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3AB relieved DOX-induced cardiac apoptosis, mitochondrial impairment and heart dysfunction in
Sprague-Dawley rat model. These results revealed that CHR protects against DOX-induced cardiotoxicity
by suppressing cellular PARylation and provided critical evidence that PARylation may be a novel target
for DOX-induced cardiomyopathy.

© 2019 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Doxorubicin (DOX, also called adriamycin, ADR) belongs to
anthracyclines, and is one of the most resultful chemotherapeutic
agents available against various tumors such as leukaemia, breast
cancer and lymphomas'. Unfortunately, the clinical application of
DOX is largely restricted due to its serious cardiotoxicity' ™. The
characteristic features of DOX-induced cardiac damage are the
increased production of reactive oxygen species (ROS), cardiomyocyte
apoptosis, the impairment of energy metabolism and mitochondrial
dysfunction®. We previously reported that the DOX-elevated cyto-
solic a-enolase led to cardiomyocyte apoptosis and mitochondrial
damage while mitochondria-located a-enolase prevent Ca*'-stressed
mitochondrial membrane depolarization and permeabilization'*'".
Several antioxidants, such as vitamin E'’, N-acetyl cysteine
resveratrol'> and 7-monohydroxyethylrutoside'®, were identified to
relieve DOX-induced cardiomyopathy. However, it is still far from
satisfaction due to the limited efficacy of these medicines on DOX-
cardiomyopathy. Therefore, there is an urgent need to identify new
agents to overcoming DOX-cardiomyopathy.

Chrysophanol (CHR, also known as chrysophanic acid, 1,8-
dihydroxy-3-methyl-anthraquinone) is an anthraquinone compound
isolated from the rhizome of Rheum palmatum L. It has been reported
that CHR affects a wide range of biological processes, including
tumour-suppression' ', virucidal activity’', neuroprotection® =, anti-
platelet and anticoagulant®’, protection from diabetes®, inflammatory
responses”>+?*>**  hepatic and pulmonary injury’**'. The extract of
R. plamatum and Rheum undulatum has protective effect on cardio-
vascular diseases, including cardiac infarction, myocarditis and athero-
sclerosis™ . Rheum  turkestanicum  inhibited ~DOX-induced
cardiomyocytes toxicity partly by anti-apoptotic activity in H9C2
cells™, exerted protective effect against myocardial injury and nephro-
pathy in diabetes by lowering the serum levels of glucose and lipids,
and by inhibiting oxidative stress mediated lipid peroxidation™.
However, there is very limited evidence for CHR's protective effects
against cardiovascular disease. And the detailed role and underlying
mechanisms for CHR's cardioprotection in DOX-induced cardiomyo-
pathy have also not been evaluated.

Poly(ADP-ribose) polymerase-1 (PARP1), the founding subtype of
the PARP enzyme family, attaches the polymers of ADP-ribose (PAR)
to target proteins, a process called poly(ADP-ribosyl)ation (PARyla-
tion)””. Activated PARPI1 contributes to at least 85% of total cellular
PARPs catalytic activity’®. PARPI is an attractive antitumor target in
clinical trials and its inhibitors including INO-1001, ABT888, PJ34 and
AZD2281, were widely used in combination with chemotherapeutic
agents including DOX**~, DOX treatment caused a remarkable
induction of PARylated protein levels in the cardiomyocytes™ .
Over-activation of PARPI contributed to the cardiac dysfunction in
DOX-cardiomyopathy*!, while inhibition of PARPI protects against
DOX-induced myocardial apoptosis and heart injury™*’. DOX-

13,14
5

induced cellular PARylation levels may be implicated in the side-
effect on the heart. Recently, CHR is shown to inhibit photoreceptor
cell apoptosis through inhibiting PARPI activity*®. Therefore, we
hypothesized that DOX-induced the enhanced cellular PARylation
levels is critical for the side-effect on the heart.

In this study, we found that CHR protected against DOX-induced
cardiotoxicity by suppressing cellular PARylation both in vitro and
in vivo. CHR signigicantly suppressed DOX induced cardiac
apoptosis, mitochondrial injury and cellular PARylation in H9C2
cells. Ectopic expression of PARPI1 effectively blocked this CHR's
cardioprotection and PARP1 inhibition significantly suppressed
DOX-induced cardiomyocyte injury. In a rat model of DOX-
cardiomyopathy, both CHR and 3AB significantly suppressed
DOX-induced cardiac apoptosis, mitochondrial impairment and heart
dysfunction. Collectively, these results suggest that CHR is a
potential agent for overcoming DOX-induced cardiotoxicity.

2. Materials and methods
2.1.  Chemical reagents

For cells, doxorubicin (DOX, purity 99.37%) was purchased from
TargetMol (Target Molecule Corp., USA), and was dissolved in warm
water to 10 mmol/L. Chrysophanol (CHR, purity 99.02%) was
purchased from MCE (MedChemexpress, USA), and was diluted in
warm DMSO to 20 mmol/L. (Fig. 1A). 3-Aminobenzamide (3AB,
also called as INO-1001, purity 98.11%) was obtained from
Selleck (Selleck Chemicals, USA), and was dissolved in DMSO to
10 mmol/L. ABT888 (veliparib, purity 99.51%) was from APEXBIO
(APExBIO Technology, Houston, USA), and was diluted in DMSO
to 10 mmol/L. All the solutions are stored at —20 °C.

For animals, DOX (purity over 98%) was purchased from
Sangon (Shanghai, China), and was dissolved in sterile normal
saline (NS) to 2 mg/mL. CHR (purity over 98%) was purchased
from Meilune (Dalian, China), and was dissolved in 0.1% sodium
carboxymethylcellulose (CMC-Na, Sangon, Shanghai, China) to
20 mg/mL. 3AB (purity over 98%) was obtained from Meilune
(Dalian, China), and was dissolved in sterile NS to 20 mg/mL.

2.2.  Animal model

The animal experimental procedures were approved by the Research
Ethics Committee of Sun Yat-sen University (Guangzhou, China),
and were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals (NIH Publication No. 85-23, revised
1996). The ninety male Sprague-Dawley rats (220-250 g, certifica-
tion No. 44008500014426, SPF grade) were achieved from the
Experimental Animal Center of Sun Yat-sen University (Guangzhou,
China). After a few days, the animals were randomized assigned to
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five groups (with 10 in each group): NS (as a control group), DOX
(its cumulative doses were 15 mg/kg)'*!!, combined different doses
of CHR (5, 20, and 40 mg/kg/day) with DOX, combined 3AB
(40 mg/kg/day) with DOX.

2.3.  Echocardiographic and morphometric measurements

At the end of the trial, two-dimensional-guided M-mode echocar-
diography was executed by a Technos MPX ultrasound system
(ESAOTE, SpAESAOTE SpA, Italy)”. Basic hemodynamic
parameters, such as ejection fraction (EF), fractional shortening
(FS), end-systolic left ventricular volume (LVVs), end-diastolic
left ventricular volume (LVVd), end-systolic interventricular
septum (IVSs), end-diastolic interventricular septum (IVSd), left
ventricular end-systolic internal diameter (LVIDs), left ventricular
end-diastolic internal diameter (LVIDd), left ventricular end-
systolic posterior wall thickness (LVPWs) and left ventricular
end-diastolic posterior wall thickness (LVPWd) were measured.
Afterwards, the SD rats were sacrificed, and their heart tissues
were quickly removed out. The 5-pum-thick fresh histological cross
sections of the heart tissues were fixed with paraformaldehyde
(4%), and were stained with hematoxylin-eosin (HE), and Sirus
red staining for morphometric measurement. The cryopreserved
heart section would be submitted to further assay.

2.4.  The culture of rat embryonic ventricular myoblastic
HIC?2 cells

Rat embryonic ventricular myocardial H9C2 cells were bought
from the Cell Bank of the Chinese Academy of Sciences (CAS,
Shanghai, China). The cells were incubated in DMEM (GIBCO,
Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS),
streptomycin (100 U/mL) and penicillin (100 U/mL) in a humidi-
fied atmosphere of 5% CO, at 37 °C.

2.5.  Western blot analysis

Primary antibodies against PARP1 (rabbit, diluted 1:1000), Caspase 3
(rabbit, diluted 1:1000), BCL-2 (rabbit, diluted 1:1000), BAX (rabbit,
diluted 1:1000), Cyt ¢ (rabbit, diluted 1:1000) and VDACI (rabbit,
diluted 1:1000) were purchased from Cell Signaling Technology.
Primary antibodies against a-tubulin (diluted 1:5000) were from
Sigma-Aldrich (St Louis, MO, USA). Antibodies against PAR (mouse,
diluted 1:500) were obtained from Trevigen (Gaithersburg, MD,
USA). Anti-mouse and anti-rabbit IgG peroxidase conjugated anti-
bodies and other agents were from SAB (College Park, MD, USA).
The procedure for Western blot analysis on HIC2 cells or cardiac
tissues here has been previously reported™. The intensity of protein
bands was measured by the Quantity One software (Bio-Rad, USA).

2.6. Isolation of cytosol and mitochondrial fractions of H9C2
cells or hearts

The cytosolic and mitochondrial fractions of H9C2 cells were
obtained by a commercially available cytosol/mitochondria frac-
tionation kit following the manufacturer's protocol (Beyotime,
China). Proteins in the two fractions were diluted in lysis solution
and were detected by immunoblotting analysis for analyzing the
release of Cyt ¢ from mitochondria to cytoplasm in H9C2 cells.
The mitochondria of rat hearts were separated from fresh tissues
via gradient centrifugations as previously reported'”.

2.7.  In situ observation of DNA fragmentation and nuclear
condensation

In situ DNA fragmentation of the heart sections was observed by a
TdT-mediated dUTP nickend labeling (TUNEL) apoptosis identi-
fying kit (Keygen Biotech, China) according to the manufacturer's
protocol'". Nuclear condensation of HOC2 cells was evaluated via
Hoechst 33342 staining''. In the heart fractions, the percentages of
apoptotic cardiomyocytes were quantified as the ratio of TUNEL-
labelled cells to total cells.

2.8.  Determination of mitochondrial membrane potential (Aym)
and matrix swelling

Rhodamine 123 (Rh123, Sigma, USA) was dissolved with DMSO
to 10 mg/mL for storage at —80 °C, tetra-methylrhodamine ethyl
ester (TMRE) (Invitrogen, Molecular Probes, USA) was diluted
with DMSO to 1 mmol/L for storage at —80 °C. In order to monitor
Aym, HIC2 cells were respectively loaded in 10 pg/mL Rh123 or
10 nmol/L. TMRE at 37 °C for 10 min. For analysis of matrix
swelling, HOC2 cells were stained with 1 pmol/L. Mitotracker Red
(Invitrogen, Carlsbad, CA, USA) at 37 °C for 10 min. Subse-
quently, the cells were replaced by DMEM without phenol red,
and were photographed using EVOS FL Auto (Life Technologies,
Bothell, WA, USA).

. . .o 11
2.9.  Mitochondrial respiration measurement

Oxygen consumption of the separated fresh mitochondria was
immediately measured by a Clark oxygen electrode (Strathkelvin
Instrument, Scotland). Mitochondrial respiration was determined
under the manufacturer's protocol (Genmed Scientifics Inc). The
mitochondrial State III and State IV respiration rates in the closed
reaction buffer were monitored, and the mitochondrial respiratory
control ratio (RCR) was calculated as State III/State IV respiration
rates. The mitochondrial ADP/O ratios were also detected.

2.10.  Quantification of ATP content'’

ATP concentrations of the heart tissues were detected by a firefly
luciferin/luciferase-based ATP bioluminescence assay kit (Beyo-
time, China). The ATP contents were determined as nmol/mg
protein by using Infinite M1000 multimode microplate reader
(TECAN, Switzerland).

2.11.  Cell viability assay

The cell viability of HOC2 cells was detected by MTS assay
(Promega, USA) as described previously’”. HIC2 cells were
seeded in 96-well plates. After CHR exposure, MTS was
supplemented into cell cultures and was incubated for 1h at
37 °C. The absorbance was measured at a wavelength of 490 nm
by a microplate reader (TECAN, Switzerland). Percent viability
was determined as the relative absorbance of the different doses of
CHR vs control cells.

2.12.  Statistical analysis
The data were presented as the means + SEM value. The

statistical comparisons between two groups were conducted by
Student's #-test. The statistical significance analysis among various
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Figure 1 Chrysophanol (CHR) attenuated DOX-induced cardiomyocyte apoptosis and mitochondrial injury in vitro. (A) The chemical structure
of CHR (1,8-dihy-droxy-3-methylanthraquinone). (B) H9C2 cells were incubated with the different doses of DOX (0, 1, 5, 25, 50, 100, and
200 pmol/L) for 12 h, and the cell viability were measured by MTS assay. HOC2 cells were pre-cultured with CHR at different doses (1, 10 and
20 pmol/L) for 12 h before stimulation with DOX (1 pmol/L). (C) The cellular morphology was observed by light microscopy. Sclae bar: 200 nm.
(D) The nuclear condensation was identified by Hoechst 33342 staining. Sclae bar: 100 nm. (E)~(G) The mitochondrial membrane potential (Aymn)
and matrix swelling was determinated using staining with TMRE, Rh123 or Mitotracker. Sclae bar: 100 nm. Representative images of five
independent experiments are shown. (H) The cleavage and activation of PARP1 and caspase 3, as well as the BCL-2/BAX ratio were detected by
Western blot analysis. (I) The cardiac mitochondria were isolated from H9C2 cells, and the lysed extracts were submitted to Western blot
analysis to measure the release of Cyt ¢ from mitochondria to cytoplasm. (J) The cardiac PARylation levels of HOC2 cells were measured by
Western blot analysis. The results were normalized to those of VDACI or a-tubulin and were presented as the means+SEM.
“P < 0.05 vs. the control group, *P < 0.05 vs. the DOX group, n = 3.

groups was verified by one-way analysis of variance (ANOVA) (100 pmol/L) (Fig. 1B). H9C2 cells were pre-incubated with
with Tukey's post-hoc test. In the statistical analyses, a value of CHR at different doses (1, 10, and 20pmol/L) for 12h
P < 0.05 was believed statistically significant. before stimulation with DOX (1 pmol/L). CHR significantly
suppressed the DOX-induced cardiomyocyte injury including the
reduction of cell viability, apoptosis and nuclear condensation

3. Results (Supporting Information Fig. S2A, Fig. 1C and D). In addition,
we found that CHR effectively blocked DOX-induced apoptosis
3.1. CHR attenuated DOX-induced cardiomyocyte apoptosis through inhibiting cleavage and activation of PARP1 and
and mitochondrial injury in vitro caspase 3, increasing BCL-2/BAX ratio (Fig. 1H) and reducing
release of Cyt ¢ from mitochondria to cytoplasm (Fig. 1I). To
DOX induces serious cardiotoxicity and irreversible cardiomyo- further assess the role of CHR in DOX-induced mitochondrial

pathy in clinical application generally' ™. To explore the role of injury, we treated cells with CHR and DOX, results clearly
CHR in the process of apoptosis and mitochondrial damage by showed that CHR suppressed DOX induced mitochondrial mem-
DOX, we firstly examined the cytotoxicity of CHR on rat brane depolarization and the mitochondria swelling (Fig. 1E-G).
embryonic ventricular myocardial H9C2 cells by MTS assay and Interestingly, DOX induced PARylation in H9C2 cells were
found that CHR was not toxic even at high concentrations widely antagonized by CHR (Fig. 1J). Take together, our data
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Figure 2 Inhibition of PARP1 alleviated DOX-triggered cardiomyocyte apoptosis and mitochondrial damage in vitro. H9C2 cells were pre-
treated with the ABT888 (5 pmol/L) or 3AB (20 pmol/L) for 12 h before stimulation with DOX (1 pmol/L). (A) The cardiac PARylation levels of
HIC2 cells were measured by Western blot analysis. (B) The cellular morphology was observed by light microscopy. Sclae bar: 200 nm. (C) The
nuclear condensation was identified by Hoechst 33342 staining. Sclae bar: 100 nm. (D)—(F) The mitochondrial membrane potential (Aym) and
matrix swelling was determinated using staining with TMRE, Rh123 or Mitotracker. Sclae bar: 100 nm. Representative images of five independent
experiments are shown. (G) The cardiac cleavage and activation of PARPI and caspase 3, as well as the BCL-2/BAX ratio were detected by
Western blot analysis. (H) The lysed extracts were measured by Western blot analysis to measure the release of Cyt ¢ from mitochondria to
cytoplasm. The results were normalized to those of a-tubulin/VDAC1 and were presented as the means + SEM. “P < 0.05 vs. the control group,

#P < 0.05 vs. the DOX group, n = 3.

suggest that CHR exerts a clearly protective effect in DOX-
induced cardiomyocyte apoptosis and mitochondrial injury
in vitro.

3.2.  Inhibition of PARPI alleviated DOX-triggered
cardiomyocyte apoptosis and mitochondrial damage in vitro

The prominent effect of DOX on the cellular PARylation
prompted us to investigate whether PARP1 was involved in
DOX-induced cardiomyocyte apoptosis and mitochondrial
damage. Indeed, the cells were pre-incubated with the specific
inhibitors of PARP1 (3AB and ABTS888) followed by DOX for
12h, PARP1 inhibitors suppressed DOX-induced PARylation in
HIC2 cells (Fig. 2A). In addition, the apoptotic cardiomyocytes,
the nuclear condensation and cell death induced by DOX
was inhibited by 3AB or ABT888 (Fig. 2B, C, and Fig. S2B).
Furthermore, mitochondrial membrane depolarization and swelling
induced by DOX was suppressed by PARP1 inhibitors (Fig. 2D-
F). PARPI1 inhibitors also led to the reduced cleavage and
activation of PARP1 and caspase 3, as well as the increased
BCL-2/BAX ratio (Fig. 2G). The decreased protein level of Cyt ¢

in the DOX-treated mitochondrial fraction was greatly reversed by
PARP1 inhibitors (Fig. 2H). These results implicate that the
inhibition of PARPI catalytic activity, to some extent, protects
against DOX-induced cardiomyocyte apoptosis and mitochondrial

injury.

3.3.  The cellular PARylation was involved in the protection of
CHR on DOX-induced cardiotoxicity in vitro

Over-activation of PARP1 exerts a critical effect on the cardiac
dysfunction in DOX-cardiomyopathy**. Previous reports showed
that CHR suppressed photoreceptor cell cleavage of PARP1 and
caspase 3 in an N-methyl-N-nitrosourea-induced mouse apoptosis
model of retinal degeneration*®. We then examined whether
PARP1 was involved in the protective effect of CHR on DOX-
induced cardiomyocyte apoptosis and mitochondrial dysfunction.
We ectopically expressed PARP1 or GFP control in H9C2 cells
by infected with adenovirus Ad-PARP1 or Ad-GFP (Fig. 3A-G,
and Fig. S2C). The overexpressed PARPI resulted in the
cardiomyocyte  impairments and obvious mitochondrial
dysfunction, indicating that PARP1 overexpression could be as a
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Figure 3 PARPI was involved in the protection of CHR on DOX-induced cardiotoxicity in vitro. HOC2 cells were pre-infected with Ad-PARP1
or Ad-GFP followed by CHR (10 and 20 pmol/L) incubation with or without DOX. (A) The cellular morphology was observed by light
microscopy. Sclae bar: 200 nm. (B) The nuclear condensation was identified by Hoechst 33342 staining. Sclae bar: 100 nm. (C)—(E) The
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nm. Representative images of five independent experiments are shown. (F) The cleavage and activation of PARP1 and caspase 3, as well as the
BCL-2/BAX ratio were determined by Western blot analysis. (G) The cardiac mitochondria were isolated from H9C2 cells, and the lysed extracts
were submitted to Western blot analysis to detect the release of Cyt ¢ from mitochondria to cytoplasm. The results were normalized to those of

VDACI or a-tubulin and were presented as the means +
&p < 0.05 vs. the 204+Ad-GFP+DOX group, n = 3.

model of cardiomyocyte injury. The effect was further aggravated
upon DOX stimulation. CHR protected against DOX-induced
cardiac apoptosis and mitochondrial damage in control cells while
ectopic expression of PARPI1 effectively blocked this CHR's
cardioprotection (Fig. 3A-E, and Fig. S2C). In addition, the
inhibitory effects of CHR on DOX-induced cardiomyocyte apop-
tosis and mitochondrial injury were attenuated by adenovirus-
mediated PARP1 overexpression, as shown by increased the
cleavage and activation of PARP1 and caspase 3, and the
decreased BCL-2/BAX ratio, as well as the elevated release of
Cyt ¢ from mitochondria to cytoplasm (Fig. 3F and G). These
results indicate that CHR protected against DOX-stimulated
cardiotoxicity at least partially via inhibiting cellular PARylation
levels.

SEM. “P < 0.05 vs. the control group, *P < 0.05 vs. the Ad-GFP+DOX group,

3.4. CHR and 3AB both protected against DOX-induced heart
injury in SD rats

Given the effective role of CHR protecting against DOX-
stimulated cardiotoxicity, we examined whether CHR possesses
any protection against DOX-induced heart injury in SD rats. SD
rats were intraperitoneally injected with a cumulative dose of 15
mg/kg DOX by three equal injections (on days 1, 6 and 11,
respectively) for 15 days'®''. To explore the effects of CHR or
3AB (a PARPI inhibitor) on the cardiac function of DOX-induced
rats, the different doses of CHR (Low: 5 mg/kg/day; Medium: 20
mg/kg/day; High: 40 mg/kg/day) or 3AB (40 mg/kg/day) were
intragastrically or intraperitoneally treated to SD rats one time
every day for 7 days before DOX administration. Control group
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Figure 4 Both Chrysophanol (CHR) and 3-aminobenzamide (3AB) protected against DOX-induced heart injury in Sprague—Dawley (SD) rats.
SD rats were intragastrically treated with different doses of CHR (5, 20, and 40 mg/kg/day) or intraperitoneally injected with 3AB (40 mg/kg/day)
for 7 days followed by DOX intraperitoneal injection (its cumulative doses were 15 mg/kg by three equal injections for 15 days) or an equal
volume of sterile normal saline/sodium carboxymethylcellulose (CMC-Na). (A)—(C) Gross hearts, Sirus red and HE-stained transections of the left
ventricle. Sclae bar: 100 nm. (D)—(F) The heart weight (HW), the body weight (BW), as well as the heart weight to the tibia length (HW/TL) ratios
were calculated. The results were attended as the means + SEM. P < 0.05 vs. Normal saline group, *P < 0.05 vs. the DOX group, n = 10. ns:

no statistical difference.

were treated with the vehicle in an equal volume of CMC-Na.
Results showed that the hearts from DOX-treated rats were
distinctly smaller than those from control rats (Fig. 4A), and also
presented apparent myocardial fibrosis and inflammatory cell
infiltration via Sirus red and HE staining (Fig. 4B—C). In addition,
the heart weight (HW, Fig. 4D), the body weight (BW, Fig. 4E),
tibia length (TL) (Supporting Information Fig. S3B) and the heart
weight to the tibia length (HW/TL ratio, Fig. 4F) in DOX-rats
were decreased, the heart weight to the body weight (HW/BW)
ratios were enhanced (Fig. S3A). Meanwhile, echocardiographic
analysis (Fig. 5) exhibited that the ejection fraction (EF%,
Fig. 5B), fractional shortening (FS%, Fig. 5C), cardiac output
(CO, Fig. 5D), interventricular septum (IVS, Fig. 5F), left
ventricular diameter (LVID, Fig. 5G), left ventricular volume

(LVV, Fig. 5H) and left ventricular posterior wall thickness
(LVPW, Fig. 5I) were reduced, while heart rates (HR, Fig. 5E)
was unaltered in the hearts of DOX-injected rats. These data reveal
that the cardiotoxicity model induced by DOX was successful
established in vivo.

CHR (5, 20, and 40 mg/kg/day) dose-dependently attenuated
the myocardiopathy responses triggered by DOX, as indicated by
the augmented morphologic characteristics, LVID, IVS, LVPW
and HW/TL, as well as heart function (including EF, FS and CO)
(Figs. 4 and 5). The high doses of CHR (40 mg/kg/day) displayed
significant protective effect on the heart function of DOX
treatment (Figs. 4 and 5). Similarly, the levels of myocardial
fibrosis (Fig. 4B) and inflammatory cell infiltrates (Fig. 4C and C')
were distinctly declined, HW (Fig. 4D), BW (Fig. 4E), TL
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Figure 5 Both Chrysophanol (CHR) and 3-aminobenzamide (3AB) relieved DOX-induced heart dysfunction of Sprague-Dawley (SD) rats. SD
rats were intragastrically treated with different doses of CHR (5, 20, and 40 mg/kg/day) or intraperitoneally injected with 3AB (40 mg/kg/day) for
7 days followed by DOX intraperitoneal injection (its cumulative doses were 15 mg/kg by three equal injections for 15 days) or an equal volume
of sterile normal saline/sodium carboxymethylcellulose (CMC-Na). (A) and (A') The representative echocardiographic graphs are presented.
(B)-(I) The echocardiographic parameters were measured, including the ejection fraction (EF), fractional shortening (FS), cardiac output (CO),
heart rates (HR), interventricular septum (IVS), left ventricular diameter (LVID), left ventricular volume (LVV) and left ventricular posterior wall
thickness (LVPW). The results were attended as the means + SEM. “P < 0.05 vs. Normal saline group, #P < 0.05 vs. the DOX group, n = 10.

ns: no statistical difference.

(Fig. S3B), HW/TL (Fig. 4F) and echocardiographic parameters
(Fig. 5) were largely improved after 40 mg/kg/day 3AB pre-injection.
The alteration of HR (Fig. SE) and LVPW (Fig. 5I) remained rather
obscure. Take together, our data suggest that both CHR and 3AB
effectively protect against DOX-induced heart injury in SD rats.

3.5.  CHR overcomed DOX-induced cardiomyocyte apoptosis
and mitochondrial dysfunction in SD rats

It is well documented that DOX rapidly induced cardiomyocyte
apoptosis and mitochondrial dysfunction'™. Our results showed
that DOX induced the obvious cardiac apoptosis and energy
imbalance in SD rats. The sections of rat hearts were stained with

TUNEL labeling and were subsequently examined by light
microscopy (Fig. 6A), and the lysed extracts were submitted to
Western blot analysis (Fig. 6B). Compared with the control hearts
(only about 2%), the percentages of TUNEL-positive cells were
significantly increased (over 15%) after DOX treatment (Fig. 6A).
Additionally, DOX administration accelerated the cleavage and
activation of PARP1 or caspase 3, as well as restrained the BCL-2/
BAX ratio (Fig. 6B). Meanwhile, cardiac mitochondrial respiration
of SD rats was detected through measuring oxygen consumption
of isolated fresh mitochondria by a Clark oxygen electrode. As
shown in Fig. 7A-D, state III respiration, RCR and ADP/O was
respectively increased to about 115 nmol O/mg/min, 3.1 and 1.15,
meanwhile little effect on state IV respiration upon DOX treat-
ment. Furthermore, DOX resulted in the declined ATP content of
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Figure 6 Both Chrysophanol (CHR) and 3-aminobenzamide (3AB) relieved DOX-induced cardiac apoptosis of Sprague-Dawley (SD) rats. SD
rats were intragastrically treated with different doses of CHR (5, 20, and 40 mg/kg/day) or intraperitoneally injected with 3AB (40 mg/kg/day) for
7 days followed by DOX intraperitoneal injection (its cumulative doses were 15 mg/kg by three equal injections for 15 days) or an equal volume of
sterile normal saline/sodium carboxymethylcellulose (CMC-Na). (A) The sections of rat heart were stained with TUNEL labeling, were observed
by light microscopy. Representative images of five independent experiments are shown. Sclae bar: 100 nm. (B) The lysed extracts were detected
the apoptotic protein levels, such as the protein cleavage and activation of PARP1 or caspase 3, as well as the BCL-2/BAX ratio. The results were

presented as the means + SEM. “P < 0.05 vs. Normal saline group, #p

rat hearts, the vast majority of which is produced via mitochondrial
respiration (Fig. 7E). The heart PARylation levels of SD rats after
DOX treatment were widely activated (Fig. 7F).

The different dosages of CHR or 3AB (40 mg/kg/day) protected
myocardium cells against DOX-apoptosis, as implied by the
dropped TUNEL-labeling apoptosis rates (5 mg/kg/day: 12%; 20
mg/kg/day: 9%; 40 mg/kg/day: 7%) (Fig. 6A), as well as the
reduced cleavage and activation of protein PARP1, caspase 3 and
the raised BCL-2/BAX ratio (Fig. 6B). To explore the effect of
CHR or 3AB on the DOX-stressed energy imbalance, the mito-
chondrial oxidative phosphorylation and ATP generation was tested.
Fig. 7A-E showed that the respiration impairment in cardiac
mitochondria was highly ameliorated, the reduced of ATP level in
DOX-rat hearts was partially reversed by CHR or 3AB pre-
treatment. The induced effect of DOX on the heart PARylation
levels was significantly surpressed by CHR or 3AB (Fig. 7F). These
data suggest that both CHR and 3AB inhibited DOX-induced
cardiomyocyte apoptosis and mitochondrial dysfunction in vivo.

4. Discussion

DOX is one of the highly effective chemotherapeutic anthracyclines
available against a broad spectrum of tumors including leukaemia,
breast cancer and lymphomas'. But the clinical application of DOX
is restricted due to its unintended risk of cardiotoxicity and
irreversible cardiomyopathy' ™. It is characterized by excessive
formation of ROS, cardiomyocyte apoptosis, the impairment of
energy metabolism and mitochondrial dysfunction®. Currently,
several antioxidants, such as vitamin E'?, N-acetyl cysteine]3 14
resveratrol'” and 7-monohydroxyethylrutoside'®, were identified to
process protection against DOX-induced cardiotoxicity. However,
these agents failed to improve the heart symptoms in clinical trials or
in animal models suffering DOX-cardiomyopathy, it is urgent to

< 0.05 vs. the DOX group, n = 10. ns: no statistical difference.

identify novel drugs or targets to overcoming DOX-induced
cardiotoxicity. Here, we present several lines of evidence that
CHR may be a new potential agent for protection against DOX-
induced cardiotoxicity. CHR signigicantly suppressed DOX induced
cardiac apoptosis, mitochondrial injury and cellular PARylation in
HIC2 cells. Ectopic expression of PARP1 effectively blocked this
CHR's cardioprotection and PARP1 inhibition significantly sup-
pressed DOX-induced cardiomyocyte injury. Pre-administration with
CHR or 3AB both relieved DOX-caused cardiac apoptosis, mito-
chondrial impairment and heart dysfunction in SD rat model. In
summary, we found that the cellular PARylation was associated with
the protection of CHR from DOX-cardiotoxicity.

CHR, a natural anthraquinone compound isolated from Rhubarb,
the rhizome of R. palmatum L., plays an important role in the multiple
biological processes, including tumour-suppression, virucidal activity,
antiplatelet and anticoagulant, protection from cerebral ischemia/
reperfusion, diabetes, inflammatory responses, hepatic and pulmonary
injury' "', Mechanistically, CHR induces the ROS production and
impairment of mitochondrial ATP synthesis, resulting in tumor
necrosis in human liver cancer cells or in human lung cancer A549
Cells'*?°. In addition, CHR inhibites the proliferation of colon cancer
cells via suppressing EGFR/mTOR signaling pathway'”. Besides, the
neuroprotection effect of CHR has been proved in a few models, such
as the cerebral ischemia-reperfusion injury (through reduced caspase
3 expression and NALP3 inflammasome alctivation)zz’23 , radical-
mediated oxidative damage in BV2 murine microglia®, lead
exposure-induced injury model” and lipopolysaccharide-induced
depression targeting P2X77°. Furthermore, the anti-inflammatory
activity mediated by CHR relieves paraquat-stressed lung injury
through activating peroxisome proliferator-activated receptors
(PPARs), LPS/p-GalN-caused hepatic injury by inhibiting the
RIP140/NF-kB pathway, as well as dextran sulfate sodium-induced

colitis via the suppressing of NF-xB/Caspase-1 activation® ",
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Figure 7 Chrysophanol (CHR) and 3-aminobenzamide (3AB) both relieved DOX- induced mitochondrial dysfunction of Sprague-Dawley (SD)
rats. SD rats were intragastrically treated with different doses of CHR (5, 20, and 40 mg/kg/day) or intraperitoneally injected with 3AB (40 mg/kg/day)
for 7 days followed by DOX intraperitoneal injection (its cumulative doses were 15 mg/kg by three equal injections for 15 days) or an equal volume
of sterile normal saline/sodium carboxymethylcellulose (CMC-Na). (A)—(E) The rat heart state IIT and IV respiration, the heart respiratory control ratio
(RCR), ADP/O and ATP content was respectively determined. (F) The heart PARylation levels of SD rats were photographed using EVOS FL Auto.
Representative images of five independent experiments are shown. “P < 0.05 vs. Normal saline group, #P < 0.05 vs. the DOX group, n =10. ns:

no statistical difference.

It has been reported that the extract of R. plamatum and
R. undulatum processes protective effect on cardiovascular
diseases, including cardiac infarction, myocarditis and athero-
sclerosis’~**. For instance, emodin (1,3,8-trihydroxy-6-methylan-
thraquinone), an anthraquinone compound extracted mainly from
the root and rhizome of R. palmatum, mitigated autoimmune or
viral myocarditis through inhibiting inflammation and autoimmu-
nity, as well as reduced the myocardial infarct size’>**. Lai Fu
Cheng Qi decoction (consisting of R. palmatum L.) was shown to
exert a protective effect on severe acute pancreatitis-induced
myocardial injury in rats®*. Besides, R. turkestanicum inhibited
DOX-induced cardiomyocytes toxicity partly by anti-apoptotic
activity in HOC2 cells®®, exerted protective effect against myo-
cardial injury and nephropathy in diabetes by lowering the serum
levels of glucose and lipids, and by inhibiting oxidative stress
mediated lipid peroxidation®®. Rhaponticin from Rhubarb rhi-
zomes alleviates liver steatosis and improves blood glucose and
lipid profiles in KK/Ay diabetic mice®'. However, whether CHR
may protect against cardiovascular disease remained to be
explored.

Upon DNA single and/or double-strand breakages, or oxygen/
nitrogen-derived free radical injury, PARP1 (responsible for at
least 85% of total cellular PARPs catalytic activity) is highly
activated and catalyzes the process of PARylated modification’®.
PARP1 is an attractive antitumor target and its inhibitors such as

INO-1001, ABT888, PJ34 and AZD2281 were extensively used in
combination with chemotherapeutic agents including DOX in
clinical trials’*™. Numerous studies have noticed that PJ34
combining with DOX treatment could improve endogenous
topoisomerase Ila protein, finally leading to cell death in HelLa
cells. The inhibition of PARPI regulates snail expression at
transcriptional level, suppresses Snail/LSD1-mediated PTEN and
chemosensitizes cancer cells in the DOX-exposed cells***'. The
inhibitor of PARP1 (INO-1001) has the capacity to enhance DOX-
anti-tumor effect in p53 deficient breast cancer™.

In the heart, activation of PARP1 contributes to the various
cardiovascular diseases, which were accompanied by the increased
PARylated-target proteins, NAD repletion and sirtuins inactiva-
tion*~*"->*7%_ Previous papers from our laboratory demonstrated
that PARP1 is strongly activated by Angll or isoproterenol (ISO),
meanwhile its novel inhibitors (salvianolic acid B and AG-690/
11026014) protect the myocardium from Ang Il-stressed hyper-
trophy in vitro and in vivo™ . Recently, we have reported that
the increased PARylation level of FoxO3 play a crucial role in
ISO-caused cardiac hypertrophy in vivo and in vitro’’. Over-
activation of PARP1 exerts a critical effect on the cardiac
dysfunction in DOX-cardiomyopathy**. The PARylated protein
levels were dramatically induced by DOX in the cardiomyo-
cytes™ ™", Inhibition of PARP protects against DOX-induced
myocardial apoptosis and heart injury***’. Hence, DOX-induced
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the enhanced cellular PARylation levels may be implicated in its
side-effect on heart.

Here, we found the rat myocardium or myocardial HOC2 cells
contained high PARylated-target proteins after DOX treatment. In
the PARP1-overexpressing HIC2 cells, the DOX-induced cardio-
myocyte apoptosis and mitochondrial injury could not be relieved
by CHR treatment. Moreover, the inactivated PARP1 (by its
inhibitors) attenuated DOX-induced heart injury, cardiomyocyte
apoptosis and mitochondrial dysfunction in vivo and in vitro.

In current research, our results clearly identified CHR as a new
potential agent which may effectively protect against DOX-
induced cardiotoxicity through decreasing DOX-induced cellular
PARylation in vivo and in vitro. Our findings here may have
immediate implications on the development of a new therapeutic
strategy for overcoming DOX-induced cardiotoxicity.

The clinical application of doxorubicin in cancer chemotherapy
is restricted by its severe cardiotoxic effects. The major findings in
this study are of significant importance and provide new insights
into the mechanism for CHR protection against DOX-induced
cardiotoxicity by suppresses cellular PARylation. Further studies
are required to explore the exact role of CHR in the cardiac
PARylated protein. Moreover, whether the combination of CHR
with DOX potentiates the anti-tumor effect and its related potential
mechanism needs to be further investigated.
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