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Augmentation of autophagy by atorvastatin via
Akt/mTOR pathway in spontaneously hypertensive rats

Wei Wang1,2,6, Hao Wang3,6, Qing-Xin Geng4, Hua-Ting Wang4, Wei Miao4, Bo Cheng2, Di Zhao5,
Guang-Min Song1, Groban Leanne3 and Zhuo Zhao4

Autophagy is activated in hypertension-induced cardiac hypertrophy. However, the mechanisms and significance of an activated

autophagy are not clear. This study was designed to determine the role of atorvastatin (ATO) in cardiac autophagy and associated

benefits on cardiac remodeling and left ventricular function in spontaneously hypertensive rats (SHRs). Twenty-eight male SHRs

at 8 weeks of age were randomized to treatment with vehicle (saline solution; SHR+V) or ATO (SHR+ATO; 50mg kg−1 per day)

for 6 or 12 months. Age-matched male Wistar-Kyoto (WKY) rats were used as normotensive controls. Cardiac magnetic resonance

was used to evaluate cardiac function and structure. Compared with WKY rats, SHRs showed significant left ventricle (LV)

dysfunction, remodeling and increases in cardiomyocyte size, which were all attenuated by 6 and 12 months of ATO treatment.

Compared with WKY rats, autophagy was activated in the hearts of SHRs and this effect was amplified by chronic ATO

treatment, particularly following 12 months of treatment. Protein expression levels of microtubule-associated protein-1 light

chain 3-II and beclin-1, the biomarkers of an activated cardiac autophagy, were significantly elevated in ATO-treated versus

vehicle-treated SHRs and control WKY rats. Cardiac Akt and phosphorylated mammalian target of rapamycin (mTOR) expression

were also increased in the hearts of SHR versus WKY rats, and this effect was attenuated by ATO treatment. These findings

suggest that ATO-mediated improvements in LV function and structure in SHRs may be, in part, through its regulation of cardiac

autophagy via the Akt/mTOR pathway.

Hypertension Research (2015) 38, 813–820; doi:10.1038/hr.2015.85; published online 30 July 2015

Keywords: autophagy; heart; remodeling; statin

INTRODUCTION

Hypertension is a leading risk factor of mortality globally. In response
to the hemodynamic burden of hypertension, the heart initially
compensates with an increase in crossbridge formation, adaptive
hypertrophy and neurohormonal mechanisms that lead to increases
in contractility.1–3 Although compensatory hypertrophy offsets the
adverse effects of pressure overload, it ultimately leads to contractile
dysfunction and heart failure (HF). Cardiac hypertrophy alone is a
major independent predictor of HF and a risk factor for future lethal
cardiovascular events. Although extensive research has focused on the
progression from hypertrophy to failure, the exact mechanisms
governing the transition from hypertrophy to failure are still poorly
understood.
Hypertension-induced cardiac hypertrophic remodeling involves

more than the addition of proteins and molecular signaling pathways
that mediate the hypertrophic response triggered by mechanical stress.
Recent data show that autophagy is involved in the development of

cardiac hypertrophy and its transition to HF.4,5 Autophagy is a highly
conserved cellular process for degradation and recycling of protein
aggregates and organelles. It is thought to be a response to extra- or
intracellular stresses, that is initiated by a variety of factors, such as
starvation, growth factor deprivation, ER stress and pathogenic
infections. In cardiovascular diseases, autophagy is altered during
ischemic stress, cardiac hypertrophy and HF. Although autophagy is
activated during the progression of hypertension-induced cardiac
hypertrophy,6,7 the experimental studies showed inconsistent results
regarding the roles of autophagy in hypertension and cardiac
hypertrophy.8,9 Initially, it was supposed that increased autophagy
contributed to cell death during stress.10 However, recent evidence
suggests that autophagy may have a cardioprotective role.11–13

Activated autophagy in failing hearts might be an adaptive response
for protecting cells from hemodynamic stress and ischemic
preconditioning.9,14,15 Autophagy-deficient hearts display an increased
sensitivity to cardiomyopathies. During autophagic degeneration,
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degraded membrane lipids and proteins within autophagosomes are
recruited to maintain ATP levels, which is thought to be one
mechanism that contributes to cardiomyocyte protection. However,
the exact role of autophagy in hypertension-induced cardiac hyper-
trophy, that is, whether it mediates cell survival or cell death and
whether it up- or downregulates cellular function, remains poorly
understood.
Statins, the inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A

reductase, are widely used to decrease plasma cholesterol and treat
atherosclerotic disease.16,17 In addition to their lipid-lowering effect,
statins may also have direct cardioprotective action as suggested by the
improved outcomes observed in HF patients.18–20 The underlying
mechanisms for these cardioprotective effects remain unclear. Given
that statins induce autophagy in cancer cells, as well as in some normal
cells,21–23 there is reason to believe that statin-mediated cardiac
benefits may be through autophagy-related mechanisms.
Beclin-1 is an essential autophagy and tumor suppressor protein,

and a target of the protein kinase Akt.24 Activation of the Akt pathway
inhibits apoptotic and autophagic programmed cell death. Among the
downstream effectors of Akt, mammalian target of rapamycin
(mTOR) is particularly well-characterized. Activated Akt stimulates
the mTOR pathway, which is required for the initiation of protein
synthesis. Inhibition of mTOR prevents cardiac hypertrophy,
suggesting that mTOR and its downstream molecules regulate the
development of cardiac hypertrophy.25 Autophagy might be involved
in the cardioprotective effects of mTOR inhibition. Based on these
findings, we hypothesized that statins affect autophagy and protect the
heart through its regulation on Akt–mTOR pathways.

METHODS

Animals and experimental protocols
All rats were treated in accordance with the recommendations from the Guide
for Animal Management Rules of the Ministry of Health, China (2001).
The experimental protocol was accepted by the Institutional Animal Care
Committee of Shandong University. Eight-week-old male Wistar-Kyoto (WKY)
and spontaneously hypertensive rats (SHR) were purchased from Charles River
(Portage, MI, USA), USA, and housed at room temperature, with a 12 h light–
dark cycle. Animals were given rodent diet and tap water ad libitum throughout
the experiments. Twenty-eight male SHRs, weighing ~ 200 g, were randomly
divided into four groups: vehicle (saline solution; SHR+V) or atorvastatin (SHR
+ATO; 50mg kg− 1 per day) for 6 or 12 months (n= 7 in each group). Seven
WKY rats were used as age-matched, normotensive controls. ATO was
purchased from Novartis Pharmaceutical Company, Beijing, China, and
administered daily by gavage.

Cardiac magnetic resonance studies
The rat cardiac magnetic resonance examinations were performed under
1.5–2.5% isoflurane anesthesia, while body temperature was maintained at
37 °C. All imaging experiments were implemented on a 3T magnetic resonance
system (Philips Medical System, Best, The Netherlands) with a custom-built
quadrature cylindrical radiofrequency volume coil of ID 70mm length. All
scans were performed using electrocardiogram gating. The animals were placed
in a cradle with four neonatal ECG electrodes attached to the paws in order to
record an ECG for triggering of image data acquisition. All images were
acquired in the short-axis cine imaging plane with multiple (8–10) slices for
postprocessing functional analyses. Epicardial and endocardial left ventricular
(LV) borders at end-diastole and end-systole were manually contoured.
End-diastolic and end-systolic volumes, ejection fraction, LV wall thickness,
interventricular septal thickness diastole and wall motion were calculated.

Histopathology staining
Paraffin-embedded slides (5 μm thickness) were stained with hematoxylin–
eosin for morphologic examination or Masson's trichrome for interstitial

fibrosis determination. LV diameter was measured at the level of the papillary

muscle as previously described.26 LV wall thickness, myofilament density,

cardiomyocyte size and collagen volume fraction were measured and analyzed

using Image Pro Plus software (Media Cybernetics, Rockville, MD, USA).

Collagen volume fraction was calculated as area of Masson's trichrome-stained

connective tissue divided by total area of the image as described previously.27

Immunohistochemistry
Tissue sections were deparaffinized and exposed to 3% hydrogen peroxide for

15min to block endogenous peroxidase activity. For heat-induced epitope

retrieval, the sections were placed in a 0.01mol l− 1 citrate buffer and heated at

120 °C for 15min. The nonspecific binding was blocked by preincubation with

5% normal goat serum in phosphate-buffered saline (blocking buffer) for

60min at room temperature. Individual slides were then incubated overnight at

4 °C with an anti-LC3 antibody (diluted 1:6400; Cell Signaling, Danvers, MA,

USA) at a final concentration of 2 μgml− 1 in the blocking buffer. The slides

were washed with phosphate-buffered saline and then incubated with a

peroxidase-labeled polymer conjugated to goat anti-rabbit immunoglobulin G

(Vector Laboratories, Burlingame, CA, USA) for 45min at room temperature.

After extensive washing with phosphate-buffered saline, the color reaction was

developed using 2% 3,3′-diaminobenzidine in 50mmol l− 1 Tris buffer

(pH 7.6) containing 0.3% hydrogen peroxide for 5–10min. The sections were

then counterstained with Meyer's hematoxylin, dehydrated and mounted.

Images were captured using Olympus BX51 microscope and software

(Olympus, Tokyo, Japan).

Western blot analysis
Myocardium tissue was homogenized in RIPA buffer (150mM NaCl, 50mM

Tris-HCl, pH 7.4, 1mM EDTA, 1% Triton X-100, 1% sodium deoxycholate

and 0.1% SDS) with protease inhibitors. After centrifugation at 12 000 g for

20min, the supernatant was transferred to new 1.5-ml microcentrifuge tubes

and protein was quantified using coomassie blue reagent. Protein was then

heat denatured for 4 min in boiling water and loaded on an 12% SDS–

polyacrylamide gel followed by transfer to a nitrocellulose membrane at 80 V

and 4 °C for 120min. The membrane was incubated in blocking buffer

(5% milk, 1 × tris-buffered saline, 0.1% Tween 20) for 2 h at room tempera-

ture, and then with anti-LC3B polyclonal antibody (1:2000 dilution, Cell

Signaling) overnight at 4 °C. After washing with TBST (1× tris-buffered saline

with 0.1% Tween 20), the membrane was incubated with horseradish

peroxidase-conjugated goat anti-rabbit secondary antibody (1:5000 dilution)

at room temperature for 1 h. The reactions were developed with enhanced

chemiluminescence reagents, and the images were obtained by the exposure to

x-ray films. The films were digitized and quantified with the ImageJ software

(Bethesda, MD, USA). The same protocol was used for antibodies against

caspase-3 (1:3000 dilution, Cell Signaling) total Akt and phosphorylated Akt

(Ser473; 1:1000 and 1:1000 dilution, Santa Cruz Biotechnology, Dallas, TX,

USA), total and phosphorylated AMPK (1:2000 dilution, Santa Cruz Biotech-

nology) and total and phosphorylated S6K (Ser235/236; 1:1000 diluted each;

Cell Signaling).

Electron microscopy
Cardiac tissue was carefully and quickly dissected from sacrificed SHRs. Left

ventricles were cut into 1mm3 cubes, fixed with 2% glutaraldehyde in

phosphate-buffered saline overnight at 4 °C. The fixed samples were then

post-fixed with 1% buffered osmium tetroxide, embedded and analyzed using

transmission electron microscopy (JEM-1200EX, Tokyo, Japan).

Statistical analysis
Results were expressed as the mean± s.d. Data were analyzed using SPSS 11.5

software (SPSS Inc., Chicago, IL, USA) under Windows 7. All statistics were

analyzed by analysis of variance, with a P-value ofo0.05 considered significant.
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RESULTS

Body weight, heart weight and blood pressure changes during the
experiment
Blood pressure (BP), body weight and heart weight of SHR and WKY
rats are summarized in Table 1. Body weight was significantly
increased in SHRs compared with WKY rats, whereas the body
weights decreased significantly following ATO treatment for both 6
and 12 months. Heart rate among SHR groups and WKY rats was not
different (Table 1). Consistent with our previous study,28 systolic BP
was significantly elevated in SHRs compared with WKY rats of the
same age. In SHR group, both systolic BP and heart weight increased
during aging, while WKY rats remained unchanged. After treatment
with ATO, systolic BP and heart weight in SHRs significantly
decreased (Po0.05 vs vehicle-treated rats). The heart weight-to-
body weight ratios were higher in vehicle-treated SHRs versus WKY
rats, while ATO treatment for 6 or 12 months decreased the heart
weight-to-body weight ratios when compared with vehicle-treated
SHR counterparts.

Effects of ATO on cardiac remodeling of SHRs
Consistent with our previous studies,28 ATO showed protective effects
on cardiac remodeling. Compared with WKY rats, vehicle-treated
SHRs showed increased LV mass, LV wall thickness, interventricular
septal diameter and LV posterior wall at diastole (Table 2 and
Figure 1a). ATO limited these adverse effects of hypertension on LV
structure and also attenuated increases in interventricular septal
diameter and LV posterior wall thickness in diastole. However, LV
fractional shortening, LV end-diastolic diameter, LV end-systolic
diameter and LV ejection fraction were not different among groups
(Table 2). Moreover, SHRs with vehicle treatment had increased
cardiomyocyte size determined by hematoxylin–eosin staining, when
compared with WKY rats or ATO-treated SHRs (Figure 1b). Masson's
trichrome staining demonstrated that the increased LV interstitial
fibrosis in SHRs was attenuated by ATO treatment (Figure 1b).
LV content of hydroxyproline, an indicator of collagen deposit,
significantly increased in SHRs compared with WKY rats, which was
also attenuated by ATO treatment (Figure 1c).

Autophagy in the heart of SHR and the effects of ATO
To determine the autophagic activity and the effects of ATO during
the progression of hypertension in SHR, we assessed the expression of
autophagosome markers, light chain 3B (LC3B; including LC3-I and
LC3-II), beclin-1 and caspase-3, which are key proteins involved in the

regulation of autophagy. Consistent with the results of the previous
study,29 immunohistochemistry staining revealed that the number
of cardiac LC3-positive autophagic vacuoles increased during the
progression of hypertension in SHRs, while it was higher in SHRs
compared with the WKY rats of the same ages (Figure 2a). Interest-
ingly, ATO treatment significantly increased LC3 compared with
vehicle-treated SHRs (Figure 2a).
Electron microscopic examination revealed that both autophagic

vacuoles and lysosomes were abundant within cardiomyocytes in the
SHR hearts at 12 months when compared with age-matched WKY rats
(Figure 2b), and this electron-microscopic portrayal of autophagy was
even more exaggerated in SHRs treated with ATO (Figure 2c).
Western blot analysis showed that Beclin-1 expression was

upregulated by ATO in hearts of SHRs (Figure 3). Beclin-1 expression
significantly increased in SHR+ATO compared with age-matched SHR
+V and WKY (P= 0.007 and 0.012 versus SHR+V and WKY,
respectively). Moreover, the value of the LC3-II/LC3-I ratio was
significantly increased in SHR+ATO rats compared with other groups
(Po0.001). However, cardiac caspase-3 expression in ATO-treated
rats was not different from vehicle-treated SHRs or WKYs (P= 0.18;
Figure 3).

Activation of Akt/mTOR signal pathway
To determine the signaling pathways involved in the ATO-induced
cardiac autophagy in SHRs, we assessed the activation of the main
autophagy repressor mTOR and its upstream inhibitor AMPK and the
activator Akt. Western blot analysis showed that ATO treatment
decreased Akt phosphorylation (Figure 4). Cardiac p-mTOR increased
in SHRs compared with WKY rats, while it was significantly reduced
by ATO compared with vehicle treatment. In addition, the changes of
p-S6K expression, a direct downstream target of mTOR, paralleled the
changes of p-mTOR (Figure 4). Both kinases were activated in
SHRs compared with WKY rats, and significantly reduced by ATO
treatment. We also evaluated AMPK protein expression, which
showed that the cardiac p-AMPK levels were higher in SHRs versus
WKY rats, and this was not affected by ATO treatment.

DISCUSSION

The main findings in the present study suggest that the cardio-
protective effects of ATO in SHR are associated with the activation of
autophagy and AKT/mTOR pathways.
LV remodeling is the process by which ventricular size, shape and

function are regulated by mechanical, neurohormonal and genetic

Table 1 Blood pressure, heart rate, body weight and heart weight

SBP (mmHg) HR Body weight (g) HW/BW (mg g−1)

WKY
6 months 129.1±17.1 242±8 322±33 2.4±0.19

12 months 131.2±19.2 251±9 404±47 2.5±0.21

SHR+V
6 months 200.5±18.4* 244±9 429±41 3.6±0.18*

12 months 211.9±16.9* 256±8 511±54 4.7±0.16*

SHR+ATO
6 months 190.3±17.0* 242 ±9 381 ±37*,# 3.3±0.23*,#

12 months 200.5±18.4* 254 ±10 456 ±40*,# 4.1±0.26*,#

Abbreviations: ATO, atorvastatin; BW, body weight; HW, heart weight; HR, heart rate; SBP, systolc blood pressure; SHR, spontaneous hypertensive rats; V, vehicle; WKY, Wistar-Kyoto rats.
*Po0.05 vs WKY; #Po0.05 vs. SHR+V.
Data are expressed as mean± s.d.
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factors.30,31 When stress persists, the compensatory remodeling can
evolve into a decompensated state, as depicted by increases in
cardiomyocyte length and/or width, collagen volume, contractile
dysfunction and extracellular remodeling, ultimately leading to HF,
arrhythmias and sudden cardiac death.32,33 In the present study, SHRs
at 6 and 12 months of age, were used to emulate the progression of LV
hypertrophy from a compensated to decompensated state. Compared
with WKY rats of the same age, SHRs exhibited increased cardio-
myocyte size, LV mass, interventricular septal diameter and LV
posterior wall at diastole. This hypertrophic phenotype was most
pronounced in the 12-month-old SHRs. Although it is controversial
regarding the effects of statin in attenuating cardiac function and
improving survival rate in HF,18–20,28 the present study has shown that
chronic ATO, at the dose of 50mg kg− 1 per day, attenuated cardiac
remodeling in SHR. This result is consistent with our previous report,
and that of others, using the same dose of ATO.28,34

Statin was originally touted as a drug for the treatment of high
cholesterol. However, many beneficial effects independent of its
action on lipid regulation have been recognized in recent years,
including improvements in endothelial function, reductions in
oxidative stress, less platelet adhesion and atherosclerotic plaque
stabilization.16,17,24,35–41 Finding from the current study further
suggests that ATO’s beneficial effects on limiting the adverse effects
of hypertension on cardiac structure may be through its regulation on
autophagy. Both in vitro and in vivo studies have suggested that
autophagy is involved in the development of cardiomyocyte
hypertrophy.42,43

Several recent studies have shown that statins induced autophagy in
mammalian cells, such as human rhabdomyosarcoma cells and PC3
cells.44,45 More recently, simvastatin was demonstrated to increase
autophagy in human airway smooth muscle cells and coronary arterial
myocytes.46,47 In this study, our original hypothesis was that the
autophagy activation might be decreased in hypertrophic heart.
However, our results have shown the opposite, which might
reflect a compensatory mechanism in the hypertensive heart.
That is, autophagy was increased in the hypertensive heart and
ATO augmented this effect with associated reductions in cardiac
hypertrophy.
Nutritional starvation in the hypertrophic heart might stimulate

cardiac autophagy. Nutritional stress induces autophagy, which might
be due to a compensatory mechanism that generates nutrients by
degradation of cytoplasmic components to sustain cell survival.48

Autophagy is the basic catabolic mechanism that involves degradation
of dysfunctional cellular components through the action of lysosome,
as well as supplying energy and compounds for the synthesis of
essential biomacromolecules. Although excessive autophagy can cause
cell death, enhanced and controlled autophagy is protective by
providing essential substrates during starvation and by removing
damaged materials. In the SHR heart, chronic cardiac stress results
in progressive myocardial hypertrophy that eventually exceeds the
capacity of the coronary vasculature to adequately perfuse the
myocardial mass. This pathophysiological process leads to multiple
foci of myocardial ischemia, particularly in the subendocardium,
which simulates starvation, a powerful inducer of autophagy.
Several recent studies have shown that statins induced formation of
autophagosomes.44,45,47 However, the exact mechanisms are still
unclear.
One of the characteristics of autophagy is the formation of the

autophagosome, followed by its fusion with a lysosome, termed
autophagolysosome.48 Microtubule-associated protein 1A/1B-LC3, a
soluble protein in mammalian tissues and cultured cells, is normallyT
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Figure 1 (a) Representative mid-papillary MR images of the heart in WKY rats and SHRs treated with vehicle (SHR+V) or atorvastatin (SHR+ATO). It shows
significant hypertrophy of the SHR+V heart compared with WKY and SHR+ATO. (b) Representative images of hematoxylin and eosin staining and Masson’s
trichrome staining in WKY rats and SHRs treated with vehicle (SHR+V) or atorvastatin (SHR+ATO). (c) Hydroxyproline content was analyzed in WKY, SHR+V
and SHR+ATO groups. Data are shown as mean± s.d. *Po0.05 vs. WKY; #Po0.05 vs. SHR+V. MR, magnetic resonance; SHR, spontaneous hypertensive
rats; WKY, Wistar-Kyoto rats. A full color version of this figure is available at Hypertension Research online.
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Figure 2 (a) Representative images of immunohistochemistry staining for LC3, a marker of autophagy, in the heart of WKY rats and SHRs treated with
vehicle (SHR+V) or atorvastatin (SHR+ATO). (b) Representative electron micrographs of autophagic vacuoles in cardiomyocytes of WKY rats and SHRs treated
with vehicle (SHR+V) or atorvastatin (SHR+ATO). Arrows indicate autophagic vacuoles. Bar=1 μm. (c) Representative electronic micrographs and
summarized data showing the number of autophagosomes/cell in different groups (a random number of 30 cells were selected for each group). *Po0.05 vs
WKY; #Po0.05 vs SHR+V. LC3, light chain 3; SHR, spontaneous hypertensive rats; WKY, Wistar-Kyoto rats. A full color version of this figure is available at
Hypertension Research online.
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dispersed diffusely throughout the cytoplasm in healthy cells and
accumulates within the autophagosomal membrane in a form
covalently linked to phosphatidylethanolamine during stimulation of
autophagy.49 Our data show that statin regulates LC3 expression and
subsequently might influence autophagy in SHR hearts. The elevation
of autophagic proteins activates or facilitates the autophagic process in
the heart. In the cardiovascular system, mTOR is believed to be an
important negative regulator of autophagy.9 Indeed, inhibition of
the mTOR signaling pathway has been shown to be involved in the
autophagy induced by ATO.50 Our findings are consistent with the
recent studies showing that statin inhibits mTOR and its substrate
S6K.47,51 To our knowledge, the present study provides the first
evidence that ATO limits hypertensive LV remodeling possibly by
inducing autophagy via mTOR inhibition.

mTOR is a serine/threonine protein kinase that regulates many
cellular activities including autophagy, proliferation, survival and
metabolism in mammalian cells.52 Activation of mTOR signaling is
implicated in diseases such as cancer and tissue hypertrophy and
inhibitors of mTOR signaling are used clinically to inhibit cancer
growth and prevent graft rejection and restenosis after coronary
angioplasty.53 mTOR is regulated by and communicates with multiple
signaling pathways,54–56 such as activated by Akt (protein kinase B).
Akt has become among the most studied signal-transduction
molecules in cardiac biology in recent years, which is activated in
response to hypertension, pressure overload and chronic neuro-
hormonal signaling.57–59 Knockdown of Akt by small interfering
RNA blunts agonist-dependent hypertrophy, whereas in vivo cardiac-
specific expression of Akt causes a brief phase of cardiac hypertrophy,

Figure 3 (a) Representative images of western blot for the autophagy-related proteins, LC3-I, LC3-II, Beclin-1 and caspase-3 in the hearts of WKY rats and
SHRs treated with vehicle (SHR+V) or atorvastatin (SHR+ATO). (b) The signal densities of western blot were quantified using ImageJ. Values are mean± s.d.;
*Po0.05 vs WKY; #Po0.05 vs SHR+V. SHR, spontaneous hypertensive rats; WKY, Wistar-Kyoto rats.

Figure 4 (a) Western blot analysis of phospho-akt (p-AKT), total AKT and phospho-AMPK (p-AMPK), and total AMPK, phospho-mTOR (p-mTOR), total mTor,
phospho-S6K (p-S6K) and total S6K in hearts of WKY rats and SHRs treated with vehicle (SHR+V) or atorvastatin (SHR+ATO). (b) The signal densities of
western blot were quantified using ImageJ. Values are mean± s.d.; *Po0.05 vs WKY; #Po0.05 vs SHR+V at the same time. SHR, spontaneous hypertensive
rats; WKY, Wistar-Kyoto rats.
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followed by chamber dilation and impaired systolic function and
death.60,61 In hypertrophic cardiomyocytes, one major event is
increased protein turnover, where enhanced protein synthesis is
accompanied by increased removal of deleterious proteins. Many
pathways that mediate protein turnover depend on mTOR. Specifi-
cally, Akt/mTOR signals are essential for the regulation of
autophagy.62–64 Our results suggest that regulation of the Akt/mTOR
pathway might be responsible for the effect of statin on autophagy
in SHRs.

Limitations and future studies
Although the dose of ATO used in this study was based on other
studies involving rat models,28,37–41,65 we are aware that it exceeded
doses used in clinical studies, indicating that sensitivities to ATO might
be different among species. High-dose ATO (50mg kg− 1 per day)
improved insulin sensitivity, endothelial function, anti-oxidant effects
and lowered BP and diet-induced elevations in blood cholesterol in
various rat models.28,37–41,65 The present study demonstrated that
chronic, high-dose ATO also attenuated hypertension-induced cardiac
remodeling in SHRs and this advantageous effect was associated
with an upregulation in autophagy-related gene expression with
concomitant inhibition of the Akt/mTOR pathway in the hearts of
these rats. The effects of high dose of ATO on other tissues in rats,
such as liver functions and serum creatine kinase, will be the subject of
future studies. As cardiac autophagy was increased in SHRs versus
normotensive WKY rats, further investigations are needed to deter-
mine whether this is simply a compensatory mechanism that offsets
the deleterious effects of longstanding hypertension. Finally, the
cardioprotective effects of ATO might be through multiple pathways
in both cardiomyocytes and non-cardiomyocytes. Whether ATO
directly or indirectly regulates autophagy activity was not determined
in this study. Further in vitro and in vivo studies are in our future plans
to determine the exact mechanisms by which statins regulate
autophagy and modulate cardiac hypertrophy and HF.
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