardiography

SHR SHR + AM SHR + AT SHR + AM + AT

LVEDs (cm) 0.49 ± 0.05 0.43 ± 0.05 0.45 ± 0.06 0.43 ± 0.03
LVEDd (cm) 0.80 ± 0.04 0.75 ± 0.10 0.79 ± 0.06 0.76 ± 0.03
IVSs (cm) 0.30 ± 0.05 0.29 ± 0.03 0.28 ± 0.05 0.27 ± 0.04
IVSd (cm) 0.18 ± 0.02 0.18 ± 0.03 0.18 ± 0.03 0.17 ± 0.04
LVPWs (cm) 0.30 ± 0.03 0.28 ± 0.04 0.29 ± 0.02 0.27 ± 0.02
LVPWd (cm) 0.20 ± 0.02 0.19 ± 0.03 0.18 ± 0.02 0.17 ± 0.02
LVW (g) 1.14 ± 0.12 0.98 ± 0.11*† 1.01 ± 0.11*† 0.89 ± 0.08**
LVEF (%) 77 ± 6 80 ± 5 81 ± 4 80 ± 4
LVSF (%) 39 ± 5 42 ± 5 41 ± 3 42 ± 4
IVRT (msec) 40 ± 5 34 ± 6 37 ± 5† 29 ± 4**

Data are the mean ± SD (n ¼ 8). *P < 0.05, **P < 0.01 compared with vehicle-treated spontaneously hypertensive rats (SHR); †P < 0.05 compared with
combined amlodipine/atorvastatin-treated SHR (SHR + AM + AT).

AM, amlodipine; AT, atorvastatin; LVESd, left ventricular (LV) systolic diameter; LVEDd, LV end-diastolic diameter; IVSs, end-systolic thickness of the
interventricular septum; IVSd, end-diastolic thickness of the interventricular septum; LVPWs, end-systolic thickness of the posterior wall; LVPWd, end-diastolic
thickness of the posterior wall; LVW, LV weight; LVEF, LVejection fraction; LVSF, LV fractional shortening.

Table 3 Effects of amlodipine, atorvastatin and their combination on haemodynamic measurements in spontaneously hypertensive rats

SHR SHR + AM SHR + AT SHR + AM + AT

LVSP (mmHg) 228 ± 10 185 ± 10** 220 ± 13†† 178 ± 14**
LVEDP (mmHg) 4.4 ± 0.6 2.8 ± 0.5**† 3.5 ± 0.4**†† 2.1 ± 0.4**
dP/dtmax (mmHg/msed) 11.5 ± 1.2 9.7 ± 1.1* 11.3 ± 1.4 10.3 ± 0.7
dP/dtmin (mmHg/msed) 8.7 ± 0.9 8.4 ± 2.0 9.1 ± 1.4 9.4 ± 1.2
dP/dtmin/LVSP (/s) 36.5 ± 5.5 45.1 ± 6.8*† 42.5 ± 5.1*† 52.7 ± 6.5**
s (msec) 18.9 ± 2.7 15.1 ± 2.9 15.4 ± 2.6 13.8 ± 1.9**

Data are the mean ± SD (n ¼ 8). *P < 0.05, **P < 0.01 compared with vehicle-treated spontaneously hypertensive rats (SHR); †P < 0.05, ††P < 0.01
compared with combined amlodipine/atorvastatin-treated SHR (SHR + AM + AT).

AM, amlodipine; AT, atorvastatin; LVSP, left ventricle systolic pressure; LVEDP, left ventricle end-diastolic pressure; dP/dtmax, maximum ascending rate of left
ventricular pressure; dP/dtmin, maximum declining rate of left ventricular pressure; s, relaxation time constant.

Fig. 3 Effects of amlodipine (AM),
atorvastatin (AT) and their combination
(AM + AT) on (a) atrial natriuretic
peptide (ANP), (b) b-myosin heavy
chain (MHC), (c) transforming growth
factor (TGF)-b1 and (d) Type I collagen
mRNA in spontaneously hypertensive
rats (SHR). Data are the mean ± SD
(n ¼ 3). *P < 0.05, **P < 0.01 compared
with vehicle-treated SHR; †P < 0.05
compared with combined amlodipine/
atorvastatin-treated SHR.
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atorvastatin monotherapy significantly inhibited NADPH oxidase
activity compared with vehicle treatment. Furthermore, atorvastatin
added to amlodipine enhanced the inhibitory effect of amlodipine on
the activity of NADPH oxidase. It has been shown that Cu,Zn-SOD,
one of the first-line ROS-scavenging enzymes, is correlated with
ROS levels in hypertensive cardiac remodelling.40 In contrast with
previous studies,5,41 attenuated expression and activity of Cu,Zn-SOD
was only slightly, but not significantly, improved by amlodipine and
atorvastatin alone in the present study. Moreover, combination ther-
apy did not further increase the expression and activity of Cu,Zn-
SOD compared with each agent alone. These discrepancies may be
related to the different experimental settings in different animal
models. Based on all the above, the benefits of combination treatment
with amlodipine and atorvastatin seem to be associated, at least in
part, with the greater inhibition of cardiac NADPH-oxidase-mediated
ROS production, rather than upregulation of Cu,Zn-SOD.

Previous studies have suggested that modulation of NADPH
oxidase subunits is important for the overall activity of the enzyme.42

To further elucidate the underlying molecular mechanism of NADPH
oxidase inhibition by amlodipine, atorvastatin and their combination,
we determined their effects on NADPH oxidase subunits, namely
p22phox (the membrane-bound subunit), p47phox, p40phox and Rac-1
(the cytosol regulatory subunit), in cardiac tissues of SHR because
these subunits are involved in cardiac remodelling. Yoshii et al. have
reported that amlodipine decreases the expression of p47phox and
Rac-1 in atherosclerotic lesions from apolipoprotein E-deficient
mice.13 In the present study, we found that amlodipine significantly
attenuated the expression of p47phox and p40phox and slightly
reduced p22phox and Rac-1 levels in heart tissue. Conversely,
atorvastatin treatment attenuated the expression of P47phox and
P40phox; moreover, it significantly decreased p22phox and Rac-1
levels, which indicates differential regulation of NADPH oxidase

Fig. 4 Effects of amlodipine (AM),
atorvastatin (AT) and their combination
(AM + AT) on (b) reactive oxygen
species (ROS) production, (c) malon-
dialdehyde levels, (d) NADPH oxidase
activity and (e) Cu,Zn-superoxide
dismutase (SOD) activity in the left
ventricle (LV) from spontaneously
hypertensive rats (SHR). (a) Repre-
sentative micrographs of ROS levels as
assessed by dihydroethidium staining
in LV sections. Data are the mean ± SD
(n ¼ 6). *P < 0.05, **P < 0.01 compared
with vehicle-treated SHR; †P < 0.05,
††P < 0.01 compared with combined
amlodipine/atorvastatin-treated SHR.
Bar, 100 lm.
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subunits by amlodipine and atorvastatin. Interestingly, the addition of
atorvastatin to amlodipine led to further reductions in p22phox,
p47phox and Rac-1 protein levels in cardiac tissues in SHR compared
with amlodipine monotherapy. Our findings are consistent with
previous studies in which statins decreased NADPH oxidase-related
ROS generation in the heart through inhibition of prenylation and
translocation of cytosolic small molecular weight G-proteins, including
Rac1, to the membrane subunits of NADPH oxidase.33,43 Taken toge-
ther with the fact that p22phox, p47phox and Rac-1 are essential components
of NADPH oxidase activity, these findings support the notion that the
greater inhibition of cardiac NADPH oxidase activity by combined
amlodipine and atorvastatin can be attributed to greater inhibition of
p22phox upregulation and p47phox and Rac-1 translocation in SHR.
In the present study, 10 mg/kg per day amlodipine was used and

found to be effective in reversing cardiac hypertrophy and decreasing
myocardial ROS levels. However, 12 weeks treatment with amlodipine
in SHR reduced blood pressure significantly; therefore, these

beneficial effects of amlodipine on cardiac remodelling and ROS levels
may result, in part, from a reduction in blood pressure. In addition,
we cannot exclude the possibility that the decrease in ROS in the
myocardium after combined amlodipine and atorvastatin therapy is
due to improved cardiac hypertrophy and LV function secondary to
other additive mechanisms, such as preservation of NO function,
anti-oxidant properties related to their intermolecular actions on the
cell membrane8 and normalization of enhanced cardiac sympathetic
drive. These issues need to be investigated further.
The ASCOT-LLA and MEGA (Management of Elevated Choles-

terol in the Primary Prevention Group of Adult Japanese) studies
indicate that the addition of statins to antihypertensive treatment
is more effective than antihypertensive monotherapy in reducing
the incidence of CVD in patients with hypertension.10,44 Recently,
Perreault et al. reported that statins may prevent the development
of chronic heart failure in patients with low risk of CVD.45 The
rationale for combination therapy with CCBs and statins in CVD is

Fig. 5 Effects of amlodipine (AM),
atorvastatin (AT) and their combination
(AM + AT) on the expression of NADPH
oxidase subunits p22phox (b), p47phox

(c), Rac-1 (d) and p40phox (e) in hearts
from spontaneously hypertensive
rats (SHR), with protein expression
normalized against that of b-actin.
(a) Representative results of western
blot analysis. Data are the mean ± SD
(n ¼ 5). **P < 0.01 compared with
vehicle-treated SHR; †P < 0.05,
††P < 0.01 compared with combined
amlodipine/atorvastatin-treated SHR.
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based on their additive beneficial effects on blood pressure control,
improvements in endothelial function, anti-atherosclerotic activity,
fibrinolytic balance, inhibition of the inflammatory response
and insulin resistance.11 Nevertheless, combination therapy with
amlodipine and atorvastatin has not been studied extensively in
advanced cardiac hypertrophy and early diastolic dysfunction. To
the best of our knowledge, only one clinical study has shown that
combined amlodipine and atorvastatin markedly reverses LVH
more than amlodipine monotherapy as a result of an additive blood
pressure-lowering effect.34 The present study provides new insights
into the possible mechanisms underlying the clinical benefit of
combined amlodipine and atorvastatin treatment in patients with
hypertension. Combined amlodipine and atorvastatin had a greater
inhibitory effect on excessive production of ROS induced by
NADPH oxidase than amlodipine alone. Moreover, attenuation of
cardiac hypertrophy and the preservation of cardiac diastolic function
was greater with combined amlodipine/atorvastatin treatment than
with amlodipine monotherapy. The addition of atorvastatin to amlodi-
pine may be useful in slowing the progression of hypertension-
induced cardiac remodelling and the development of heart failure.
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