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Abstract As an effective anticancer drug, the clinical limitation of doxorubicin (Dox) is the time- and

dose-dependent cardiotoxicity. Yes-associated protein 1 (YAP1) interacts with transcription factor TEA

domain 1 (TEAD1) and plays an important role in cell proliferation and survival. However, the role of

YAP1 in Dox-induced cardiomyopathy has not been reported. In this study, the expression of YAP1

was reduced in clinical human failing hearts with dilated cardiomyopathy and Dox-induced in vivo

and in vitro cardiotoxic model. Ectopic expression of Yap1 significantly blocked Dox-induced cardiomyo-

cytes apoptosis in TEAD1 dependent manner. Isorhapontigenin (Isor) is a new derivative of stilbene and

responsible for a wide range of biological processes. Here, we found that Isor effectively relieved Dox-

induced cardiomyocytes apoptosis in a dose-dependent manner in vitro. Administration with Isor

(30 mg/kg/day, intraperitoneally, 3 weeks) significantly protected against Dox-induced cardiotoxicity

in mice. Interestingly, Isor increased Dox-caused repression in YAP1 and the expression of its target

genes in vivo and in vitro. Knockout or inhibition of Yap1 blocked the protective effects of Isor on

Dox-induced cardiotoxicity. In conclusion, YAP1 may be a novel target for Dox-induced cardiotoxicity

and Isor might be a new compound to fight against Dox-induced cardiotoxicity by increasing YAP1

expression.

ª 2021 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) belongs to anthracyclines, one of the most
frequently used chemotherapeutics for a wide range of malig-
nancies, such as breast cancer and haematologic cancer1. How-
ever, the clinical application of Dox is limited by its lethal
cardiomyopathy, which is characterized by decrease in left ven-
tricular ejection fraction (LVEF) or even heart failure1e4. Dox
induces irreversible cardiomyocytes apoptosis, reactive oxygen
species (ROS) production, impaired respiration and mitochondrial
dysfunction in a time- and dose-dependent manner2,5e12. We
previously reported that a-enolase and sestrin2 (SESN2) protects
against Dox-induced cardiomyopathy by maintaining mitochon-
drial function or regulating mitophagy2,8. Several ROS scavenger
agents are identified to relieve Dox-induced cardiomyopathy, but
the clinical results are not satisfied10,13,14. Therefore, it is urgent to
find new strategies to fight against Dox-induced cardiomyopathy.

Yes-associated protein (YAP1), a transcriptional coactivator
and the terminal effector of Hippo pathway, is an important
regulator of cell proliferation and survival15e18. YAP1 notably co-
activates with TEA domain transcription factor proteins (TEADs),
thereby activating expression of cell cycle regulators and other
target genes such as connective tissue growth factor (CTGF) and
amphiregulin (AREG), to increase cell proliferation and reduce
apoptosis17e20. In mammal, YAP1 plays a pivotal role in the heart
development, myocardial infarction (MI), and fibrosis18,19,21e24.
The deletion of Yap1 in the embryonic hearts inhibits car-
diomyocyte proliferation and results in prenatal lethality18,19. In
chronic MI, cardiomyocyte-specific deletion of Yap1 exacerbates
MI-induced cardiomyocyte apoptosis and cardiac dysfunction22,23.
However, the role of YAP1 and its pharmacological intervention in
Dox-induced cardiomyopathy have not been reported.

Isorhapontigenin (Isor, 4,30,50-trihydroxy-3-methoxystilbene),
derived from Chinese herbs and grapes, is a new derivative of
stilbene, and its chemical structure is similar to that of
resveratrol25e29. Isor has been reported to be responsible for a
wide range of biological processes, including antioxidant27, anti-
inflammation28,30, anti-platelet activation29, anti-leukemic31, anti-
tumorigenic activities32e35 and cardioprotection27,36. Isor could
protect against cardiac hypertrophy by decreasing ROS and
blocking mitogen-activated protein kinase (MAPK)/nuclear factor
kappa-B (NF-kB) signaling pathways27,36. To date, car-
dioprotective effects of Isor on Dox-induced cardiomyopathy and
its underlying mechanisms have also not been evaluated.

In this study, we found that the expression of YAP1 was
reduced in clinical human failing hearts with dilated cardiomy-
opathy and Dox-induced cardiotoxicity in vivo and in vitro.
Overexpression of Yap1 protected cardiomyocytes against Dox-
induced injury in a TEAD1-dependent manner. YAP1 may be a
novel target for Dox-induced cardiotoxicity. Besides, Isor effec-
tively increased Dox-inhibited YAP1 levels and reduced car-
diomyocyte apoptosis, cardiac injury and heart dysfunction in vivo
and in vitro. Knockout or inhibition of Yap1 blocked the protective
effects of Isor against Dox-induced cardiotoxicity. Isor might be a
new candidate to fight against Dox-induced cardiotoxicity by
increasing YAP1 expression.
2. Materials and methods

2.1. Human samples

Human heart samples were obtained from patients undergoing
heart transplantation because of end-stage heart failure with
dilated cardiomyopathy (n Z 7). Human heart samples without
any heart disease (n Z 4) were obtained from age-matched do-
nors. The human heart samples were obtained from the Second
Department of Cardiac Surgery, First Affiliated Hospital of Sun
Yat-sen University (Guangzhou, China) and the ethic approval
number was No. [2017]157. The study conformed to the principles
outlined in the Declaration of Helsinki. Informed consent was
obtained from the families of the subjects. Total mRNA was
extracted from these samples and assayed by RNA sequencing
analysis and quantitative real-time polymerase chain reaction
(qRT-PCR).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.2. Animal model of Dox-induced cardiotoxicity

C57BL/6 mice (male, weighing 20e30 g, SPF grade, Certification
No. 44007200068106) were from the Experimental Animal Center
of Sun Yat-sen University, Guangzhou, China. The animal ex-
periments were approved by the Research Ethics Committee of
Sun Yat-sen University (No. SYSU-IACUC-2019-000006) and
were performed following the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23, revised 1996).
Mice were randomly divided into the following groups: control
group, Dox group and combined Isor with Dox group. Mice were
intraperitoneally administrated with Dox by three equal dosages
over a period of 2 weeks (the cumulative doses of Dox were
24 mg/kg)35. Isor (30 mg/kg/day, CSN12333, CSNpharm, Chi-
cago, IL, USA) was dissolved in 0.3 mol/L 2-hydroxypropyl
b-cyclodextrin (Wacker, Burghausen, Germany) and intraperito-
neally administrated to the mice one week before Dox stimula-
tion26,28. Mice in control group got the same volume of vehicle
solvent in the same way.

2.3. Echocardiographic study

Two weeks later with Dox stimulation, echocardiography was
performed to evaluate the left ventricular function. Two-
dimensionally guided M-mode echocardiography was conducted
with a Technos MPX ultrasound system (ESAOTE, Italy) ac-
cording to our previous report35. Basic cardiac function parame-
ters were measured, such as ejection fraction (EF), fractional
shortening (FS), left ventricular end-diastolic anterior wall thick-
ness (LVAW;d), left ventricular end-systolic anterior wall thick-
ness (LVAW;s), left ventricular end-diastolic posterior wall
thickness (LVPW;d), left ventricular end-systolic posterior wall
thickness (LVPW;s), left ventricular end-diastolic internal diam-
eter (LVID;d), left ventricular end-systolic internal diameter
(LVID;s) and cardiac output (CO).

After echocardiography, mice were anesthetized and sacrificed.
Hearts were rapidly removed at diastole stage (with 0.1 mol/L KCl
injection) and washed in ice-cold PBS for three times. And then,
hearts were transected and the upper parts were fixed with 4%
paraformaldehyde and embedded in paraffin. Histological cross
sections (5e6 mm thickness) of the hearts were stained with
hematoxylineeosin (HE) and wheat germ agglutinin (WGA)
staining for morphometric measurement. DNA fragmentation of
apoptotic cells was detected by TdT-mediated dUTP nick end
labeling (TUNEL) staining (Service-bio, Wuhan, China). The
expression of YAP1 in the heart of mice was detected by immu-
nohistochemistry using YAP1 primary antibody, HRP-conjugated
secondary antibody and 3,30-diaminobenzidine (DAB) substrate.
All slides were photographed by using EVOS FL Auto and five
different images were quantified and were analyzed using ImageJ
software.

2.4. Primary culture of neonatal rat cardiomyocytes

After anesthetized, 1- to 3-day-old SpragueeDawley (SD) rats
were sacrificed. Hearts of rats were removed immediately and
washed three times in ice-cold sterile PBS. For cell suspensions
collection, ventricles were minced and dispersed at 37 �C in
15e20 mL 0.08% trypsin solution approximately 12e14 times for
5e3.5 min each time. Cardiomyocytes were harvested by centri-
fugation for 5 min at 1800�g and re-suspended in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, Life technologies
corporation, Grand Island, NY, USA) with 10% fetal bovine serum
(FBS, Invitrogen, Carlsbad, CA, USA). For the differential
attachment between cardiomyocyte and myocardial fibroblast, the
suspensions were cultured in two flasks for 1 h at 37 �C with 5%
CO2 atmosphere. Finally, NRCMs were collected and seeded onto
culture dishes with 5-bromodeoxyuridine (0.1 mmol/L, Thermo
Fisher Scientific Inc., Waltham, MA, USA). Twelve hours later,
cardiomyocytes were washed with PBS and culture medium was
changed to fresh DMEM supplemented with 10% FBS. Dox
(1 mmol/L) was used to induce in vitro cardiotoxic responses.

2.5. RNA sequencing analysis

Total RNAwas extracted from failing heart of human with dilated
cardiomyopathy or NRCMs with Dox stimulation. RNA
sequencing (RNAseq) analysis was performed by BGI (Beijing
Genomics Institute, Shenzhen, China). In brief, mRNAwith polyA
tail was enriched with magnetic beads with OligodT. cDNA was
synthesized in a high temperature system and purified by kit
followed by RNAseq using the BGISEQ platform. Raw reads were
filtered by using SOAPnuke software to generate clean reads. And
then we compared clean reads to the reference genome sequence
using HISAT (Hierarchical Indexing for Spliced Alignment of
Transcripts) and Bowtie2. RSEM was used to calculate the gene
expression level of each sample. Transcripts were assembled,
differential expression analysis was performed and heatmap was
made.

2.6. CRISPR/Cas9 sgRNA design, lentivirus production and
infection

Sequence guiding RNAs (sgRNAs) were designed using the
Zhang’s laboratory website (http://crispr.mit.edu/). Oligo to the
sgRNAs was synthesized and cloned into lenti-CRISPR v2 vectors
(Addgene, plasmid#52961, Cambridge, MA, USA). The sequence
of sgRNA targeting Yap1 was as follows: gRNA:
ACGACCTGGTGACCCGCCGG. Lentivirus was generated by
co-transfected Lenti-CRISPR v2-gRNA construction, psPAX2 and
pMD2.G into HEK293T cell line. Viral supernatants were har-
vested 48 h later. One milliliter of virus was added to the NRCMs
plated in 6-well plates with 60%e70% confluence. After incu-
bation for 4e6 h, culture medium was changed to fresh DMEM
supplemented with 10% FBS and cultured for another 72 h. The
knockout efficiency of Yap1 was detected by Western blot.

2.7. Recombinant adenovirus infection and RNA interference

Recombinant adenovirus vector harboring Yap1 cDNA was pur-
chased from Hanbio Technology (Shanghai, China). The adeno-
viruses were amplified in HEK293A cell line and purified with a
virus purification kit (Biomiga, San Diego, CA, USA). To over-
express Yap1, cardiomyocytes were infected with adenovirus at
the concentration of 26 PFU for 48 h. Small interfering RNA
(siRNA) targeting Tead1 and negative control (NC) siRNA were
obtained from GenePharma (Shanghai, China) and the sequences
were si-Tead1-1: GCGGACTTAAACTGCAATA, si-Tead1-2:
TGGGAAACAAGTAGTAGAA, si-Tead1-3: CAGACTCGTA-
CAACAAACA. RNA interference transfection was conducted by
using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instruction. qRT-PCR was
conducted to determine the silencing efficiency.

http://crispr.mit.edu/


Figure 1 YAP1 expression was decreased in human failing hearts and in Dox-induced rat cardiotoxicity model. The expression changes of

genes related to Hippo pathway in the human hearts with dilated cardiomyopathy (A) and in Dox-stimulated NRCMs were exhibited by heatmap

(B). The change of YAP1 mRNA expression in the human failing heart tissue was confirmed by qRT-PCR (C), n Z 4 in control group and n Z 7

in heart failure group. The change of Yap1 mRNA expression in Dox-induced rat cardiotoxicity model was confirmed by qRT-PCR (D). NRCMs

were treated with Dox (1 mmol/L) at different time point (0, 6 and 12 h). The mRNA expression of Yap1 in NRCMs was measured by qRT-PCR

(E). The protein expression of YAP1 in NRCMs was measured by Western blot (F) and IF assay (G, scale bar was 20 mm). The subcellular protein

changes of YAP1 were measured by Western blot (H). The target genes changes of YAP1 were measured by qRT-PCR (I). Data were expressed as

mean � SEM, n Z 4; **P < 0.01, ***P < 0.001 vs. control group. Dox, doxorubicin; NRCMs, neonatal rat cardiomyocytes; qRT-PCR,

quantitative real-time polymerase chain reaction; YAP1, Yes-associated protein 1; IF, immunofluorescence.
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Additional materials and methods were attached in the Sup-
porting Information.
2.8. Statistical analysis

Data are expressed as mean � standard error of mean (SEM).
Statistical analyses of two groups were performed using Student’s
t-tests. One-way ANOVA with Dunnett post hoc multiple com-
parisons were used for multiple comparisons (GraphPad Prism 6.0
software, San Diego, CA, USA). P values < 0.05 were considered
statistically significant.
3. Results
3.1. YAP1 expression was decreased in human failing hearts
and Dox-induced rat cardiotoxicity model

Many studies revealed that Hippo/YAP1 signal pathway partici-
pates in a wide range of biological processes and dis-
eases19,22,37,38. Here, the key genes related to Hippo/YAP1 signal
pathway were analyzed by RNAseq analysis of samples from
human hearts with dilated cardiomyopathy (Fig. 1A) or from
NRCMs with Dox (1 mmol/L, 12 h) stimulation (Fig. 1B). The



Figure 2 YAP1 protected against Dox-induced cardiomyocytes apoptosis. Yap1 was overexpressed by using recombinant adenovirus following

Dox (1 mmol/L, 12 h) stimulation in NRCMs. The morphology of NRCMs was observed by EVOS FL Auto and scale bar was 200 mm (A). The

change of cell viability was measured by CCK-8 (B). The TUNEL staining positive NRCMs and nuclear condensation were assayed and scale bar

was 400 mm (C). TUNEL-positive cells were quantified and analyzed from four different views (D). The protein change of cleaved caspase 3 was

measured by Western blot (E). The changes of mitochondrial membrane potential were detected by TMRE staining (F) and quantified (G). Data

were expressed as mean � SEM, n Z 4. *P < 0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. Dox group. YAP1, Yes-associated

protein 1; Dox, doxorubicin; TUNEL, TdT-mediated dUTP nick end labeling; TMRE, tetramethylrhodamine ethyl ester perchlorate; CCK-8, cell

counting kit-8.
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transcription of YAP1 was significantly decreased both in the
human cardiomyopathy samples and in Dox-treated NRCMs
samples (Fig. 1A and B). Subsequently, we further confirmed the
changes of YAP1 by qRT-PCR, Western blot and IF assay. As
shown in Fig. 1C, the mRNA level of YAP1 was decreased in the
human failing heart tissue. Similarly, the mRNA level of Yap1 was
significantly decreased in Dox-induced in vivo and in vitro car-
diotoxic model (Fig. 1D and E). The protein expression of YAP1
was also reduced after Dox stimulation at different time point in
NRCMs (Fig. 1F). YAP1 is a transcriptional co-activator to
regulate the expression of anti-apoptosis genes including CTGF39

and AREG40. Therefore, we measured the changes of YAP1 pro-
tein in the nucleic and cytoplasmic fraction of NRCMs and the
mRNA levels of its target genes. Dox significantly decreased the
expression of YAP1 both in the nucleic and cytoplasmic fraction
(Fig. 1G and H) and YAP1 target genes’ expression (Ctgf and
Areg, Fig. 1I). These results indicate an association between YAP1
and cardiomyopathy.

3.2. YAP1 relieved Dox-induced cardiomyocytes apoptosis

The significant effects of Dox on the expression of YAP1
encouraged us to explore whether YAP1 was involved in Dox-
induced cardiotoxicity. NRCMs were infected with Yap1 adeno-
virus for overexpression (26 PFU, 48 h). Thirty-six hours later,
cardiomyocytes were treated with Dox (1 mmol/L) for 12 h.
Representative images from bright-field and CCK8 results show
that Yap1 overexpression effectively suppressed Dox-induced
cardiomyocyte death (Fig. 2A and B). Yap1 overexpression
significantly suppressed Dox-induced nuclear condensation and
TUNEL positive staining cells (Fig. 2C and D). YAP1 also
reduced the cleavage of capase3 following Dox stimulation
(Fig. 2E). Additionally, results from TMRE staining show that
Yap1 overexpression largely suppressed Dox-induced depolariza-
tion of mitochondrial membrane (Fig. 2F and G). Furthermore, the
expression of Yap1 in NRCMs was knocked out by targeting
sgRNA (Supporting Information Fig. S1A). Yap1 knockout alone
obviously induced cardiomyocyte death (Fig. S1B and S1C). Yap1
knockout also significantly increased TUNEL positive car-
diomyocytes (Fig. S1D) and the expression of cleave caspase3
(Fig. S1E). TMRE staining results also show that Yap1 knockout
also significantly decreased mitochondrial membrane potential
level of NRCMs (Fig. S1F). All these results indicate that Yap1
overexpression effectively protected against Dox-induced car-
diomyocyte apoptosis in vitro.

3.3. YAP1 protected against Dox-induced cardiomyocytes
apoptosis through TEAD1

As a transcriptional co-activator, YAP1 interacts with TEAD1 (a
transcription factor), which is the main downstream target of
YAP1, to induce target genes’ expression to anti-apoptosis18,41.
Here, we explored whether the protective effects of YAP1 against
Dox-induced cardiomyocyte apoptosis were mediated by TEAD1.
In NRCMs, Tead1 was silenced by siRNA and the third one was
chosen for the following experiments (Fig. 3A). NRCMs were
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transfected with silencing RNA targeting Tead1, with Ad-Yap1 co-
infection and Dox co-treatment. Overexpression of Yap1 protected
against Dox-caused reduction in cell viability, while Tead1
silencing effectively abrogated this cardioprotective effects
(Fig. 3B). Knockdown of Tead1 attenuated the inhibitory effects
of YAP1 on Dox-induced cardiomyocyte apoptosis, as shown by
increased the cleavage of caspase 3, TUNEL positive cell and
nuclear condensation (Fig. 3CeE and Supporting Information
Fig. S2A). The mitochondrial membrane potential improvement
by YAP1 was also significantly decreased by Tead1 silencing in
Dox-treated NRCMs (Fig. 3F and Fig. S2B). These results suggest
that the protective effect of YAP1 on Dox-induced cardiomyocytes
injury was dependent on TEAD1.

3.4. Isor alleviated Dox-induced cardiomyocytes apoptosis in
NRCMs

Isor is a new resveratrol analog (Supporting Information
Fig. S3A)27, but with favorable pharmacokinetic profiles su-
perior to resveratrol25,26. Resveratrol was widely studied in
cardiovascular diseases including Dox-induced cardiomyopa-
thy10,42,43. Here, we hypothesized that Isor might alleviate
Dox-induced cardiomyocytes apoptosis. The effects of Isor on
the cell viability were assayed by CCK8, and the result showed
that Isor did not influence cell viability even at higher con-
centration (100 mmol/L, Fig. S3B). NRCMs were pre-incubated
with Isor at different concentrations (1e40 mmol/L) for 1 h
Figure 3 YAP1 protected against Dox-induced cardiomyocytes apopt

confirmed by qRT-PCR (A). The cell viability change of NRCMs was assa

and YAP1 were measured by Western blot (C). The morphology of NRC

NRCMs were stained by TUNEL and DAPI. TUNEL positive cells and nuc

400 mm (E). The change of mitochondrial membrane potential was measure

*P < 0.05, **P < 0.01 vs. control group; ##P < 0.01 vs. Dox group; $$P <

domain transcription factor proteins 1; TUNEL, TdT-mediated dUTP nick

DAPI, 40,6-diamidino-2-phenylindole; YAP1, Yes-associated protein 1.
followed by Dox (1 mmol/L) stimulation for 12 h. Isor signif-
icantly alleviated Dox-induced cardiomyocyte death, as
observed from representative images from bright-field (Fig. 4A
and Fig. S3C). Cell viability result showed that Isor effectively
suppressed Dox-induced cardiotoxicity in a dose-dependent
manner (Fig. 4B and Fig. S3D). Isor (2.5e40 mmol/L) signifi-
cantly alleviated Dox-induced TUNLE positive staining cell
and nuclear condensation (Fig. 4C and Fig. S3E). Dox-induced
cleavage of caspase 3 was also inhibited following Isor treat-
ment (Fig. 4D and Fig. S3F). In addition, Isor obviously
blocked Dox-induced decrease in mitochondrial membrane
potential (Fig. 4E and Fig. S3G). However, Isor at concentra-
tion 1 mmol/L did not show obvious protective effects against
Dox-induced cardiotoxicity. Taken together, our results indi-
cate that Isor at the concentrations from 2.5 to 40 mmol/L
effectively suppressed Dox-induced cardiomyocyte apoptosis
in vitro.

3.5. Isor relieved Dox-caused inhibition of YAP1 expression in
NRCMs

Given Yap1 overexpression protected against Dox-induced
cardiomyocytes apoptosis through TEAD1 (Figs. 2 and 3), we
asked whether the protective effects of Isor on Dox-induced
cardiotoxicity through regulating YAP1 expression. NRCMs
were pre-incubated with different concentrations of Isor
(1e10 mmol/L) followed by Dox stimulation for 12 h. As
osis through TEAD1. The silent efficiency of siRNA to Tead1 was

yed by CCK-8 (B). The protein changes of cleaved caspase 3, TEAD1

Ms was observed by EVOS FL Auto and scale bar was 200 mm (D).

lear condensation were observed by EVOS FL Auto, and scale bar was

d by TMRE staining (F). Data were expressed as mean � SEM, nZ 4;

0.01 vs. DoxþYAP1 group. CCK8, cell counting kit-8; TEAD1, TEA

end labeling; TMRE, tetramethylrhodamine ethyl ester perchlorate;



Figure 4 The effects of isorhapontigenin (Isor, 1e10 mmol/L) on Dox-induced cardiomyocytes injury. Cardiomyocytes were pre-incubated

different concentrations (10, 5, 2.5 and 1 mmol/L) of Isor for 1 h and co-treated with Dox (1 mmol/L) for 12 h. The cell morphology was

observed by EVOS FL Auto and scale bar was 200 mm (A). Cell viability was assayed by CCK-8 (B). Representative graphs of nuclear

condensation and TUNEL-staining positive cell were measured by IF and analyzed (C). The protein changes of cleaved caspase 3 were assayed by

Western blot (D). Changes of mitochondrial membrane potential were assayed by TMRE staining (E). Data were expressed as mean � SEM,

n Z 6; ***P < 0.001 vs. control group; #P < 0.05, ##P < 0.01 vs. Dox group; ns means no significant differences vs. Dox group. CCK-8, cell

counting kit-8; IF, immunofluorescence; TMRE, tetramethylrhodamine ethyl ester perchlorate.
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shown in Fig. 5A and B, Dox-caused inhibition of Yap1 mRNA
and protein expressions were significantly relieved by Isor at
concentrations from 2.5 to 10 mmol/L in a dose dependent
manner. By IF staining, Isor (10 mmol/L) increased the sub-
cellular YAP1 protein located in the cytoplasm and nuclei of
Dox-treated NRCMs (Fig. 5C). Compared to Dox group,
Western blot results also show that YAP1 protein levels both in
the cytoplasmic and nucleic fraction were significantly
increased in Isor (10 mmol/L) þ Dox group (Fig. 5D). The
decrease in mRNA expression of Ctgf and Areg (target genes of
YAP1) were also increased by Isor in Dox-treatment NRCMs
(Fig. 5E and F).

3.6. YAP1 was involved in the protection of Isor against Dox-
induced cardiomyocytes apoptosis

Our results indicate that Isor increased the expression of YAP1 in
Dox-treated NRCMs (Fig. 5). Here, we further examined whether
YAP1 was involved in the protective effects of Isor against Dox-
induced cardiomyocytes apoptosis. Yap1 was knocked out by
targeting sgRNA in NRCMs followed by Isor and Dox co-
treatment. The protective effects of Isor against Dox-induced
cardiotoxic effects were effectively blocked by Yap1 knockout,
as indicated by increased cell death (Fig. 6A and B), nuclear
condensation, TUNEL positive staining cells (Fig. 6C and Sup-
porting Information Fig. S4A) and the protein expression of
cleavage of caspase3 (Fig. 6D). Improved mitochondrial mem-
brane potential by Isor was also destroyed by YAP1 knockout
(Fig. 6E and Fig. S4B).

Dobutamine (Dob), a small-molecular regulator of YAP1,
promotes the phosphorylation of YAP1 at Ser127, blocks its
nuclear translocation and increases the degradation YAP144. To
further validate the involvement of YAP1 in the protection of
Isor, Dob (10 mmol/L) was used in combination with Isor
following Dox stimulation. Consistently, Dob blocked the pro-
tective effects of Isor on Dox-induced cardiotoxic responses
including increase in cell death, nuclear condensation, TUNEL
positive staining cells, cleavage of caspase3 and decrease in
mitochondrial membrane potential (Fig. 6FeI, Fig. S4D and
S4E).

All these results indicate the involvement of YAP1 in the
protective effects of Isor on Dox-induced cardiotoxicity in vitro.



Figure 5 Isorhapontigenin (Isor) relieved Dox-caused inhibition of YAP1 expression in NRCMs. NRCMs were pre-incubated with different

concentrations of Isor (10, 5, 2.5 and 1 mmol/L) for 1 h followed by Dox stimulation for 12 h. The mRNA expression of Yap1 was measured by

qRT-PCR (A). The protein expression of YAP1 was measured by Western blot (B). IF assay was used to detect the protein changes of YAP1 in

NRCMs following Isor (10 mmol/L) and Dox (1 mmol/L) co-treatment for 12 h (C). Scale bar Z 20 mm. Western blot results show the change of

YAP1 protein in nucleic and cytoplasmic fraction of NRCMs following Isor (10 mmol/L) and Dox (1 mmol/L) co-treatment for 12 h (D). The

mRNA changes of Ctgf (E) and Areg (F) were measured by qRT-PCR. Data were expressed as mean � SEM, n Z 6; **P < 0.01, ***P < 0.001

vs. control group; #P < 0.05, ##P < 0.01 vs. Dox group; ns means no significant differences vs. Dox group. Dox, doxorubicin; NRCMs, neonatal

rat cardiomyocytes; qRT-PCR, quantitative real-time polymerase chain reaction; CTGF, connective tissue growth factor; AREG, amphiregulin;

YAP1, Yes-associated protein 1.
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3.7. Isor improved Dox-induced cardiac dysfunction in vivo

Given the effective role of Isor in protecting against Dox-induced
cardiotoxicity in NRCMs, we further confirmed the protective
effects in C57BL/6 mice. Isor (30 mg/kg/day) was intraperitone-
ally pre-administrated to mice for 1 week and then Dox was
intraperitoneally co-administrated to mice for a cumulative dose
of 24 mg/kg (three equal dosages, on the 1st, 6th and 11th day) for
15 days. Control group was treated with vehicle in the same
volume solvent.

The gross heart morphometric results showed that the hearts of
Dox-treated mice were smaller than control group (Fig. 7A). The
inflammatory cell infiltration of Dox group was also shown by HE
staining (Fig. 7B and C). Compared to Dox group, Isor could
attenuate these effects (Fig. 7AeC). Compared to the Dox group,
Isor also increased the size of cardiomyocytes as indicated by
WGA staining results (Fig. 7D and Supporting Information
Fig. S5A). The heart weight to the body weight (HW/BW) ratio
was decreased in the Dox group, which was significantly blocked
by Isor treatment (Fig. 7E). Besides, echocardiographic results
(Fig. 7F and Supporting Information Table S2) show that treat-
ment with Isor for 3 weeks significantly improved CO, EF and FS
in Dox-stimulated mice (Fig. 7G). Decreasing in left ventricular
end-systolic anterior wall thickness (LVAW;s, Fig. 7H), left
ventricular end-diastolic anterior wall thickness (LVAW;d,
Fig. 7I), left ventricular end-systolic posterior wall thickness
(LVPW;s, Fig. 7J) and left ventricular end-diastolic posterior wall
thickness (LVPW;d, Fig. 7K) were also increased following Isor
treatment in Dox-stimulated mice. Additionally, Dox-induced in-
crease in ventricular end-systolic internal diameter (LVID;s,
Fig. S5B) and left ventricular end-diastolic internal diameter
(LVID;d, Fig. S5C) were slightly relieved with Isor treatment.
Altogether, these results indicate the effectively protective effects
of Isor against Dox-induced cardiomyopathy in mice.

3.8. The protective effects of Isor on Dox-induced
cardiomyocytes apoptosis and decreased YAP1 expression in vivo

As previously reported, Dox could result in cardiomyocytes
apoptosis1e4. We further evaluated the in vivo effects of Isor on
Dox-induced cardiotoxicity. Our results show that Dox obviously
increased TUNEL staining positive staining cells (Fig. 8A and
Fig. S5D) and cleavage of caspase3 (Fig. 8B), while Isor treatment
significantly blocked these responses. Furthermore, Dox-caused
decrease in protein and mRNA levels of YAP1 was significantly
reversed by Isor, as indicated by IHC staining (Fig. 8C and
Fig. S5E), Western blot (Fig. 8D) and qRT-PCR assay (Fig. 8E).
The target gene expressions of YAP1 were also deceased in vivo



Figure 6 YAP1 was involved in the protection of isorhapontigenin (Isor) on Dox-induced cardiotoxic effects. NRCMs were transfected with

sgRNA targeting Yap1 or treated with YAP1 inhibitor Dob (10 mmol/L) before Dox (1 mmol/L) and Isor (10 mmol/L) co-treatment. Cell viability

was measured by CCK-8 (A). The cell morphology was observed by light microscopy, and scale bar was 200 mm (B) and (F). The nuclear

condensation and TUNEL positive staining cells were observed and scale bar was 400 mm (C) and (G). The protein change of cleaved caspase 3

was measured by Western blot (D) and (H). The mitochondrial membrane potential changes of NRCMs were detected by TMRE staining, and

scale bar was 400 mm (E) and (I). Data were expressed as mean � SEM, n Z 6; **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. Dox

group; $P < 0.05, $$P < 0.01 vs. DoxþIsor group. Isor, isorhapontigenin; Dox, doxorubicin; NRCMs, neonatal rat cardiomyocytes; Dob,

dobutamine; TMRE, tetramethylrhodamine ethyl ester perchlorate; YAP1, Yes-associated protein 1.
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Figure 7 Isor improved Dox-induced cardiac dysfunction in vivo. C57BL/6 mice were pre-treated with Isor (30 mg/kg/day) for 1 week fol-

lowed with Dox stimulation for 2 weeks. The gross hearts from mice were shown (A). The hematoxylineeosin (HE) staining of heart tissues was

shown, and scale bar was 100 mm (B) and (C). Wheat germ agglutinin (WGA) staining of heart tissues was shown, and scale bar was 100 mm (D).

Heart weight to body weight ratio (HW/BW) was shown (E), n Z 7 in control group, n Z 6 in Dox group and DoxþIsor group. Representative

echocardiographic graphs are shown (F). The echocardiographic parameters were measured, including cardiac output (CO), ejection fraction (EF),

fractional shortening (FS) (G), left ventricular anterior wall thickness (LVAW) at systolic end-stage and diastolic end-stage (H) and (I) and left

ventricular posterior wall thickness (LVPW) at systolic end-stage and diastolic end-stage (J) and (K), n Z 7 in control group, n Z 6 in Dox group

and n Z 8 in DoxþIsor group. Data were expressed as mean � SEM; *P < 0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. Dox

group. Isor, isorhapontigenin; Dox, doxorubicin.
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by Dox, while Isor could partly reverse these changes (Fig. 8F and
G). These results suggest that Isor has the protective effect on
cardiomyocytes apoptosis and increased YAP1 expression in Dox-
induced cardiotoxicity model in mice.

4. Discussion

The clinical application of Dox is limited for its time- and dose-
dependent cardiotoxicity, which finally leads to irreversibly car-
diomyopathy and heart failure2,3,8,45. Several agents have been
identified for anti-Dox-induced cardiomyopathy, such as vitamin E,
carvedilol, resveratrol and 7-monohydroxyethylrutoside14,46e48,
but these agents are far from satisfaction12. In this study, YAP1 was
identified as a new target for the prevention against Dox-induced
cardiotoxicity in a TEAD1-dependent manner. Moreover, Isor
attenuated Dox-induced cardiotoxicity by increasing YAP1
expression. By targeting YAP1, Isor may be a new candidate com-
pound to fight against Dox-induced cardiotoxicity.

YAP1, the terminal effector of the Hippo signaling pathway,
plays an important role in a broad range of biological func-
tions17. HippoeYAP1 pathway has protective effect on the
regulation of cardiac development and regeneration of embry-
onic heart19,22,37,38. In embryonic heart, YAP1 activates insulin-
like growth factor, interacts with b-catenin and regulates WNT
signaling to restrict cardiomyocyte proliferation and controls
heart size18,49e51. In post-natal heart, cardiac-specific Yap1
overexpression relieves MI-induced cardiac injury by regulating
forkhead box class O1 (FOXO1) or by directly targeting
PIK3CB to activate phosphoinositol-3-kinase-AKT
pathway15,52,53. To date, the role of HippoeYAP1 pathway in
Dox-induced cardiotoxicity has not been reported. RNAseq
analysis of Hippo pathway and the validation results consis-
tently showed that YAP1 expression was obviously decreased in
human failing hearts and Dox-induced cardiotoxicity. Yap1
overexpression effectively relieved Dox-induced cardiotoxicity
as indicated by decreased apoptosis and increased mitochondrial
membrane potential.

As a transcription factor, TEAD1 regulates its target genes
expression (e.g., Ctgf and Areg) to fight against cell
apoptosis18,41,49, proliferation18, epithelial mesenchymal trans-
formation (EMT), and oncogenic transformation21,24. YAP1 acts
as the transcriptional co-factor of TEAD1, facilitates TEAD1 to
regulate target genes expression18,41. Our results indicate that the
protective effects of YAP1 on Dox-induced cardiotoxicity.

Resveratrol has been reported to protect from various cardio-
vascular diseases including cardiac hypertrophy and Dox-induced
cardiomyopathy10,42,43. As a resveratrol analog, Isor shows
favorable pharmacokinetic profiles superior to that of resveratrol,
as indicated by its dose-normalized maximal plasma concentra-
tions (Cmax/dose), dose-normalized plasma exposures (AUC/dose)



Figure 8 Isor alleviated Dox-induced cardiomyocytes apoptosis and increased YAP1 expression in vivo. The heart tissue of mice was stained

with TUNEL and observed by EVOS FL Auto. Representative graphs are shown and scale bar is 100 mm (A). The change of cleaved caspase 3

levels in the heart tissue of mice was measured by Western blot (B). The protein level of YAP1 in the heart of mice was assayed by IHC and scale

bar is 100 mm (C). The protein and mRNA levels of Yap1 in the heart of mice were measured by Western blot (D) and qRT-PCR (E). The mRNA

expressions of YAP10 target genes (Ctgf and Areg) were assayed by qRT-PCR (F) and (G). Data were expressed as mean � SEM, n Z 6;

*P < 0.05, **P < 0.01, ***P < 0.001 vs. control group; #P < 0.05, ##P < 0.01 vs. Dox group. YAP1, Yes-associated protein 1; Isor, iso-

rhapontigenin; Dox, doxorubicin; IHC, immunohistochemistry; qRT-PCR, quantitative real-time polymerase chain reaction; CTGF, connective

tissue growth factor; AREG, amphiregulin.
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and oral bioavailability (F) are approximately 2e3-fold greater
than resveratrol25,26. Actually, the protective effects of resveratrol
on Dox-induced cardiomyopathy were limited14. Hence, we
wanted to know whether Isor may have more pronounced effects
on cardiovascular diseases than resveratrol. Isor could effectively
protect against cardiac hypertrophy or myocardial infarction by
regulating nuclear factor kappa-B, anti-microbial protein (AP-1)27

or by decreasing ROS and inflammatory responses36. In this study,
Isor also showed significant therapeutic effects against Dox-
induced cardiotoxicity in vitro and in vivo.

In the process of playing its biological function and thera-
peutic effects, Isor involves various signal molecules and related
signal transduction pathways27e36. By inhibiting MAPK-
associated pathways, Isor suppresses interleukin-1b-induced
inflammation and cartilage matrix damage in rat chondrocytes30.
Compared to resveratrol, Isor binds to P2Y12 receptor (ADP
receptor) and inhibits ADP-stimulated platelet activation by
decreasing AKT phosphorylation29. Isor inhibits cancer cell
growth and induces apoptosis via regulating EGFR pathways34

and upregulating miR-137 transcription33 or increasing the
binding of FOXO1 to p27 promoter54. Our results show that Isor
promoted the transcription of YAP1 in Dox-induced cardiotox-
icity model.

The transcription of Yap1 gene is regulated by a variety of
factors55e62. Some miRNAs regulate the expression of Yap1, such
as miR-4319, miR-506, miR-375 and miR-18655e58. Circular



Isor protects against doxorubicin-induced cardiotoxicity via YAP1 691
RNA negatively regulates YAP1 protein levels by suppressing
translation initiation machinery59. b-Catenin/T-cell factor 4
(TCF4) complexes directly bound to DNA enhancer element to
promote YAP1 expression in colorectal carcinoma cells60. YAP1
expression is strongly correlated to its promoter methylation in
breast cancer patients62. Besides, we previously discovered that
b-catenin pathway was tightly related to Dox-induced cardiotox-
icity45. Meanwhile, demethylase and the methylation of histone
were significantly changed (date not shown). Hence, we specu-
lated that the inhibition of YAP1 expression in Dox-induced car-
diotoxicity model might be related to its promoter methylation or
b-catenin pathway. But this possibility needs further confirmation.

Based on our work, it could be conclusive that Isor protected
against doxorubicin-induced cardiotoxicity via increasing Yap1
expression. Whether Isor is superior to resveratrol to fight against
Dox-induced cardiotoxicity is unclear. The detailed mechanisms
of the changes of YAP1 at transcription level after Dox or Isor
treatment remains to be further explored.
5. Conclusions

Isor effectively protected against Dox-induced cardiotoxicity and
improved cardiac function by increasing the expression of YAP1.
It might be crucial to treat with Isor or overexpressed Yap1 when
the occurrence of Dox-induced cardiotoxicity. In light of this, our
findings may have immediate implications on the development of
a new therapeutic strategy for overcoming Dox-induced car-
diotoxicity by targeting IsoreYAP1eTEAD1 axis.
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