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Poly(ADP-ribosyl)ation catalyzed by the poly(ADP-ribose) polymerases (PARPs) is an immediate post-
translational modification of proteins with a homopolymeric chain of repeating ADP-ribose units. It is
involved in various cellular processes, such as cell survival and death, transcription, DNA repair and cell
division. Inhibitors of PARPs have been documented to be useful in different pathological conditions.

Keywords: Recently, activation of PARP-1, the founding member of PARP family, has been revealed to participate
:ﬁgpl'z in the development and progression of cardiac hypertrophy and heart failure. However, the roles of other
Angll PARPs in cardiovascular system remain to be clarified. PARP-2 shares 69% similarity with PARP-1 in cat-

alytic domains, but their functions do not fully overlap. In this study, we show the first evidence that
PARP-2 is involved in cardiac hypertrophy. The mRNA and protein levels of PARP-2 were significantly
increased in Angll-stimulated rat cardiomyocytes as well as in hearts of rats submitted to pressure over-
load. PARP-2 knockdown protected cardiomyocytes from hypertrophy, which may be attributed to acti-
vation of SIRT1. These findings shed new light on the understanding of PARP-2-related cardiomyopathy,

Cardiac hypertrophy

and suggest the potential application of PARP-2 inhibitors in cardiac hypertrophy.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cardiac hypertrophy is an adaptive response of the heart to
chronic pressure or volume overload, characterized by an increase
in cell size, enhanced protein synthesis and reactivation of a fetal
cardiac gene program [1-3]. Although cardiac hypertrophy may
initially be compensatory, sustained pathologic hypertrophy is del-
eterious and may lead to heart failure. During the last decades, ma-
jor strides have been made in understanding and managing cardiac
hypertrophy. However, the signaling mechanisms leading to this
complex clinical syndrome remain to be clarified [4].

Abbreviations: AAC, abdominal aortic constriction; Angll, angiotensinll; PARPs,
poly(ADP-ribose) polymerases; NAD, nicotinamide adenine dinucleotide; ATP,
adenosine triphosphate; SD, Sprague-Dawley; DMEM, Dulbecco’s modified Eagle’s
medium; ANF, atrial natriuretic factor; BNP, brain natriuretic polypeptide; p-MHC,
myosin heavy chain B; qRT-PCR, quantitative real-time polymerase chain reaction.
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Poly(ADP-ribose)polymerases (PARPs) constitute a family of
proteins that catalyze the conversion of nicotinamide adenine
dinucleotide (NAD) into long poly(ADP-ribose) (PAR) chains [5,6].
These highly negatively charged PAR chains can be attached to
acceptor proteins, thereby altering their function [7,8]. The most
extensively studied member of the PARP family, PARP-1, can pri-
marily act as a DNA damage sensor in the nucleus. It becomes acti-
vated in response to DNA single-strand breaks induced by free
radical and oxidant cell injury [9]. In physiological conditions, mild
PARP-1 activation regulates many cellular processes, including
DNA repair, gene transcription, cell survival and chromatin remod-
eling [5,10,11]. However, overactivation of PARP-1 depletes its
substrate, NAD, slowing the rate of glycolysis, electron transport,
and ATP formation, eventually leading to the functional impair-
ment or death of the endothelial cells and cardiomyocytes [9,12].
Thus, PARP-1 has been implicated in a variety of cardiovascular
diseases, such as myocardial ischemia/reperfusion injury, circula-
tory shock, diabetic cardiovascular complications, and atheroscle-
rosis [13,14]. Data obtained from using PARP-1 inhibitors have
also documented a role of PARP-1 activation in the development
and progression of pressure-overload cardiac hypertrophy and
heart failure [15,16].
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To date, 17 human PARP family members have been identified
[17]. Among these members, PARP-1 and PARP-2 are so far the only
PARPs whose catalytic activity has been shown to be induced by
DNA-strand interruptions [18]. PARP-2 possesses a catalytic do-
main structurally similar to PARP-1, whereas it is less active than
PARP-1, contributing only 5-10% of the total PARP activity in re-
sponse to DNA damage [19]. Moreover, PARP-1 and PARP-2 have
different DNA and protein targets, indicating specific pathophysio-
logical functions of them, which have started to be recognized. Re-
cently, researches have revealed that PARP-2 is involved in specific
processes, such as genome surveillance, spermatogenesis, adipo-
genesis and T cell development [17,20]. However, the potential role
of PARP-2 in cardiovascular system has not yet been determined.

In this study, we show the first evidence that PARP-2 may par-
ticipate in cardiac hypertrophy. The expression of PARP-2 is obvi-
ously upregulated in Angll-treated cardiomyocytes as well as in
hearts of rats submitted to pressure overload. PARP-2 deletion pro-
tects cardiomyocytes from hypertrophy which may be attributed
to activation of the key member of sirtuins (SIRT) family, SIRT1.
These findings shed new light on the understanding of PARP-2-
mediated cardiomyopathy, and suggest the rational development
and exploitation of specific PARP-2 inhibitors against cardiac
hypertrophy.

2. Materials and methods
2.1. Animal experiments

Sprague-Dawley (SD) rats (male, weighing 180-200g, SPF
grade, Certification No. 0067950) were supplied by the Experimen-
tal Animal Center of Sun Yat-Sen University (Guangzhou, PR Chi-
na). Pressure overload was induced in rats by abdominal aortic
constriction (AAC) according to procedure reported by others
[21]. Briefly, rats were anaesthetized with sodium pentobarbital
(30 mg/kg, intraperitoneal injection). Fentanyl (0.16 mg/kg, subcu-
taneous injection) was given as an analgesic agent. Under sterile
conditions, the abdominal aorta above the kidneys was exposed
through a midline abdominal incision and constricted at the supra-
renal level with a 4-0 silk suture tied around both the aorta and a
blunted 22-gauge needle. The needle was promptly removed after
constriction. Sham-operated animals underwent a similar proce-
dure without banding the aorta. The investigation conformed to
the Guide for the Care and Use of Laboratory Animals (NIH Publi-
cation No. 85-23, revised 1996), and was approved by the Institu-
tional Ethics Review Board of Sun Yat-Sen University.

2.2. Cell culture

Primary cultures of neonatal rat cardiomyocytes were isolated
from the hearts of 1- to 3-day-old SD rats as we previously de-
scribed. Cells were seeded at a density of 1 x 10° cells/well onto
6-well plates in DMEM supplemented with 10% fetal bovine serum
(FBS) and 5-bromodeoxyuridine (0.1 mM). Forty-eight hours later,
the culture medium was replaced with DMEM containing 0.1% FBS.
After incubation for 24 h, the cells were further treated with or
without Angll for indicated time [22].

2.3. Echocardiography and morphometric measures

At 4 weeks after AAC surgery, two-dimensionally guided M-
mode echocardiography was performed using a Technos MPX
ultrasound system (ESAOTE, Italy) equipped with a 8.5-MHz imag-
ing transducer as previously reported [23]. For morphometric mea-
sures, some rats were perfusion-fixed and sacrificed. The hearts
were carefully excised, and the fixed transverse sections and longi-

tudinal sections of the hearts were embedded in paraffin, cut into
5 um cross sections, and stained with hematoxylin-eosin (HE).
Other rats were executed by decapitation, and heart weight was
determined. The left ventricle (LV) was then carefully trimmed
away from the right ventricle and atria. Heart weight (HW) and left
ventricle weight (LVW) were expressed relative to body weight
(BW).

2.4. Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA from cultured cells or heart tissues was extracted
with Trizol reagent (Invitrogen) according to manufacturer’s
instruction. One microgram of total RNA was reverse transcripted
using One-step RT Kit (Takara Biotechnology) and the resulting
cDNA was used as a PCR template. The mRNA expression levels
were determined using SYBR-Green Quantitative PCR kit (Takara
Biotechnology) by iCycler iQ system (Bio-Rad). Amplification con-
ditions were 15 min at 95 °C, followed by 40 cycles of 30s at
95°C, 1 min at 55°C and 30s at 72 °C. A dissociation curve was
generated to verify that the majority of fluorescence detected
could be attributed to the labeling of specific PCR products, and
to verify the absence of primer-dimers and sample contamination.
All PCR reactions were done in triplicate. Rat-specific primers (Sup-
plementary Table 1) for PARP-1, PARP-2, SIRT1, atrial natriuretic
factor (ANF), brain natriuretic polypeptide (BNP), and myosin hea-
vy chain B (B-MHC) were synthesized by Invitrogen. GAPDH served
as an endogenous control.

2.5. Western blot analysis

Goat anti-PARP-2 polyclonal antibody (Sigma, diluted 1:200)
and rabbit anti-SIRT1 polyclonal antibody (Sigma, diluted
1:1000) were used as primary antibodies. Mouse anti-a-tubulin
monoclonal antibody (Sigma, diluted 1:10,000) served as loading
control. Briefly, protein was separated by SDS-PAGE gel electro-
phoresis, and then transferred to PVDF membranes (Millipore).
After blocking with 5% nonfat milk, the membranes were incu-
bated with primary antibodies, followed by incubation with appro-
priate horseradish peroxidase (HRP)-labeled second antibodies.
Immunoreactive bands were detected with the Super-Signal West
Pico Chemiluminescent Substrate (Pierce). The intensity of protein
bands was analyzed by LabWorks software (Bio-Rad).

2.6. Measurement of cell surface area

Rhodamine-phalloidin (Invitrogen) was employed to visualize
actin fragment by fluorescence microscopy. Cardiomyocytes grown
on coverslips were fixed with 4% paraformaldehyde in PBS for
15 min at room temperature, and further incubated with 0.1% rho-
damine-phalloidin and 0.1% saponin for 1 h. After washed with
PBS, coverslips were mounted in prolong Gold anti-fade reagent
with DAPI (Invitrogen) and inspected with a confocal microscope
(Zeiss 710).

2.7. RNA interference

Three different duplex siRNAs (Supplementary Table 2) for
PARP-2 (si001, si002, and si003), SIRT1 (siSIRT1), and negative con-
trol siRNA were purchased from Genepharma (Shanghai, PR China).
Rat cardiomyocytes were transfected with siRNAs, respectively, by
using Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions. At 48 h after transfection, qRT-PCR and Wes-
tern blot were employed to compare silencing efficiency of
different duplex siRNAs.
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2.8. Statistical analysis

Data were presented as mean + SE. Statistical analyses between
two groups were performed by unpaired Student’s t-test. Differ-
ences among groups were tested by one-way analysis of variance
(ANOVA) with Tukey’s post hoc test. In all cases, differences were
considered statistically significant with P < 0.05.

3. Results

3.1. Expression of PARP-2 in neonatal rat cardiomyocytes treated with
Angll

Angll is an well-established neurohumoral factor that can stim-
ulate cardiac hypertrophy [24]. As shown in Fig. 1A and B, the
mRNA levels of PARP-2 in cultured neonatal rat cardiomyocytes
were enhanced in a dose and time dependent manner responding
to Angll stimulation. Angll treatment also resulted in significant
upregulation of PARP-2 protein expression (Fig. 1C and D).

3.2. Expression of PARP-2 in heart tissues of AAC rats

Abdominal aortic constriction surgery was performed to pro-
duce pressure overload hypertrophy in rats. At 8 weeks after sur-
gery, the hearts of rats submitted to AAC presented typical
hypertrophic changes (Fig. 2A and B) and obvious cross-sectional
area of cardiomyocytes as indicated by HE staining (Fig. 2C). The
heart weight to body weight (HW/BW) ratio and left ventricle
weight to body weight (LVW/BW) ratio were both increased in
AAC rats comparing with sham-operated animals (Supplementary
Table 3). The echocardiography revealed that IVSd, IVSs, LVPWd
and LVPWs were significantly increased, whereas LVIDs was de-
creased after AAC (data not shown). And the expression of hyper-
trophy marker genes including ANF, BNP and B-MHC mRNA was
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significantly increased in AAC rats (Fig. 2D). These results conver-
gently suggested the successful induction of cardiac hypertrophy
by AAC surgery. In addition, as shown in Fig. 2E and F, both protein
and mRNA expression of PARP-2 were significantly upregulated
after 8 weeks of pressure overload induced by AAC.

3.3. PARP-2 knockdown protected cardiomyocytes from Angll-induced
hypertrophy in neonatal rat cardiomyocytes

To investigate the potential effect of PARP-2 on cardiac hyper-
trophy, we took the approach of RNA interference to knock down
the endogenous PARP-2 in neonatal rat cardiomyocytes. Quantita-
tive RT-PCR and Western blot was performed to evaluate the effi-
cacy of three independent siRNAs, marked si001, si002, and
si003. As shown in Fig. 3A and B, si003 reduced the mRNA and pro-
tein expression of PARP-2 by 79% and 81%, respectively (P < 0.01,
compared with control), and did not interfere with PARP-1, exhib-
iting potential efficacy and selectivity for PARP-2 silence. There-
fore, it was used in the following experiments. The cell surface
area and mRNA levels of ANF, BNP and B-MHC were measured after
transfection (Fig. 3C and D). The results revealed that the downreg-
ulation of PARP-2 by si003 (siPARP-2) could inhibit the increase in
cell surface area as well as high expression of hypertrophic bio-
markers induced by Angll treatment (100 nM for 24 h).

3.4. SIRT1 participates in the anti-hypertrophic effect of PARP-2
knockdown

PARP-2 was knocked down in neonatal rat cardiomyocytes by
using siRNA, and then SIRT1 expression was detected by qRT-PCR
and Western blot, respectively. As shown in Fig. 4A and B, the
mRNA and protein levels of SIRT1 were both significantly upregu-
lated following PARP-2 knockdown. Although PARP-2 deletion
attenuated Angll-induced increase in cell surface area and mRNA
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Fig. 1. PARP-2 expression was increased in neonatal rat cardiomyocytes following Angll treatment. Cultured neonatal rat cardiomyocytes were treated with various
concentrations of Angll for 24 h or with 100 nM AnglI for indicated time points. The mRNA and protein levels of PARP-2 were determined by qRT-PCR (A and B) and Western
blot (C and D), respectively. The results were normalized (mRNA by GAPDH and protein by a-tubulin) and then presented as the fold of control levels. *P < 0.05, **P < 0.01 vs.

control, n = 6.
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Fig. 2. PARP-2 mRNA and protein expression were upregulated in abdominal aortic constriction rats. Pressure overload was induced by AAC in rats. At 8 weeks after surgery,
the hypertrophic changes and PARP-2 expression in heart tissues were determined. (A) Gross hearts from AAC and sham-operated rats (Sham). (B and C) HE staining for
transverse section and longitudinal section of hearts. (D) The mRNA levels of ANF, BNP and B-MHC were determined by qRT-PCR. (E and F) The protein and mRNA levels of
PARP-2 were detected by Western blot and qRT-PCR, respectively. *P < 0.05 vs. sham, n = 8. Scale: 1 mm (A and B); magnification: x40 (C).

expression of ANF, BNP and B-MHC, this anti-hypertrophic effect
was nearly abolished when SIRT1 was simultaneously knocked
down (Fig. 4C and D). The potential efficacy of siSIRT1 was shown
in Supplementary Fig. 1. These results suggested the involvement
of SIRT1 activation in the protective effect of PARP-2 knockdown
against cardiac hypertrophy.

4. Discussion

PARP-2 participates in abundant cellular processes such as DNA
repair and maintenance of genomic integrity [8,18]. It is essential
for the transcriptional regulation of metabolism and oxidative
stress responses [25,26]. However, the potential roles of PARP-2
in cardiovascular system have not yet been reported. In the present
study, we found that PARP-2 mRNA and protein levels were signif-
icantly unregulated following Angll treatment in cardiomyocytes
(Fig. 1). Elevated PARP-2 expression was also observed in heart tis-
sues from SD rats submitted to AAC-induced pressure overload
(Fig. 2E and F). Furthermore, our results showed that specific
knockdown of PARP-2 by RNA interference could markedly block
the hypertrophic responses stimulated by Angll (Fig. 3C and D).
To our best knowledge, these findings provide the first evidence
suggesting the involvement of PARP-2 in cardiac hypertrophy.

Angll is an established neurohumoral factor that induces car-
diac hypertrophy [24]. During the last decades, multiple signaling
pathways that regulate Angll-mediated cardiac hypertrophy re-
sponse have been identified, including activation of PKC, MAPKs,
and the production of reactive oxygen and nitrogen species. How-
ever, the downstream targets and nuclear integrators of Angll-
mediated cardiac growth response are not yet fully understood
[27]. PARP is known to be activated by cell oxidative stress. Be-
cause oxidative stress is also considered a main component of An-
gll-mediated cell signaling, it was postulated that PARP could be a
downstream target of Angll-induced signaling leading to cardiac
hypertrophy [15]. Angll can activate membrane-bound NADPH
oxidases, leading to increased production of reactive oxygen and
nitrogen species. In addition, Angll stimulation of cardiomyocytes
causes DNA damage [28,29], which is another profound stimulus
of PARP activation. PARP-1 is the founding PARP family member,
which has been the most extensively studied [9]. Recently, Pillai
et al. has demonstrated that PARP-1 is activated during Angll-in-
duced cardiomyocyte hypertrophy, and mice deficient in the
PARP-1 gene are protected from Angll-mediated hypertrophy
[27]. Our data presented here extend these previously reported
intracellular cascades of Angll pathway and document that PARP-
2 is a downstream nuclear target of Angll-mediated signaling, lead-
ing to myocardial hypertrophy.
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PARP-2 was discovered as a result of the presence of residual
DNA-dependent PARP activity in embryonic fibroblasts derived
from PARP-1-deficient mice. Its catalytic domain has the strongest
resemblance to that of PARP-1 with 69% similarity. Most of the
published data on PARP-1 and PARP-2 integrate the unique prop-
erty of these two DNA-dependent enzymes to detect DNA interrup-
tions acting as potent enzymatic coactivators during various
physiological or pathological processes [18]. They clearly partici-
pate in the first line of defense of the genome as efficient DNA-
break sensors and signaling molecules as a part of a survival pro-
gram [30]. However, PARP-2 deficient mice display specific pheno-
types, indicating that PARP-1 and PARP-2 functions are
complementary but do not fully overlap [17,31]. PARP-2 preferen-
tially heteromodifies histone H2B, whereas PARP-1 preferentially
modifies histone H1 in isolated nuclei. The DNA-binding domain
of PARP-2 differs from that of PARP-1 and it targets DNA gaps
but not nicks. Furthermore, specific partners of PARP-2 are begin-
ning to be discovered, such as the telomeric protein TRF2 [32].
These evidences convergently suggest that a better understanding
of the specific molecular pathways involving PARP-2 will be essen-
tial in the identification of new target molecules and the design of
new therapeutic approaches.

Poly(ADP-ribosyl)ation by PARP requires NAD as substrate for
generating ADP-ribose monomers. The overactivation of PARP
may deplete the stores of cellular NAD and induce a progressive
ATP depletion, thereby altering the functions and activities of
NAD-dependent enzymes. The sirtuin family, which belongs to
class III of histone deacetylases (HDACs), is implicated in the con-
trol of critical cellular processes such as differentiation, prolifera-
tion, apoptosis, metabolism and aging [33]. Since the activity of
sirtuins is NAD-dependent and susceptible to the availability of
NAD content, reduced cellular levels of NAD will attenuate the SIRT
deacetylase activity. The best-characterized sirtuins, SIRT1, is indi-
cated to protect the heart from hypertrophy, metabolic dysregula-
tion, and inflammation [34,35]. Previous studies have
demonstrated that the modulation of intracellular NAD levels by
PARP-1 critically influences SIRT1 activity [36]. However, PARP-2
is not a major PARP enzyme in the cell and, therefore, is not likely
to significantly influence NAD homeostasis. Rather, PARP-2 im-
pacts on SIRT1 by directly interacting with the SIRT1 promoter,
where it acts as a negative regulator for SIRT1 expression [25]. Con-
sistently, we found that the mRNA and protein levels of SIRT1 were
both significantly upregulated following PARP-2 knockdown in
cultured neonatal rat cardiomyocytes (Fig. 4A and B). Moreover,
PARP-2 deletion attenuated Angll-induced hypertrophic responses
as indicated by decrease in cell surface area and fetal gene expres-
sion, but its effect was abolished when SIRT1 was simultaneously
knocked down by RNA interference (Fig. 4C and D). These findings
suggest that the protective effect of PARP-2 knockdown against
cardiac hypertrophy may be at least partially attributed to SIRT1
activation.

In summary, our present study shows that PARP-2 expression is
unregulated in response to hypertrophic stimuli in vitro and
in vivo. PARP-2 knockdown protects cardiomyocytes from hyper-
trophy, which may be mediated via activation of SIRT1. Under-
standing this novel role of PARP-2 might provide clues to the
rational development and exploitation of specific PARP-2 inhibi-
tors in a clinical setting and the design of new therapeutic ap-
proaches in different pathophysiological conditions including
cardiac hypertrophy.
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