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A B S T R A C T

Sustained cardiac hypertrophy is a major cause of heart failure (HF) and death. Recent studies have demon-
strated that resveratrol (RES) exerts a protective role in hypertrophic diseases. However, the molecular me-
chanisms involved are not fully elucidated. In this study, cardiac hypertrophic remodeling in mice were es-
tablished by pressure overload induced by transverse aortic constriction (TAC). Cardiac function was evaluated
by echocardiography and invasive pressure-volume analysis. Cardiomyocyte size was detected by wheat germ
agglutinin staining. The protein and gene expressions of signaling mediators and hypertrophic markers were
examined. Our results showed that administration of RES significantly suppressed pressure overload-induced
cardiac hypertrophy, fibrosis and apoptosis and improved in vivo heart function in mice. RES also reversed pre-
established hypertrophy and restoring contractile dysfunction induced by chronic pressure overload. Moreover,
RES treatment blocked TAC-induced increase of immunoproteasome activity and catalytic subunit expression
(β1i, β2i and β5i), which inhibited PTEN degradation thereby leading to inactivation of AKT/mTOR and acti-
vation of AMPK signals. Further, blocking PTEN by the specific inhibitor VO-Ohpic significantly attenuated RES
inhibitory effect on cardiomyocyte hypertrophy in vivo and in vitro. Taken together, our data suggest that RES is
a novel inhibitor of immunoproteasome activity, and may represent a promising therapeutic agent for the
treatment of hypertrophic diseases.

1. Introduction

Pathological cardiac hypertrophy is associated with significantly
increased risk of heart failure (HF), one of the leading medical causes of
mortality worldwide. Cardiomyocyte hypertrophy is characterized by
increased cell size, protein synthesis and activation of fetal gene ex-
pression, which are regulated by protein kinase signaling cascades
[1,2]. In addition to gene transcription, enhanced protein synthesis is
an important cellular process during hypertrophy. The master regulator
of protein synthesis in the cardiac myocyte is PI3K/AKT/mTOR
pathway, and AKT is the central mediator of this pathway with multiple
downstream effectors that contribute to cardiac hypertrophy [3–5].
While AMP-activated protein kinase (AMPK) is a major regulator of
cellular energy metabolism, which acts opposite to AKT, and is a ne-
gative regulator of the mTOR pathway and inhibit cardiac hypertrophy

[6]. Importantly, these signaling pathways are negatively modulated by
a phosphatase PTEN (phosphatase and TENsin homologue deleted from
chromosome 10) [7,8]. Interestingly, PTEN stability is also regulated by
the ubiquitin-proteasome system (UPS) [9]. However, the regulatory
mechanism for PTEN in cardiac hypertrophy remains elusive.

The ubiquitin-proteasome system (UPS) plays the major role in
protein quality control in eukaryotic cells. The 20S proteasome has 3
standard catalytic subunits, namely β1 (PSMB6), β2 (PSMB7), and β5
(PSMB5), which perform distinct proteolytic activities, including cas-
pase-like, trypsin-like, and chymotrypsin-like. After stimulation of cy-
tokine IFN-γ, the standard subunits can be replaced with the inducible
subunits, such as β1i (PSMB9 or LMP2), β2i (PSMB10, LMP10 or
MECL), and β5i (PSMB8 or LMP7), which form the core of the im-
munoproteasome [10]. The immunoproteasome has been implicated in
controlling immune responses, oxidative stress, cell growth and
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maintaining cellular protein homeostasis [10]. We recently reported
that knockout of immunosubunit β2i reduced hypertension and cardiac
fibrosis in DOCA (deoxycortone acetate)/salt mouse model [11]. Fur-
thermore, β2i deletion attenuated Ang II-induced atrial inflammation,
vascular permeability, fibrosis and atrial fibrillation [12,13]. These
results suggest that immunoproteasome plays a role in cardiac diseases,
and strategies aimed at inhibiting immunoproteasome activity may
offer novel and effective therapeutic approaches to prevent these dis-
eases.

Resveratrol (3,5,4′-trihydroxystilbene, RES or RSV) is a polyphenol
compound that is found in more than 70 plant species. Early studies
have shown that RES has antioxidative, anticancer and antibacterial
effects in many pathological conditions [14]. Increasing evidence sug-
gests that RES exerts cardioprotective effects against myocardial
ischemia/reperfusion and myocardial infarction through increasing
antioxidant efficacy and upregulation of NO production, antagonizing
fractalkine or enhancing VEGF-mediated angiogenesis [15–18]. More-
over, RES reduces hypertension and subsequent cardiac hypertrophy in
mice induced by various hypertrophic stimuli such as pressure over-
load, Ang II or deoxycorticosterone acetate (DOCA)-salt. These effects
are associated with increasing NO, AMPK activation, lowering oxidative
stress, Ang II and ET-1 [18–21]. Moreover, RES also prevents cardiac
hypertrophy and HF through regulating LKB1/AMPK and p70S6 kinase
signaling pathways in hypertensive rats [22,23]. However, the mole-
cular mechanisms by which RES regulates these signaling pathways and
attenuates pressure overload-induced cardiac hypertrophic remodeling
remain to be elucidated.

In this study, we demonstrated that administration of RES sig-
nificantly prevents and reverses pressure overload-induced cardiac
hypertrophic remodeling and dysfunction in mice. The beneficial effect
was associated with inhibition of immunoproteasome catalytic subunit
expression and activities, which reduces PTEN degradation leading to
inhibition of AKT/mTOR and activation of AMPK signaling pathways.
Taken together, these results identify that RES is a new inhibitor of
immunoproteasome activity, and could be a promising agent for
treating cardiac hypertrophic diseases.

2. Material and methods

2.1. Animals, transverse aortic constriction operation and treatment

Male wild-type (WT) C57BL/6 mice were purchased from Jackson
Laboratory (Bar Harbor, ME, USA). The investigation was approved by
the Animal Care and Use Committee of Dalian Medical University and
conformed to the Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institutes of Health (NIH Publication No.
85-23, revised 1996). Pressure overload-induced hypertrophic model
was induced by transverse aortic constriction (TAC) as described pre-
viously [24]. Briefly, WT mice (8- week-old) were anesthetized with
isoflurane. The left chest of mice was opened. A 7.0 nylon suture li-
gature was tied against a 27-gauge needle at the transverse aorta to
produce a 65–70% constriction after removal of the needle. Adequate
aortic constriction was induced and confirmed by Doppler analysis.
Sham operation was performed with a similar procedure without liga-
tion. All surgeries and subsequent analyses were conducted in a blinded
manner.

All mice (n= 40) were randomly allocated to 4 groups: Sham, TAC,
TAC+RES (25mg/kg body weight (BW)) and TAC+RES (50mg/kg
BW). Animals were subjected to TAC operation and orally gavaged with
RES at doses of 25 and 50mg/kg BW daily in the presence or absence of
VO-OHpic (10mg/kg), a specific PTEN inhibitor. After 2 or 4 weeks of
sham or TAC operation mice were anesthetized with an overdose of
pentobarbital (100mg/kg, Sigma-Aldrich). The hearts were removed
and prepared for further histological and molecular analysis. All in-
vestigations were approved by the Animal Care and Use Committee of
Dalian Medical University and conformed to the US National Institutes

of Health Guide for the Care and Use of Laboratory and the ARRIVE
guidelines [25].

2.2. Antibodies and reagents

Antibodies against PTEN (#9188), p-mTOR (#5536), m-TOR
(#2972), p-AKT (#9271), AKT (#9272), p-ERK1/2 (#4370), ERK1/2
(#4695), p-STAT3 (#9131), STAT3 (#8768), p-AMPKα (#50081),
AMPKα (#2532), GAPDH (#2118) and horseradish peroxidase-linked
anti-mouse or anti-rabbit IgG (#7074) were purchased from Cell
Signaling Technology (Boston, USA). Anti-β1i (ab190350), β2i
(ab183506), and β5i (ab3329) were purchased from Abcam (London,
England). p-S6K (om267088), S6K (om267092) were purchased from
OmnimAbs (Alhambra, CA, USA). Bax (50599-2-Ig), Bcl-2 (66799-1-Ig),
and caspase-3 (66470-2-Ig) were purchased from Proteintech Group
(Rosemont, USA). MitoTracker Red CMXRos (M7512) was purchased
from Invitrogen (Carlsbad, CA, USA). VO-OHpic trihydrate was pur-
chased from MedChem Express (Monmouth Junction, NJ, USA).
Primers including atrial natriuretic peptide (ANF), and brain natriuretic
peptide (BNP)were purchased from Sangon Biotech (Shanghai, China).
RES was purchased from Selleck (Houston, TX, USA). VO was pur-
chased from Med Chem Express (Ann Arbor, MI, USA). Wheat germ
agglutinin (WGA) and Anti-ubiquitin (#U5379) were purchased from
Sigma-Aldrich (St Louis, MO, USA). TRizol was obtained from
Invitrogen (Carlsbad, CA). All other chemicals frequently used in our
laboratory were purchased from Sigma-Aldrich.

2.3. Echocardiography

Transthoracic echocardiography was performed on mice at in-
dicated time points after TAC operation by a 30MHz probe (Vevo 1100
system; VisualSonics, Toronto, Ontario, Canada) as previously de-
scribed [26–28]. The left ventricular internal dimension (LVID) at
diastole and systole, LV posterior wall thickness (LVPW) at diastole and
systole, LV ejection fraction (EF%) and LV fractional shortening (FS%)
were calculated.

2.4. Histopathological analysis

The heart tissues were fixed in 4% paraformaldehyde solution for
24 h, then embedded in paraffin and sectioned (5 µm). Hematoxylin and
eosin (H&E) staining was performed on the heart sections according to
standard procedure [26,28]. Masson's trichrome staining was per-
formed to examine collagen deposition [27,28]. To evaluate myocyte
cross-sectional area, heart sections were stained with 50 μg/mL of
rhodamine-labeled wheat germ agglutinin (WGA) for 60min. Digital
images were taken at ×100 or ×200 magnification of over 20 random
fields from each heart sample. Each cell area was calculated by mea-
suring 15–200 cells per sample. In order to detect apoptotic death in
heart tissues, terminal-deoxynucleotidyl transferase-mediated UTP nick
end labeling (TUNEL) assay was carried out following the manufac-
turer's instruction (Roche Diagnostics, IL, USA). After TUNEL staining,
cells were counter-stained with DAPI before mounting. Generally, cells
with nuclear staining were considered to be apoptotic. The images were
analyzed using Image Pro Plus 3.0 (Nikon, Tokyo, Japan).

2.5. Culture of primary cardiomyocytes

Neonatal rat cardiac myocytes (NRCMs) were obtained from
Sprague-Dawley rats (1–3 days) as described previously [12,24].
Briefly, hearts cut into about 1mm3 and then dissociated with 0.04%
trypsin and 0.07% collagenase II. Cells were dispersed and plated on
100-mm dishes in 5% CO2 at 37 °C for 1.5 h. Suspended cardiomyocytes
were collected and transferred into 6- or 24-well plates with coating
laminin (10 µg/mL). Cardiomyocytes were cultured in DMEM/F12
supplemented with 10% FBS for 16–20 h and then replaced with serum-
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free medium for 12 h before experiments.

2.6. Measurement of proteasome activity

Measurement of proteasome activity in the hearts was performed
using fluorogenic peptide substrates, including caspase-like activity
with Z-LLE-AMC (45 μmol/L), trypsin-like activity with Ac-RLR-
AMC(40 μmol/L), and chymotrypsin-like activity with Suc-LLVY-AMC
(18 μmol/L) as described [12,13,23,29].

2.7. Real-time PCR analysis

Quantitative real-time PCR (qPCR) was performed with an iCycler
IQ system (Bio-Rad, CA) as described previously [26,28]. Total RNA
from left ventricle was extracted with TRIzol (Invitrogen) and reverse-
transcribed. cDNA (1–2 μg) was used for PCR amplification with gene-
specific primers, including ANF and BNP. Transcript quantities were
compared by using the relative quantitative method, where the amount
of detected mRNA normalized to the amount of endogenous control
(GAPDH).

2.8. Western blot analysis

Proteins were extracted from snap-frozen heart tissue using RIPA
buffer (Solarbio Science Technology Co., Beijing, China). The protein
lysates were separated by electrophoresis in 8–12% SDS-PAGE gels and
transferred to polyvinylidene difluoride (PVDF) membranes. The
membranes were incubated with the appropriate antibodies at 4 °C
overnight, and then with horseradish peroxidase-conjugated secondary
antibodies (1:5000) for 1 h at room temperature. All blots were devel-
oped by using the ECL Plus chemiluminescent system, and signal in-
tensities were analyzed with a Gel-pro 4.5 Analyzer (Media Cybernetics,
USA) [24,30–32].

2.9. NAD/NADH assay

Intracellular NAD and NADH levels were detected by NAD/NADH
Assay Kit (Abcam, London, England) according to manufacturer's in-
structions. Briefly, 2× 105 cells were washed with cold PBS and then
lyzed with NADH/NAD Extraction Buffer at room temperature. Total
NAD and NADH levels were analyzed following the instruction in a 96-
well plate and color were developed and read at 450 nm. The

Fig. 1. Resveratrol (RES) ameliorates pressure overload-induced cardiac hypertrophy and dysfunction in vivo. A, Representative M-mode echocardiography of left
ventricular chamber (upper), and measurement of left ventricular ejection fraction (EF%) and fractional shortening (FS%) (lower, n=10). B, Representative gross
images of whole hearts (upper). Scale bar: 5mm. Representative images of H&E staining (middle). Scale bar: 10mm. The ratios of heart weight to body weight (HW/
BW) and heart weight tibial length (HW/TL) (n=10; lower). C, Representative images of TRITC-labeled wheat germ agglutinin (WGA) staining to detect cardiac
hypertrophy (left). Scale bar: 50 µm. Quantification of the relative myocyte cross-sectional area (n= 8, 200 cells counted per heart; right). D, qPCR analyses of ANF
and BNP mRNA levels. E, Representative images of Masson's trichrome staining (left) and quantification of fibrotic area (right, n= 8). Scale bar: 100 µm. The results
are normalized to the GAPDH content. Data are presented as mean ± SEM, and n represents number of animals, *P < 0.05 versus Sham, #P < 0.05 versus
TAC+RES.
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concentration of total NAD and NADH were expressed in pmol/106

cells. NAD/NADH ratio is calculated as: [NAD-NADH]/NADH.

2.10. Statistical analysis

The results are expressed as mean ± standard error of the mean
(SEM). The unpaired 2-tailed t-test was utilized to compare the 2
groups. The significance of difference between the means of groups was
statistically compared using one-way ANOVA by Newman-Keuls mul-
tiple comparison test with GraphPad Prism 5 (GraphPad Prism
Software). The values of P < 0.05 were considered statistically sig-
nificant.

3. Results

3.1. RES ameliorates pressure overload-induced cardiac hypertrophy and
dysfunction

To determine the effect of RES on the cardiac hypertrophy and
contractile function in vivo, WT mice were injected intro with vehicle
or RES at dose of 25 or 50mg/kg daily and subjected to sham or TAC
surgery for 2 weeks. Echocardiography assessment showed that TAC-
induced enhancement of left ventricular contractile function as in-
dicated by the increased EF% and FS% was markedly reversed by RES
(50mg/kg BW) in TAC-treated mice (Fig. 1A). Moreover, after 2 weeks
of TAC, WT mice exhibited a marked chamber and myocyte hyper-
trophy as indicated by increased heart size, LV wall thickness and heart
weight/body weight (HW/BW) and heart weight/tibia length (HW/TL)
ratios compared with sham control, whereas these changes were

Fig. 2. RES reverses preestablished cardiac hypertrophy and dysfunction in vivo. A, Representative M-mode echocardiography of left ventricular chamber (upper),
and assessment of left ventricular EF% and FS% (lower, n= 10). B, Representative gross images of whole hearts (upper). Scale bar: 5 mm. Representative images of H
&E staining (middle). Scale bar: 10mm. The ratios of HW/BW and HW/TL (n=10; lower). C, Representative images of TRITC-labeled WGA to detect cardiac
hypertrophy (left). Scale bar: 50 µm. Quantification of the relative myocyte cross-sectional area (n= 8, 200 cells counted per heart; right). D, qPCR analyses of ANF
and BNP mRNA levels. E, Representative images of Masson's trichrome staining (left) and quantification of fibrotic area (right, n=8). Scale bar: 100 µm. The data are
normalized to the GAPDH content. Data are presented as mean ± SEM, and n represents number of animals, *P < 0.05 versus sham group, #P < 0.05 versus
TAC+RES.
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Fig. 3. Pressure-volume analysis of systolic and diastolic function. A, Representative left-ventricular pressure-volume loops in each group. B, Summary data on
systolic function and diastolic function. LVSP, left ventricle systolic pressure. SV, stroke volume. Ea, arterial elastance (measure of ventricular afterload). EF, ejection
fraction. -dp/dt, maximal rate of pressure decline (diastolic indexes). Data are presented as mean ± SEM, and n represents number of animals. *P < 0.05 versus
sham; #P < 0.05 versus TAC (2W); $P < 0.05 versus sham; &P < 0.05 versus TAC (4W).
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attenuated by RES (50mg/kg BW) in TAC-treated mice (Fig. 1B–C).
Since ventricular myocyte enlargement and fibrosis are hallmarks of
cardiac hypertrophic remodeling, we then examined the effect of RES
on LV cardiomyocyte size and collagen deposition. After 2 weeks of
TAC, WT mice showed an increase in the cross-sectional areas of
myocytes, fibrotic area and the mRNA expression of hypertrophic
markers (ANP and BNP) compared with sham control, and this effect
was markedly reduced by RES (50mg/kg BW) in TAC-treated mice
(Fig. 1D–E). In addition, the number of TUNEL-positive nuclei, Bax/Bcl-
2 ratio and cleaved caspase-3 level were also lower in RES-treated mice
than that in vehicle control after TAC operation (Supplemental
Fig. 1A–C). Interestingly, treatment of mice with RES at low dose
(25mg/kg BW) had no significant effect on TAC-induced cardiac

hypertrophy and dysfunction. RES treatment had no significant effect
on cardiac function, hypertrophic remodeling and myocyte apoptosis
compared with vehicle-treated control after sham operation (Fig. 1A–E,
Supplemental Fig. 1A–C). Overall, these results indicate that RES im-
proves TAC-induced compensatory cardiac hypertrophic remodeling
and dysfunction.

3.2. RES reverses preestablished cardiac hypertrophy and dysfunction

To assess whether RES reverses the preestablished cardiac hyper-
trophy, WT mice were subjected to TAC operation for 2 weeks, and then
intravenously injected with RES (50mg/kg BW) or vehicle only for an
additional 2 weeks. Administration of RES significantly restored TAC-

Fig. 4. RES attenuates pressure overload-induced activation of ATK/mTOR, inactivation of AMPK and degradation of PTEN in the heart after TAC operation. A,
Representative immunoblotting analyses of PTEN, p-AKT, AKT, p-mTOR, mTOR, p-AMPK and AMPK in the heart after sham operation. B, Quantification of the
relative protein levels (n=4). C, Representative immunoblotting analyses of PTEN, p-AKT, AKT, p-mTOR, mTOR, p-AMPKα and AMPKα in the heart after TAC
operation with or without RES treatment (left). D, Quantification of the relative protein levels (n= 4). GAPDH as an internal control. E, Lysates from heart tissues
treated with TAC or sham in the presence or absence or RES before harvest were immunoprecipitated with anti-PTEN. The ubiquitin-conjugated PTEN was detected
by immunoblotting with anti-ubiquitin (Ub, upper) and anti-PTEN (lower). Quantification of the relative Ub-PTEN level (middle). Input showed the expression of
corresponding proteins in whole cell lysates (right).
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induced decrease of cardiac contractile function as evidenced by the EF
% and FS% compared with vehicle treatment after total 4 weeks of TAC
(Fig. 2A). Furthermore, TAC-induced hypertrophic remodeling as in-
dicated by increased heart size, chamber dilation, HW/BW and HW/TL
ratios, myocyte cross-sectional areas, fibrotic area and the mRNA ex-
pression of ANF and BNP were all markedly attenuated in RES-treated
mice (Fig. 2B–E). There was no significant difference in cardiac func-
tion and hypertrophic remodeling between RES- and vehicle-treated
groups after sham operation (Fig. 2A–E). These results indicate that RES
is effective to reverse the transition from compensatory hypertrophy to
HF.

3.3. RES improves cardiac function in vivo

To further examine the protective effect of RES on cardiac function
in vivo, we performed invasive pressure-volume analysis before and
during transient reduction of chamber preload to generate specific end-
systolic and end-diastolic pressure volume relations. TAC operation for
2 weeks led to rightward shift of the loops and end-systolic pressure-
volume relation associated with enhanced left ventricle systolic pres-
sure (LVSP), arterial elastance (Ea; an index of total ventricular after-
load) and ejection fraction (EF), reduced stroke volume (SV) and
maximal rate of pressure decline (− dP/dt) compared with sham con-
trols consistent with hypertrophy remodeling, and this effect was

Fig. 5. RES reduces immunoproteasome activity and catalytic subunit expression in the heart after TAC operation. A, The proteasome activities including caspase-
like, trypsin-like, and chymotrypsin-like activities were measured in the heat after sham operation. Activities are indicated as percentages of those in sham group. B,
qPCR analyses of catalytic subunit (β1, β2, β5, β1i, β2i, and β5i) mRNA levels (n=4). C, Representative immunoblotting analyses of β1i, β2i, and β5i protein levels
(left), and quantification of the relative protein levels (right, n=4). D, The proteasome activities were measured in the heat after TAC operation with or without RES
treatment (n= 4). E, qPCR analyses of β1, β2, β5, β1i, β2i, and β5i mRNA levels. F. Representative immunoblotting analyses of β1i, β2i, and β5i protein levels (left),
and quantification of the relative protein levels (right, n=4). GAPDH as an internal control. *P < 0.05 versus sham group, #P < 0.05 versus TAC+RES.
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reversed by RES treatment (2W) (Fig. 3A–B). Moreover, TAC for 4
weeks triggered the progression of cardiac dysfunction, as indicated by
a decrease in LVSP, SV, Ea, EF and − dP/dt associated with a rightward
shift of pressure-volume relation, and a decrease in the slope of end
systolic pressure-volume relation in WT mice, which were also im-
proved when RES was administered for additional 2 weeks after hy-
pertrophy was already established (TAC-4W+RES-2W) (Fig. 3A–B).
RES treatment had no significant effect on these parameters compared
with vehicle treatment after sham operation (Fig. 3A–B).

3.4. RES attenuates PTEN degradation and activation of ATK/mTOR
signaling but induces AMPK activation in the heart after pressure overload

To elucidate the molecular mechanisms whereby RES ameliorate
TAC-induced cardiac hypertrophy and dysfunction, we evaluated mul-
tiple signaling pathways that play critical role in this process. RES
treatment had no significant effect on the main signaling mediators
such as AKT, mTOR and AMPK compared with vehicle treatment after
sham operation (Fig. 4A–B). TAC operation for 2 weeks markedly in-
duced activation of AKT, mTOR, S6K, and ERK1/2 and inhibition of
AMPK activation compared with sham controls, but this effect was re-
versed by RES in TAC-treated mice (Fig. 4C–D). It is reported that

Fig. 6. Blocking of PTEN activity suppresses RES-mediated inhibitory effect on cardiac hypertrophy. A, Representative M-mode echocardiography of left ventricular
chamber (left), and measurement of left ventricular EF% and FS% in mice after TAC in the presence or absence of RES (50mg/kg BW) together with VO-ohpic
(10mg/kg BW) (right, n= 8). B, Representative images of H&E staining (upper), TRITC-labeled WGA staining (middle) and Masson's trichrome staining (lower).
Quantification of the relative myocyte cross-sectional area (n=8, 200 cells counted per heart) and fibrotic area (right, n= 8). C, qPCR analyses of ANF and BNP
mRNA levels. D, Representative immunoblotting analyses of PTEN, p-AKT, AKT, p-mTOR, mTOR, p-AMPKα and AMPKα in the heart (left). Quantification of the
relative protein levels (right, n= 4). GAPDH as an internal control. *P < 0.05 versus TAC, #P < 0.05 versus TAC+RES.
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activation of AKT and AMPK signals are regulated by PTEN [33], which
is modulated by ubiquitin-proteasome system [9]. We then tested the
effect of RES on PTEN protein stability and ubiquitination. Im-
munoblotting analysis showed that TAC-induced downregulation of
PTEN protein, which was markedly reversed in RES-treated mice
(Fig. 4C–D). Moreover, immunoprecipitation assay revealed that TAC-
induced reduction of PTEN ubiquitination was also restored in RES-
treated hearts (Fig. 4E). These results indicate that RES can suppress
PTEN ubiquitination and degradation leading to inhibition of AKT
signaling and activation of AMPK.

3.5. RES inhibits immunoproteasome activity and catalytic subunit
expression in pressure overload hearts

To examine whether PTEN degradation is mediated by proteasome,
we evaluated the action of RES on proteasome activities and catalytic
subunit expression in the heart. RES treatment significantly blunted
TAC-induced proteasome activities, including caspase-like, trypsin-like
and chymotrypsin-like activities (Fig. 5A). Because three standard
subunits (β1, β2 and β5) and immonosubunits (β1i, β2i and β5i) have
the proteasome activity, we then examined their expression using qPCR
analysis. Although RES treatment reduced proteasome activities (cas-
pase-like, trypsin-like and chymotrypsin-like) and the mRNA levels of
proteasome subunits (β1, β2, β5, β1i, β2i and β5i) compared with ve-
hicle control, there was no statistically significant difference between
two groups after sham operation (Fig. 5A–C). Moreover, RES sig-
nificantly inhibited the mRNA levels of immonosubunits (β1i, β2i and
β5i) but not standard subunits (β1, β2 and β5) in the hypertrophic
hearts after TAC stress. Accordingly, TAC-induced upregulation of the
protein levels of immonosubunits (β1i, β2i and β5i) were also reduced
in RES-treated heart tissues (Fig. 5D–F). Thus, these results suggest that
RES prevents PTEN degradation likely through inhibiting im-
munoproteasome subunit expression and activities in TAC-induced
hypertrophic heart.

3.6. Blocking of PTEN activity attenuates RES-mediated inhibitory effect on
cardiac hypertrophy in mice

To further test whether PTEN is involved in TAC-induced cardiac
hypertrophy and dysfunction after RES treatment, we treated mice with
PTEN specific inhibitor VO-OHpic in the presence or absence of RES for
2 weeks. RES treatment markedly improved TAC-induced cardiac
contractile dysfunction as indicated by increased FS% and EF%
(Fig. 6A), attenuated cardiac cardiomyocyte hypertrophy, interstitial
fibrosis and the mRNA expression of ANF and BNP, whereas these ef-
fects were reversed by VO-OHpic treatment (Fig. 6B–C). Correspond-
ingly, RES treatment-induced upregulation of PTEN, inactivation of
AKT/mTOR signaling and activation of AMPK were also reversed by
VO-OHpic in RES-treated mice (Fig. 6D). Taken together, these results
suggest that RES blocks TAC-induced cardiac hypertrophy through
enhancing PTEN stability.

3.7. RES blocks immunoproteasome activity and expression leading to
inhibition of PTEN degradation in vitro

To verify the effect of RES on cardiomyocyte hypertrophy and the
underlying mechanism in vitro, we treated neonatal at cardiomyocytes
(NRCMs) with RES at a dose of 100 μM, and found that it had no sig-
nificant toxic effect on cardiomyocytes by TUNEL staining. Consistent
with the findings in TAC-operated mice (Fig. 4E and D–F), RES treat-
ment significantly reduced Ang II-induced increase of proteasome cas-
pase-like, trypsin-like and chymotrypsin-like activities and the protein
levels of β1i, β2i and β5i in NRCMs compared with saline control
(Fig. 7A–B). Accordingly, RES treatment reversed Ang II-induced de-
crease of PTEN ubiquitination (Fig. 7C) and protein level (Fig. 7D, lane
4 versus 3). These results indicate that RES can inhibit im-
munoproteasome activity and subunit expression leading to enhanced
PTEN stability in vitro.

Fig. 7. RES inhibits immunoproteasome activity and PTEN degradation in vitro. A, The proteasome activities (caspase-like, trypsin-like and chymotrypsin-like) were
measured in neonatal rat cardiomyocytes (NRCMs) treated with RES (100 μM) or vehicle and stimulated with Ang II (100 nM) for 24 h (n=6). B, Representative
immunoblotting analyses of β1i, β2i and β5i protein levels in NRCMs treated as in A (n= 3, left). Quantification of the relative protein levels (right). GAPDH as an
internal control. C, Lysates from NRCMs treated with Ang II or saline in the presence or absence or RES before harvest were immunoprecipitated with anti-PTEN. The
ubiquitin-conjugated PTEN was detected by immunoblotting with anti-ubiquitin (Ub, upper) and anti-PTEN (lower). Quantification of the relative Ub-PTEN level
(right, n= 3). D, Input showed the expression of corresponding proteins (Ub and PTEN) in whole cell lysates (right).
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3.8. Inhibition of PTEN abolishes protective effect of RES on cardiomyocyte
hypertrophy in cultured cardiomyocytes

To test whether PTEN is involved in RES inhibitory effect on car-
diomyocyte hypertrophy in vitro, we pretreated neonatal at cardio-
myocytes (NRCMs) with PTEN specific inhibitor VO-OHpic and then
stimulated with Ang II (100 nm) for 24 h. Immunoblotting analysis
showed that RES treatment markedly inhibited Ang II-induced de-
gradation of PTEN, activation of AKT and mTOR and inactivation of
AMPK (Fig. 8A–B, lane 4 versus 3), but this effect was reversed by VO-
OHpic (Fig. 8A–B, lane 5 versus 4). Moreover, Ang II-induced decrease
of mitochondrial membrane potential as indicated by staining with

MitoTracker Red and increase of NAD/NADH ratio and cardiomyocyte
size were attenuated by RES (Fig. 8C–E, lane 4 versus 3), suggesting
that RES improves Ang II-induced mitochondrial dysfunction. Con-
versely, this effect reversed by VO-OHpic (Fig. 8A–B, lane 5 versus 4).
In addition, VO-OHpic treatment also reduced levels of PTEN, AMPK
phosphorylation, mitochondrial membrane potential but induced acti-
vation of AKT/mTOR, increase of NAD/NADH ratio and cardiomyocyte
size compared with vehicle control after saline treatment (Fig. 8A–E,
lane 2 versus 1). Collectively, these results demonstrate that RES sup-
press Ang II-induced cardiomyocyte hypertrophy through inhibiting
degradation of PTEN by immunoproteasome in vitro.

Fig. 8. RES inhibits cardiomyocyte hypertrophy through blocking hypertrophic signals and improving AMPK-mediated mitochondrial function in vitro.
A–B, Representative immunoblotting analyses of PTEN, p-AKT, AKT, p-mTOR, mTOR, p-AMPKα and AMPKα in neonatal rat cardiomyocytes (NRCMs) treated with
RES (100 μM) or vehicle with or without PTEN inhibitor VO-ohpic (5 μM) and then stimulated with Ang II (100 nm) for 24 h (n= 3, left). Quantification of the
relative protein levels (right). GAPDH as an internal control. C, Analysis of mitochondrial membrane potential in NRCMs (left) with MitoTracker Red immunostaining
(left), and quantification of the relative fluorescence intensity (right). D, NAD/NADH ration. E. Representative images of double immunostaining (red for α-actinin,
blue for DAPI) of NRCMs treated as D (left). Scale bar: 50 µm. Quantification of myocyte surface area. (150 cells counted per experiment; n= 3, right) * P < 0.05
versus saline; #P < 0.05 versus saline; $P < 0.05 versus Ang II; &P < 0.05 versus Ang II.
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4. Discussion

The present results clearly elucidated a novel potential mechanism
for RES connecting immunoproteasome, PTEN and the downstream
signals (AKT/mTOR and AMPK) in the regulation of cardiac hyper-
trophic remodeling. Administration of RES significantly attenuated and
reversed TAC-induced cardiac hypertrophic remodeling and dysfunc-
tion in mice. The inhibitory effect of RES on cardiomyocyte hyper-
trophy was confirmed in vitro. Mechanistically, RES inhibits im-
munoproteasome catalytic subunit (β1i, β2i and β5i) expression and
activity, which blocked PTEN degradation and caused inhibition of
AKT/mTOR and activation of AMPK thereby improving hypertrophic
remodeling and dysfunction (Fig. 9). Hence, this study suggests that
RES is a new inhibitor of the immunoproteasome, and may rep resent a
promising therapeutic agent for treating hypertrophic diseases.

Sustained pressure overload induces cellular, molecular and mor-
phologic changes in the heart, which contribute to maladaptive and
progressive cardiac dysfunction and HF [1,2]. This response involves
multiple mechanisms, including activation of neurohormal system, cell
apoptosis, oxidative stress, calcium handling and inflammation [1,2].
Although treatment of HF with angiotensin II receptor blockers, an-
giotensin converting enzyme inhibitors, diuretics and β-blockers, the
mortality rate still remains high. Thus, it is essential to develop new
therapeutic approaches for treating hypertrophy and HF. RES is a
polyphenol compound that plays a critical role in improving cardiac
hypertrophy and dysfunction in different hypertrophic models through
multiple mechanisms [14,26,27,34,35]. In this study, we extended
previous findings and discovered for the first time that RES prevented
and reversed pressure overload-induced cardiac dysfunction and hy-
pertrophic remodeling. This effect was associated with inhibition of
immunoproteasome subunit expression and activity, which suppressed
PTEN degradation leading to inactivation of AKT/mTOR and activation
of AMPK.

The expression of immunoproteasome subunits is generally lower
under basal conditions but can be induced for cells in response to

various stimuli, such as cytokines, heat shock and H2O2 [10]. Recent
studies indicate that multiple hypertrophic stimuli such as Ang II, iso-
proterenol (ISO), high-salt and pressure overload also significantly
upregulate expression and proteolytic activity of immunoproteasome in
the heart [11,12,36,37], suggesting that increased expression of im-
munoproteasome subunits may play an important role in enhancing
cardiac hypertrophic remodeling. Indeed, activation of standard or
immunoproteasome is required for the development of cardiac hyper-
trophy and AF after Ang II, high salt, ISO or pressure overload
[11,12,37,38]. In contrast, blocking proteasome activity by inhibitors
such as PS-519, MG132, and epoxomicin remarkably attenuates or re-
verses cardiac fibrosis and hypertrophy induced by these stresses
[36,37,39,40]. Moreover, some food-derived factors such as resveratrol,
quercetin and δ-tocotrienol showed the ability to inhibit proteasome
activity, which improves inflammation and atherosclerosis [41]. Here
we presented first evidence that RES predominantly attenuated im-
munoproteasome catalytic subunits (β1i, β2i and β5i) and activity in
TAC-treated hearts and Ang II-stimulated cardiomyocytes (Figs. 5 and
7). Thus, these results indicate that RES is a new inhibitor of im-
munoproteasome that may suppress PTEN degradation in cardiomyo-
cytes.

PTEN has emerged as a critical regulator for PI3K/AKT/mTOR and
PINK1-AMPK pathways involved in the governance of cardiac hyper-
trophy and dysfunction [7,8,42]. Cardiomyocyte-specific deletion of
PTEN in mice results in activation of mTOR and suppression of au-
tophagy and subsequent hypertrophic cardiomyopathy, while these
effects are reversed by inhibition of mTOR by rapamycin [42]. More-
over, deletion of PTEN in cardiomyocytes inhibits activation of PINK1-
AMPK signaling and autophagy leading to cardiac hypertrophy and
dysfunction. Conversely, activation of AMPK by metformin rescued
against PTEN deletion-induced these anomalies [8]. These data de-
monstrate an essential role for cardiomyocyte PTEN in maintaining
cardiac homeostasis. Recently, our study showed that PTEN also in-
hibits atrial fibrosis via attenuating AKT and TGF-β/Smad2/3 signaling
[12]. However, the signaling regulatory machineries in cardiac home-
ostasis remain elusive for PTEN. One possible pathway participating in
PTEN signaling may be ubiquitin-mediated proteasomal degradation
[9]. Indeed, several studies have shown that immunoproteasome sub-
units such as β1i and β2i are involved in regulation of PTEN protein
level [12,43]. Knockout of β1i blocks PTEN degradation leading to
inhibition of AKT activation in ischemic hearts [43]. Deletion of β2i
also enhances PTEN stability leading to inhibition of AKT/IKK/NF-κB
signaling in atrial fibrillation (AF) [12]. In this study, we provide new
evidence demonstrating that RES significantly reduced degradation of
PTEN leading to AKT/mTOR inactivation, MAPK activation and in-
hibition of cardiac hypertrophy after Ang II or pressure overload.
However, blocking of PTEN activity by VO-OHpic markedly reversed
these effects (Figs. 1, 4 and 6). Together, these results indicate that RES
inhibits cardiac hypertrophic remodeling through attenuation of PTEN
degradation.

In summary, the present study for the first time demonstrated that
RES treatment markedly ameliorates and reversed cardiac hypertrophic
remodeling and dysfunction after pressure overload. Mechanistically,
RES inhibited immunoproteasome, which blocked PTEN degradation
leading to inhibition of AKT/mTOR and activation of AMPK pathways.
Therefore, these findings suggest that RES is a novel inhibitor of im-
munoproteasome, and might be a novel therapeutic agent for treatment
of cardiac hypertrophy and dysfunction. However, further studies are
need to elucidate the mechanism for RES to regulate the im-
munosubunit expression.
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