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Abstract: Objective: We aimed to explore the mechanism by which silencing poly (ADP-ribose) polymerase-1 (PARP-1)
improveses the heart function and cardiomyocyte proliferation and apoptosis in rat model of heart failure. Methods:
The rats were assigned into the following groups: the sham, model (rat model of heart failure), sham+PARP-1 NC
(injected with 0.3 mL of phosphate-buffered saline containing recombinant adenovirus with irrelevant sequences),
model+PARP-1 NC, and model+PARP-1 siRNA (injected with 0.3 mL of phosphate-buffered saline solution contain-
ing recombinant adenovirus expressing small interfering RNA (siRNA) targeting PARP-1). The rats’ heart function,
levels of PARP-1, Cyclin D1, Bax, and caspase-3, cardiomyocyte viability, and cardiomyocyte apoptosis were exam-
ined in each group. Results: Compared with the sham group, the values of left ventricular ejection fraction (LVEF)
and fractional shortening, cardiomyocyte viability and the expression levels of Cyclin D1 and Bcl-2 were lower in the
model, model+PARP-1 NC, and model+PARP-1 siRNA groups, whereas the expression levels of PARP-1, Bax, and
caspase-3, the values of left ventricular posterior wall thickness at end-diastole (LVPWd), interventricular septum
thickness at end-diastole (IVSd), left ventricular end-systolic diameter (LVESD), and left ventricular end-diastolic
diameter (LVEDD), and the cell apoptosis rate were higher in these groups (all P<0.05). Compared with the model
group, the values of LVEF and fractional shortening, the cardiomyocyte viability, and the expression levels of Cyclin
D1 and Bcl-2 were higher in the model+PARP-1 siRNA group, whereas the expression levels of PARP-1, Bax, and
caspase-3, the values of LVPWd, IVSd, LVEDD, and LVESD, and the cell apoptosis rate were lower in this group (all
P<0.05). Conclusion: Silencing PARP-1 gene can improve cardiomyocyte viability, inhibit cardiomyocyte apoptosis,
and improve heart function in rats with heart failure.
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myocyte is essential in the study on the heart
function of patients with heart failure.

Introduction

Cardiovascular disease is a life-threatening dis-

ease and has become a major health issue in
China. The proportion of deaths caused by
heart failure due to ventricular remodeling has
been rising in patients with cardiovascular dis-
ease [1, 2]. One of the major symptoms in
patients with heart failure is dysfunction in
heart systole and diastole [3]. Loss of a large
number of cardiomyocytes and decreased car-
diomyocyte contractility are considered to be
the primary reasons for the deterioration of left
ventricular function in these patients [4, 5].
Therefore, investigating the changes of cardio-

Poly (ADP-ribose) polymerase-1 (PARP-1), exist-
ing mainly in eukaryotic cells, is a proteinase
that can catalyze poly ADP-ribosylation in
human body [6]. This enzyme participates in
DNA repair, gene integrity maintenance, and
cell apoptosis regulation within a cell [7-9].
Many studies have demonstrated that PARP-1
plays a critical role in the pathogenesis of can-
cer [10]. In recent years, many researchers
have reported that aberrant expression of
PARP-1 is also closely associated with cardio-
vascular diseases [11]. It has been shown that
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Table 1. Sequence silencing

siRNA Target sequence
siRNA PARP-1 GGTACCATCCAACTTGCTT
Ad-CMV-EGFP TTTATAGAGGTTGTACTCC

Note: PARP-1: poly (ADP-ribose) polymerase-1; siRNA:
small interfering RNA.

increased expression of PARP-1 promotes car-
diomyocyte apoptosis during the onset of heart
failure in mice [12]. In addition, in a study by
Pacher et al., it was found that the expression
level of PARP-1 increases significantly in con-
genital heart disease, heart failure, and arrhyth-
mia [13]. Also, some studies have documented
that the loss of PARP-1 is of great significance
to the improvement of heart function in patients
with Chagas disease [14]. These findings indi-
cate that PARP1 is involved in the pathogenesis
of cardiovascular diseases including heart fail-
ure. Moreover, PARP-1 overactivation has been
found in neurodegenerative diseases such as
Parkinson’s disease and Alzheimer’s as well as
in diseases related to oxidative stress and
mitochondrial dysfunction such as acute cere-
bral ischemia and cerebral ischemia-reperfu-
sion [15]. However, the mechanism regarding
how this gene affects cardiovascular diseases
and patients’ heart function remains unclear.
Therefore, our study aimed to investigate the
impacts of PARP-1 gene on the cardiomyocyte
proliferation and apoptosis as well as heart
function in the rat model of heart failure, in an
effort to find the potential treatment target for
patients with heart failure.

Materials and methods
Study subjects and model creation

Fifty-five male Wistar rats at one week of age
were chosen for this study (supplier: Better
Biotechnology Co., Ltd., Nanjing, China). The
conditions for raising the rats met the stan-
dards for care and use of experimental animals
in medical research. The room temperature
was set at 22+2°C, and relative humidity was
set at 60+2%. The rats did not undergo fasting
before the operation. They were fed with stan-
dard granular feed and had ad libitum access
to food and water. The circadian cycle was 12
hours. Twenty rats were randomly picked out of
the 55 rats and assigned to the sham group,
while the rest 35 rats were used for the estab-
lishment of the disease model. The mouse
model of heart failure following myocardial
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infarction was constructed by ligating the left
coronary artery at the lower edge of left atrial
appendage in rats. In the sham group, the rats
were only treated with threading without liga-
tion. Echocardiography was conducted on the
rats with a cardiac ultrasound device (SonoAce
X8, Shanghai Jumu, China) in the fourth week
after operation. The model of heart failure was
considered to be successfully established, if
the value of left ventricular ejection fraction
(LVEF) was no more than 45% [16]. All the ani-
mal experiments in our study complied with the
Declaration of Helsinki and the ARRIVE guide-
lines and was carried out in accordance with
the National Institutes of Health guide for the
care and use of laboratory animals (NIH Pu-
blications No. 8023, revised 1978). The work
was approved by the Institutional Animal Ca-
re and Use Committee of Seventh People’s
Hospital of Shanghai University of Traditional
Chinese Medicine.

Since there were limitations to the research
conditions and the use of both males and
females for the animal experiment can increase
the cost and may cause deviations, only one
sex was used in our study. However, we will
include sex factor in the future experiments for
improvement.

Production of recombinant adenovirus (rAdv)

According to the PARP-1 mRNA sequence in the
nucleotide database of the National Center for
Biotechnology Information, the small interfer-
ing RNA (siRNA) sequence targeting PARP-1
gene was designed, and the adenoviral vector
siRNA PARP-1 and empty adenoviral vector
Ad-CMV-eGFP were constructed. Plasmid plL-
enR-GPH (Engreen Biosystem Co., Ltd., China)
was used as a vector for producing adenoviral
vector siRNA PARP-1 targeting PARP1 gene,
adenoviral vector OE-PARP-1 overpexressing
PARP-1, and empty adenoviral vector Ad-CMV-
eGFP. Double-stranded DNA oligonucleotides
containing interference sequences were syn-
thesized and directly linked to the enzyme-
digested vector. See Table 1.

Grouping

The rats in the control group were divided in-
to two subgroups of ten rats each: the sham
group (the rats were injected with 0.3 mL of
normal saline through tail vein) and the
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Table 2. qRT-PCR primer sequence

Gene Sequence

PARP-1 Forward: 5’-ACGCACAATGCCTATGAC-3’
Reverse: 5-CCAGCGGAACCTCTACAC-3’

CyclinD1  Forward: 5’-TGGAGCCCCTGAAGAAGAG-3’
Reverse: 5-AAGTGCGTTGTGCGGTAGC-3’

Bax Forward: 5’-GGTTTCATCCAGGATCGAGCA-3’
Reverse: 5’-CGTCAGCAATCATCCTCTGCA-3’

Bcl-2 Forward: 5’-GCCTCCTCACCTTTCAGCAT-3’

Reverse: 5’-CACTCGTAGCCCTCTGTGAC-3’

caspase-3 Forward: 5-GCACTGGAATGTCAGCTCGCAA-3’
Reverse: 5-GCCACCTTCCGGTTAACACGAC-3’

GAPDH Forward: 5’-GGCAAGTTCAATGGCACAGT-3’

Reverse: 5-TGGTGAAGACGCCAGTAGACTC-3’

Note: PARP-1: poly (ADP-ribose) polymerase-1.

sham+PARP-1 NC group (the rats were injected
through tail vein with 0.3 mL of phosphate-buff-
ered saline (PBS) containing rAdv with irrelevant
sequences).

The rats with heart failure were divided into
three subgroups of ten rats each: the model
group (untreated), the model+PARP-1 siRNA
group (the rats were injected through tail vein
with 0.3 mL PBS solution containing rAdv
expressing siRNA targeting PARP-1), and the
model+PARP-1 NC group (the rats were injected
through tail vein with 0.3 mL PBS solution con-
taining rAdv with irrelevant sequences). The
heart function of the rats in the first, second,
and fourth week after treatment was measured
by echocardiography in each group. Afterward,
the rats underwent fasting for 12 h followed by
intraperitoneal injection of 2% pentobarbital
sodium (50 mg/kg) for anesthesia. The blood
samples were taken from the heart and placed
in serum tubes. Some myocardial tissues were
collected from the modeled rats and kept at
-80°C, while the remaining myocardial tissues
were fixed with 10% neutral formalin, dehydrat-
ed through a gradient of alcohol after 24 h, and
were kept at -20°C.

Echocardiography

Echocardiography was performed for detecting
the heart function in the rats in the first, sec-
ond, and fourth week after treatment [17]. The
rats in each group received intraperitoneal
injection of 2% pentobarbital sodium (50 mg/
kg) for anesthesia. After shaving chest hair, the
rats were fixed on a piece of wooden board in a
supine position. Levels of left ventricular poste-
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rior wall thickness at end-diastole (LVPWd),
interventricular septum thickness at end-
diastole (IVSd), left ventricular end-diastolic
diameter (LVEDD), LVEF, left ventricular end-
systolic diameter (LVESD), and fractional
shortening (FS) were measured with a color
ultrasonic device (SSI-5000, Shandong
Shukang Hengtong, China).

qRT-PCR

Myocardial tissues (30 mg) were taken from
the rats in each group, treated with 1 mL
Trizol (Invitrogen, USA), and comminuted in
an ice bath. Total RNA extraction was carried
out according to the Trizol's instruction man-
ual. Reverse transcription of RNAs into cDNAs
(50 ng/uL) was conducted using PrimeScript™
RT reagent kit (Takara, RRO47A, Beijing Think-
Far, China). The total reaction volume was 10
uL, and the conditions were as follows: 37°C for
45 min and 85°C for 5 s. The samples were
kept at -80°C. The primers were designed by
Premier 5.0 software and were synthesized by
Tsingke Biological Technology (Beijing, China).
The two-step method was conducted with the
ABI 7900HT real-time PCR system (ABI 7900,
Shanghai Pudi Biotech, China). GAPDH | (ab-
s830032, Absin Bioscience Inc., China) was
used as the internal control and the running
parameters of PCR were as follows: 95°C for
30 s (pre-denaturation), 95°C for 5 s (denatur-
ation), 58°C for 30 s (annealing), and 72°C for
15 s (extension) for 40 cycles. See Table 2.

Western blot

Myocardial tissues (30 mg) were taken from
the rats in each group and ground into fine
homogeneous powder at a low temperature.
After washing in PBS three times, the samples
were treated with protein lysis buffer and
placed on ice for 20 min, before being centri-
fuged at 12,000 rpm for 20 min. The superna-
tant was then collected for measuring the total
protein concentration using the BCA protein
assay kit (PO012-1, Beyotime, China). Protein
(50 pg) was dissolved in 2x SDS sample load-
ing buffer and were boiled at 100°C for 5 min.
Afterward, the samples were separated by
10% SDS-PAGE and transferred to polyvinyli-
dene fluoride membrane. The membrane was
blocked in 5% skim milk solution for 1 h at room
temperature and washed in PBS twice. Next,
the polyvinylidene fluoride membrane was incu-
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bated with rabbit anti-mouse primary antibod-
ies, which were anti-PARP-1 antibody (9532s,
Cell Signaling Technology, Inc., USA), anti-Cyclin
D1 antibody (ab40754, Abcam, UK), anti-Bax
antibody (ab32503, Abcam, UK), anti-Bcl-2
antibody (ab692, Abcam, UK), and anti-cas-
pase-3 antibody (@ab90437, Abcam, UK) with
dilutions of 1:1,000, followed by wash in TBST
three times (5 min per wash). Subsequently,
the membrane was incubated with HRP-
conjugated secondary antibody IgG (goat anti-
rabbit, ab20272, Abcam, UK) for one hour fol-
lowed by wash in TBST three times (5 min per
wash). Afterward, the samples were treated
with ECL, and the image was captured on an
x-ray film and photographed. The absorbance
value for the visualized band was analyzed with
a gel imaging system (Image J 2.0, Thermo
Fisher Scientific, USA).

Separation and culture of cardiomyocyte

The rats’ myocardial tissues from each group
were cut into small cubes (1 mm?3) using an eye
scissor under aseptic condition. The samples
were added with 3 mL 0.2% collagenase, type
Il (Sigma-Aldrich, USA) and were bathed in
water at 37°C for 6 min. Next, the samples
were digested with 3 mL 0.25% pancreatin
(Sigma-Aldrich, USA) in a water bath for 5 min.
After gently pipetting up and down, the super-
natant was obtained and placed in 3 mL of
DMEM containing 10% fetal bovine serum. The
culture solution was then filtered using a 200-
mesh strainer. The filtered solution was centri-
fuged at 2,000 rpm for 10 min. Subsequently,
the cells were collected and added with serum-
free DMEM for preparing cell suspensions.

MTT

The cell suspension from each group was seed-
ed onto a 96-well plate (100 uL per well), with 8
replicate wells for each group. The plates were
placed in a 5% CO, cell culture incubator at
37°C and were taken out at 24, 48, and 72 h
for the addition of 10 yL 5 mg/mL MTT solution
(Sigma-Aldrich, USA) followed by another
4-hour incubation. Afterward, the supernatant
was discarded, and 150 uL dimethyl sulfoxide
was dispensed into each well. The samples
were then agitated for 10 min for dissolving,
and the OD value at 490 nm in each well was
measured with an automated microplate read-
er (BIO-RAD, USA). The experiments were done
in triplicate for each group to calculate the
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average value. Cell viability curves were plotted
using time on the x-axis and OD value on the
y-axis.

Flow cytometry

The cell suspension in each group was treated
with pancreatin without EDTA, and the cells
were collected in FACS tubes. After centrifuga-
tion, the supernatant was discarded, and the
cells were washed in cold PBS for three times.
The samples were centrifuged again, and the
supernatant was discarded. According to the
instructions of Annexin-V-fluorescein isothiocy-
anate (FITC) apoptosis detection kit (C1065,
Beyotime, China), Annexin-V-FITC/propidium
iodide (Pl) dye was prepared using Annexin-V-
FITC, PI, and HEPES buffer (1:2:50). The cells (1
* 10°) were resuspended with 100 uL of dye,
and the solution was agitated and mixed.
Subsequently, the cells were incubated for 15
min at room temperature and were added with
1 mL of HEPES buffer followed by agitation and
mixing. Fluorochrome was excited at 488 nm,
and the FITC and PI fluorescence were detected
using bandpass filters (525 nm and 620 nm).
Cell apoptosis was then measured with a flow
cytometry (Beckman Coulter, USA). Apoptosis
rate was calculated as the number of apoptotic
cell/total cell count * 100%.

Statistical analysis

Statistical software SPSS 21.0 was applied for
data analysis. Measurement data are ex-
pressed as mean * standard deviation, and
comparisons between two groups were per-
formed by t-test. Comparisons between multi-
ple groups were performed by one-way analysis
of variance, and subsequent comparisons
between two groups were conducted using the
SNK method. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Model establishment

Three rats died during model construction due
to severe heart failure and hepatic ascites;
another two rats received anesthesia and
exsanguination for euthanasia as their LVEF
levels did not meet the model criteria. Th-
erefore, the disease model was successfully
constructed in 30 rats (success rate of model
establishment: 85.71%). The rats with heart
failure exhibited symptoms including loss of
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Figure 1. Echocardiography results in each group. A: Histogram of LVPWd results in each group; B: Histogram of
IVSD results in each group; C: Histogram of LVESD results in each group; D: Histogram of LVEDD results in each
group; E: Histogram of LVEF results in each group; F: Histogram of FS results in each group. "P<0.05 vs. the sham
group; *P<0.05 vs. the model group. FS: fractional shortening; IVSd: interventricular septum thickness at end-
diastole; LVEDD: left ventricular end-diastolic diameter; LVESD: left ventricular end-systolic diameter; LVEF: left
ventricular ejection fraction; LVPWd: left ventricular posterior wall thickness at end-diastole.

appetite, lethargy, mouth breathing, and fa-
tigue.

Echocardiography results in each group

As shown in Figure 1, the model, model+PARP-1
NC, and model+PARP-1 siRNA groups had high-
er levels of LVPWd, IVSd, LVEDD, and LVESD,
and lower levels of LVEF and FS compared with
the sham group (all P<0.05). Meanwhile, the
model PARP-1 siRNA group had lower levels of
LVPWd, IVSd, LVEDD, and LVESD, and higher
levels of LVEF and FS than the model group (all
P<0.05). No intergroup differences in these
markers were observed between the sham
group and the sham+PARP-1 NC group and
between the model group and the model+
PARP-1 NC group (all P>0.05).

mMRNA and protein expression levels of PARP-
1, Cyclin D1, Bax, Bc1-2, and caspase-3 in
myocardial tissues in each group

The results of gRT-PCR and western blot show-
ed that in comparison with the sham group, the
mRNA and protein expression levels of Cyclin
D1 and Bc1-2 were downregulated in the model,
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model+PARP-1 NC, and model+PARP-1 siRNA
groups, while the PARP-1, Bax, and caspase-3
MRNA and protein expression levels were
upregulated in these groups (all P<0.05). In
comparison with the model group, the mRNA
and protein expression levels of Cyclin D1 and
Bc1-2 were upregulated, whereas the mRNA
and protein expression levels of PARP-1, Bax,
and caspase-3 were downregulated in the
model+PARP-1 siRNA group (all P<0.05). No dif-
ferences were found between the sham+PARP-1
NC group and the sham group and between the
model group and the model+PARP-1 NC group
in the expression levels of these markers (all
P>0.05). See Figure 2.

Cardiomyocyte viability

The results of cardiomyocyte viability measured
by MTT displayed that compared with the sham
group, the cardiomyocyte viability was lower at
all time points in the model, model+PARP-1 NC,
and model+PARP-1 siRNA groups (all P<0.05).
Meanwhile, the model+PARP-1 siRNA group
had greater cardiomyocyte viability at all time
points than the model group (all P<0.05). There
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Figure 2. mRNA and protein expression levels of PARP-1, Cyclin D1, Bax, Bcl-2, and caspase-3 in myocardial tissues
in each group measured by qRT-PCR and western blot. A: mRNA expression levels of PARP-1, Cyclin D1, Bax, Bcl-2,
and caspase-3 in each group detected by qRT-PCR; B: Protein electrophoresis results in each group detected by
western blot; C: Protein expression levels of PARP-1, Cyclin D1, Bax, Bcl-2, and caspase-3 in each group detected by
western blot. “P<0.05 vs. the sham group; *P<0.05 vs. the model group. PARP-1: poly (ADP-ribose) polymerase-1.
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Figure 3. Cardiomyocyte growth at 24, 48, and 72 h
in each group. "P<0.05 vs. the sham group; ¥P<0.05
vs. the model group. OD: optical density.

were no intergroup differences between the
sham+PARP-1 NC and the sham group and
between the model group and the model+
PARP-1 NC group regarding the cardiomyocyte
viability at different time points (all P>0.05).
See Figure 3.

Cardiomyocyte apoptosis in each group

The results of cardiomyocyte apoptosis mea-
sured by flow cytometry revealed that com-
pared with the sham group, the cardiomyocyte
apoptosis rate was higher in the model,
model+PARP-1 NC, and model+PARP-1 siRNA
groups (all P<0.05). Meanwhile, the model+
PARP-1 siRNA group had a lower cardiomyocyte
apoptosis rate than the model group (all
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P<0.05). No intergroup differences were ob-
served between the sham+PARP-1 NC and the
sham group and between the model group and
the model+PARP-1 NC group in the apoptosis
rate (all P>0.05). See Figure 4.

Discussion

PARP-1, as one of the DNA repair enzymes,
serves a key role in regulating cellular apopto-
sis and proliferation [18, 19]. The expression of
PARP-1 is low under normal condition, however,
in recent years, it has been found that the
expression of this gene is noticeably activated
in cardiovascular diseases such as atheroscle-
rosis, cerebral stroke, and cerebral ischemia
[20, 21]. In this study, we used rAdv to mediate
PARP-1 expression and investigated the
impacts of this gene on heart function and car-
diomyocyte in rats with heart failure. The
results have demonstrated that PARP-1 gene
silencing can promote cardiomyocyte prolifera-
tion, inhibit cardiomyocyte apoptosis, and
exhibit marked protective effects on rats’ heart
function in rats with heart failure.

Apoptosis refers to a form of programmed cell
death, and cardiomyocyte apoptosis plays a
critical role in regulating cardiac structure and
function [22, 23]. A marked decrease in cardio-
myocytes can damage the intercalated disc of
these cells. Excessive cardiomyocyte apoptosis
can cause increased pressure in the heart
chamber, thinning of the infarct site, and pro-
longed cellular apoptosis in non-infarcted zone,
which can lead to ventricular hypertrophy and
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progressive cardiac chamber dilation and wors-
en the heart function [24-27]. Therefore, it is
essential to explore the biological changes in
cardiomyocytes in heart failure in order to
understand the pathogenesis of this disease
and the impact of the biological features of car-
diomyocyte on heart function. Lucas et al.
reported that inhibiting cardiomyocyte apopto-
sis in patients with myocardial infarction can
reverse the ventricular remodeling and help to
improve the heart function [28]. Currently,
many studies have demonstrated that overex-
pression of PARP-1 can significantly damage
cardiomyocytes [29, 30]. Zhonghua et al.
reported the presence of PARP-1 overactivation
in rats with acute ischemia-reperfusion injury,
and inactivation of PARP-1 can markedly atten-
uate myocardial injury and enhance rats’ heart
function [31]. Korkmaz-lc6z et al. found that
PARP-1 gene knockout can reduce cardiomyo-
cyte apoptosis, improve vascular endothelial
function, and significantly relieve symptoms in
rats with myocardial remodeling [32].

LVPWd and IVSd are two critical markers in
evaluating left ventricular hypertrophy, while
LVEDD and LVESD are essential markers in
assessing left ventricular systolic and diastolic
capacity and can have great impacts on LVEF
and FS [33]. The results of the present study
exhibited that after treatment, the ventricular
systolic and diastolic capacity were significantly
improved and the ventricular remodeling was
remarkably relieved in rats with PARP-1 gene
silencing, supporting that the silence of this
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Figure 4. Cardiomyocyte apoptosis in each group. A: Car-
diomyocyte apoptosis in each group; B: Cardiomyocyte
apoptosis rate in each group. "P<0.05 vs. the sham group;
#P<0.05 vs. the model group.

gene can serve a positive role in the treatment
of heart failure. In order to further investigate
the detailed mechanism by which PARP-1
affects the heart function in rats with heart fail-
ure, we detected cardiomyocyte proliferation
and apoptosis in each group. The results
showed that the PARP-1 siRNA group had high-
er expression levels of proteins relating to the
cell proliferation, greater cardiomyocyte viabili-
ty, and lower cardiomyocyte apoptosis rate
compared with other groups, indicating that
PARP-1 can serve a key role in the pathogene-
sis of heart failure and suppressing PARP-1
expression can be of great significance in pro-
moting cardiomyocyte proliferation.

Although the effect of PARP-1 gene silencing on
heart failure was explored in this study, the
detailed mechanism regarding how PARP-1 reg-
ulates heart failure remains unclear. Therefore,
more studies need to be conducted in the
future for verification.

In conclusion, PARP-1 gene silencing can sig-
nificantly promote cardiomyocyte proliferation,
inhibit cardiomyocyte apoptosis, and display
protective effects on rats’ heart function in rats
with heart failure. As a result, PARP-1 can be a
potential key target for treating heart failure.
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