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Abstract. The clinical use of doxorubicin (Dox) is limited 
by its cardiotoxicity. The fundamental changes it induces 
include interstitial myocardial fibrosis and the appearance 
of senescent cardiomyocytes. Mesenchymal stem cell 
(MSC)‑based therapies have also been reported to modulate 
cellular senescence, and have been used effectively to treat 
age‑related cardiovascular diseases. In the present study, 
the Transwell system was used to coculture H9c2 cells with 
MSCs, and their proliferation and viability were assessed. 
The expression of senescence‑related genes p53 and p16, 
and telomere length were measured using reverse tran-
scription‑quantitative polymerase chain reaction analysis, 
and the Jagged‑1/Notch‑1 signaling pathway was detected 
using western blot analysis. The results revealed that Dox 
induced the senescence of H9c2 cells, characterized by a 
low proliferation rate, poor viability, reduced telomere 
length and impaired telomerase activity, and by marked 
increases in the expression of p53 and p16. By contrast, 
when cocultured with MSCs in the presence of Dox, H9c2 
cell proliferation and viability increased, whereas the 
expression levels of p53 and p16 decreased, and telomere 
length and telomerase activity increased. The mechanism 
underlying the antisenescence function of MSCs was clari-
fied, which involved the vascular endothelial growth factor 
(VEGF)/Jagged‑1/Notch‑1/transforming growth factor‑β1 
(TGF‑β1) signaling pathway. It was confirmed that inhib-
iting VEGF, or silencing Jagged‑1 or Notch‑1 with small 

interfering RNA, or using recombinant TGF‑β1 eliminated 
the antisenescence effects of MSCs on the Dox‑treated 
H9c2 cells. The results revealed that MSCs rescued H9c2 
cells from Dox‑induced senescence through the release 
of VEGF, which activated the Jagged‑1/Notch‑1 signaling 
pathway, leading to the inhibition of TGF‑β1 release. 
Therefore, treatment with MSCs may have important thera-
peutic implications on the attenuation of cardiotoxicity in 
patients with cancer treated with Dox.

Introduction

Doxorubicin (Dox) is one of the effective anthracycline anti-
cancer drugs and is used extensively in clinical practice (1). 
Despite its effectiveness against cancer, its dose‑dependent 
cardiotoxicity restricts its long‑term use in chemotherapy as it 
reduces the quality of life of patients with cancer (2). Despite 
advances made over several decades, the precise mechanism 
underlying Dox‑induced cardiomyopathy remains to be fully 
elucidated. Oxidative stress, inflammation and apoptosis 
have been suggested as the mechanisms of Dox‑induced 
cardiotoxicity, and all these mechanisms lead to apparent 
cardiomyocyte senescence, which can, at least partly, result in 
cardiac remodeling and dysfunction (3,4). However, a specific 
strategy is required to protect patients against Dox‑induced 
cardiotoxicity.

Previous studies have demonstrated that mesenchymal 
stem cell (MSC) transplantation attenuates myocardial 
damage, such as that present following myocardial infarc-
tion (5). Several studies have also shown promising results 
with MSC transplantation in animal models of Dox‑induced 
heart failure  (6,7). The cardioprotective effects of MSCs 
involve several mechanisms, including paracrine antifibrotic 
and anti‑apoptotic factors, which may contribute to the attenu-
ation of cardiac fibrosis following Dox treatment (6). MSCs 
also enhanced the capillary density, attenuating the impaired 
contractility of cardiomyocytes, in a model of Dox‑induced 
heart failure (8). The mechanism underlying the protective 
effects of MSCs against cardiomyocyte senescence remain 
to be fully elucidated, although it is the main factor contrib-
uting to Dox‑related cardiac remodeling and dysfunction. The 
present study investigated whether coculture with MSCs can 
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reverse the senescence of cardiomyocytes induced by Dox and 
the mechanism involved.

The Notch signaling pathway is an evolutionarily 
conserved signaling system, which regulates cell proliferation, 
differentiation and fate determination in embryonic and adult 
organs (9). Notch signaling is also involved in the self‑renewal 
and proliferation of adult cells in several organs and cellular 
systems  (10). Evidence has shown that the Notch ligand, 
Jagged‑1, can be used to inhibit senescence in long‑term sheet 
cultures of MSCs (9). Notch signaling is crucial in cardiac 
development, guiding the cell fate decisions that underlie 
myocyte and vessel differentiation (11). In cardiac progenitor 
cells, an increase in Notch activity reduces markers of senes-
cence (12). Therefore, the present study examined whether 
modulating the Notch pathway through coculture with MSCs 
can relieve Dox‑induced cardiac injury.

In the cardiovascular system, transforming growth factor 
(TGF)‑β1 is involved in fibrotic cardiac remodeling  (13). 
Dox causes dose‑dependent dilated cardiomyopathy when 
used to treat patients with cancer, which is associated with 
the inhibition of endothelial cell proliferation, migration and 
angiogenesis by TGF‑β1 (14). The TGF‑β1‑related apoptosis of 
contractile cells in the heart, cardiomyocytes, has been impli-
cated in the cardiac damage caused by Dox (15). A previous 
study demonstrated that MSC transplantation improved 
cardiac function following myocardial infarction by inhibiting 
the TGF‑β1/small mothers against decapentaplegic (SMAD) 
signaling pathway (16). Therefore, it was hypothesized that 
MSCs protect cardiomyocytes from Dox‑related injury by 
inhibiting TGF‑β1.

In the present study, the antisenescence effects of 
MSCs were investigated, and the involvement of the 
Jagged‑1/Notch‑1/TGF‑β1 signaling pathway in the protection 
afforded by MSCs against Dox‑induced cardiotoxicity was 
examined.

Materials and methods

Animals. Male 6‑month‑old Sprague‑Dawley (SD) rats 
weighing 60‑80  g were cared for in accordance with the 
published Guide for the Care and Use of Laboratory Animals 
of the United States National Institutes of Health. Rats were 
purchased from the Laboratory Animal Center of Wenzhou 
Medical University (Wenzhou, China). They were housed in 
a 12 h light/dark cycle at 21±2˚C, with a relative humidity of 
30‑70% and free access to food and water. All animal proce-
dures were approved by the Institutional Animal Care and 
Use Committee of Wenzhou Medical University (Wenzhou, 
China).

Reagents. Dulbecco's modified Eagle's medium (DMEM) 
and fetal bovine serum (FBS) were obtained from HyClone 
Laboratories; GE Healthcare Life Sciences (Logan, UT, 
USA). The Transcriptor First Strand cDNA Synthesis kit, 
X‑tremeGENE™ HP DNA transfection reagent, TeloTAGGG™ 
Telomerase PCR ELISAPLUS kit, and FastStart Universal 
SYBR Green Master (Rox) were obtained from Roche 
Diagnostics GmbH (Mannheim, Germany). Rabbit monoclonal 
antibodies directed against Notch‑1 (cat. no. 3608), Jagged‑1 
(cat. no. 70109) and β‑actin (cat. no. 4970) were purchased from 

Cell Signaling Technology, Inc. (Danvers, MA, USA). Notch‑1 
and Jagged‑1 small interfering RNAs (siRNAs) were obtained 
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). 
3‑(4,5‑dimethyl thiazolyl‑2)‑2,5‑diphenyl tetrazolium bromide 
(MTT) and dimethyl sulfoxide (DMSO) were purchased 
from Sigma‑Aldrich; EMD Millipore (Billerica, MA, USA). 
Recombinant TGF‑β1 was purchased from Thermo Fisher 
Scientific, Inc. The Rat VEGF ELISA kit and Rat TGF‑β1 
ELISA kit was purchased from Abcam (Cambridge, UK).

Cell culture. Rat embryonic myoblasts (H9c2 cells) were 
obtained from the American Type Culture Collection 
(Rockville, MD, USA). The cells were cultured in DMEM 
supplemented with 10% FBS at 37˚C with 5% CO2. All cells 
used in each assay were at passages 5‑8 (17).

Bone‑marrow MSCs were isolated from the femurs and 
tibias of the SD rats, as described previously (18). Briefly, the 
bone‑marrow cells were flushed from the femur and tibia with 
5 ml of DMEM/F12 medium. The red blood cells were lysed 
and discarded, and the remaining cells (5x105) were plated in 
a 25 cm2 flask in 6 ml of DMEM/F12 supplemented with 10% 
FBS and 1% penicillin/streptomycin. The cells were cultured 
at 37˚C under 5% CO2. Following 3 days in culture, the 
adherent MSCs were maintained in culture and the medium 
was replaced every 3 days. Once the culture reached 80‑90% 
confluence, the cells were trypsinized and passaged at a dilu-
tion of 2:3. All the cells used in subsequent assays were in 
passages 3‑5. The characteristics of the MSCs were demon-
strated by immunophenotyping, as described previously (19).

Transwell cocultures of MSCs and H9c2 cells, and cell 
treatment. A Transwell system was used to prevent the 
MSCs from directly contacting the H9c2 cells. The MSCs 
and H9c2 cells were placed in the upper and lower cham-
bers of the Transwell apparatus, respectively, at a density of 
1x106 cells/well. The H9c2 cells were pretreated with Dox 
(0.5 µM) for 1 h at 37˚C, as previously described (20) and, prior 
to coculture, they were washed with PBS. The recombinant 
TGF‑β1 (10 ng/ml) or anti‑VEGF receptor2 (anti‑VEGFR2) 
antibody (25 µg/ml) was added to the culture medium of the 
H9c2 cells 1 h prior to their coculture.

Cell proliferation assay. The rate of cell proliferation was esti-
mated with the Cell Counting Kit‑8 (CCK‑8) assay (HaiGene 
Technology, Harbin, China), according to the manufacturer's 
protocol. Briefly, 1x105 cells were grown in a 96‑well plate and 
incubated with the CCK‑8 solution for 1 h at 37˚C, following 
which the absorbance of each well at 450 nm was recorded. 
Three replicate experiments were performed.

MTT assay. The MTT assay was used to determine cell 
viability. Briefly, 300 µl of MTT reagent was added to each 
cell‑containing well 2 h prior to harvesting. The supernatant 
was then removed and incubated with 400 µl of DMSO for 
10 min. The absorbance at 540 nm was recorded with an 
enzyme‑linked immunosorbent assay plate reader. Three 
replicate experiments were performed.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. The expression levels of several genes 
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were analyzed by RT‑qPCR analysis. The expression levels 
of p53, p16, Notch1, Jagged‑1 (Jag1), transforming growth 
factor‑β1(Tgfb1) and Gapdh were analyzed, in addition to 
telomere length and telomerase activity. cDNA was amplified 
with Power SYBR Green PCR Master mix and the appropriate 
primers in an Applied Biosystems StepOnePlus Real‑Time 
PCR system (Thermo Fisher Scientific, Inc.), in a reaction 
system of 20 µl, containing 10 µl cDNA, 4.0 µl buffer and 1 µl 
primers at 95˚C for 10 min, followed by 40 cycles of 15 sec 
at 95˚C and 1 min at 60˚C. A melting curve was generated 
to examine the specificity of the amplification. The relative 
expression levels were calculated with the 2‑∆∆Cq method (21), 
using Gapdh as the internal control. The primer pairs used 
to detect the mRNA levels of the target genes are listed in 
Table I.

Western blot analysis. Western blot analyses were performed, 
as previously described (18). Briefly, the cell samples were 
ruptured with lysis buffer. The lysates were centrifuged for 
5 min at 4˚C and 12,000 x g prior to analysis of the super-
natant containing the cellular proteins. Protein concentration 
was determined with a bicinchoninic acid protein assay kit. 
For each sample, 20 µg of total protein was resolved by 10% 
SDS‑PAGE and transferred onto polyvinylidene difluoride 
membranes. The membranes were incubated overnight at 4˚C 
with antibodies directed against Notch‑1, Jagged‑1 and β‑actin 
diluted at 1:1,000. The following day, the membranes were 
incubated for 1 h at 37˚C with horseradish peroxidase‑conju-
gated goat anti‑rabbit IgG secondary antibody (cat. no. 7074; 
1:2,000; Cell Signaling Technology, Inc.), and developed 
with chemiluminescent substrate. The stained protein bands 
were visualized with the Bio‑Rad ChemiDoc™ XRS system, 

and analyzed with the QuantityOne software (version 4.5.2; 
Bio‑Rad Laboratories, Inc., Hercules, CA, USA).

Enzyme‑linked immunosorbent assays (ELISAs). The concentra-
tions of VEGF and TGF‑β1 secreted into the cell culture media 
were measured with ELISA kits. The assays were performed 
in 96‑well microplates, according to the ELISA manufacturer's 
protocol. Three replicate experiments were performed.

Gene knockdown with siRNA. The cells were transfected using 
X‑tremeGENE™ HP DNA transfection reagent, according to 
the manufacturer's protocol. The H9c2 cells were plated in a 
6‑well plate at a density of 1x106 cells and treated for 20 min 
with X‑tremeGENE™ HP DNA transfection reagent at a 
reagent volume to siRNA mass ratio of 3:1. The cells were 
then transfected with the mixture containing 100 nM siRNA 
and incubated in 2 ml of culture medium for 48 h at 37˚C. 
A scrambled siRNA (siRNA‑NT) was used as the control. 
siRNA sequences were presented in Table I. The transfection 
efficiencies of siRNA‑Notch‑1 and siRNA‑Jagged‑1 were 
assessed with RT‑qPCR analysis.

Measurement of relative telomere length. The relative telo-
mere lengths in the H9c2 cells were quantified using RT‑qPCR 
analysis, based on a previously established method (22) and 
as described above. and normalized to the Gapdh gene. The 
primer pairs used to detect the telomere length are listed in 
Table I.

Measurement of relative telomerase activity. The telomerase 
activity of the H9c2 cells was examined with the TeloTAGGG™ 
Telomerase PCR ELISAPLUS kit, according to the manufac-

Table I. Primer sequences.

Gene	 Sequence

p16	 F: 5'‑GGTCACCGACAGGCATAACTTC‑3'
p53	 R: 5'‑AAAGGAGGGCTGAGGCCTAA‑3'
Notch‑1	 F: 5'‑TCTGTCATCTTCCGTCCCTTCTC‑3'
Jagged‑1	 R: 5'‑CCGTGCACATAACAGACTTGGCT‑3'
Telomere length	 F: 5'‑GATGACCTGGGCAAGTC‑3'
	 R: 5'‑CCCTGTTGTTCTGCATATCT‑3'
	 F: 5'‑GCTGACTTAGAATCCCTGTGTTA‑3'
	 R: 5'‑AGGGTACTGTTGACTAGCTTT‑3'
	 F: 5'‑GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGA‑3'
	 R: 5'‑TCCCGACTATCCCTATCCCTATCCCTATCCCTATCC‑3'
TGF‑β1 	 F: 5'‑ATTCAAGTCAACTGTGGAGCAAC‑3'
GAPDH	 R: 5'‑CGAAAGCCCTGTATTCCGTCT‑3'
siRNA‑Notch‑1	 F: 5'‑GGCTCTCTGCTCCTCCCTGTT‑3'
siRNA‑Jagged‑1	 R: 5'‑GGCTCTCTGCTCCTCCCTGTT‑3'
siRNA‑NT	 AAG TGG GAC CTG CCT GAA TGG
	 AAG GAG TAT CAG TCC CGC GTC
	 AAT CGC ATA GCG TAT GCC GTT 

F, forward; R, reverse; TGF‑β1, transforming growth factor‑β1; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase; siRNA, small inter-
fering RNA; NT, scramble control.
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turer's protocol. The cell lysates were centrifuged for 20 min at 
4˚C and 12,000 x g, and 3 µl of cell extract was used to amplify 
each telomeric repeat. Inactivated cell lysate (3 µl) was used 
for the telomeric repeat amplification protocol (TRAP) reac-
tion, according to the manufacturer's protocol. An internal 
control from the kit was amplified with each TRAP reaction to 
confirm the absence of any PCR inhibitor. Using ELISA, the 
amplified products were immobilized on streptavidin‑coated 
microtiter plates via the biotin‑streptavidin interaction, and 
detected with an anti‑digoxigenin antibody conjugated with 
peroxidase for 30  min at 25˚C (100  µl working solution; 
included in the ELISAPLUS kit). Following the addition of 
a peroxidase substrate (3,3',5,5'‑tetramethylbenzidine), the 
TRAP products were quantified by measuring the absorbance 
at 450 nm with a microplate reader.

Statistical analysis. Data are expressed as mean ± standard 
deviation. Differences among groups were compared with 

one‑way analysis of variance followed by Tukey's multiple 
comparisons test, and comparisons between two groups were 
made with Student's t‑test in the SPSS v19.0 package (IBM 
SPSS, Armonk, NY, USA). P<0.05 was considered to indicate 
a statistically significant difference.

Results

Dox induces senescence of H9c2 cells. Dox is cytotoxic towards 
cardiomyocytes (20), therefore, the present study investigated 
whether Dox induced senescence in H9c2 cells. As shown 
in Fig. 1A, when the H9c2 cells were treated with Dox at a 
concentration of 0.5 µmol/l, the proliferation rate decreased 
significantly immediately following treatment and remained 
low for at least 72 h. Dox treatment also significantly reduced 
the viability of the H9c2 cells, measured with the MTT assay 
(Fig. 1B). The expression levels of senescence‑related genes 
p53 and p16 were markedly increased in the Dox treatment 

Figure 1. Dox induces the senescence of H9c2 cells. (A) Proliferation growth curves of H9c2 cells incubated with 0.5 µM Dox, determined with the Cell Counting 
Kit‑8 proliferation assay. (B) Dox was added to the culture medium and cell viability was analyzed with an MTT assay. Reverse transcription‑quantitative 
polymerase chain reaction analysis of mRNA levels of (C) p53, (D) p16 and (E) telomere length in H9c2 cells treated with Dox. (F) Relative telomerase activity 
was detected with the TeloTAGGG™ Telomerase PCR ELISAPLUS kit. Data are presented as the mean ± standard deviation of three independent experiments; 
*P<0.05, vs. control. Dox, doxorubicin; MTT, 3‑(4,5‑dimethyl thiazolyl‑2)‑2,5‑diphenyl tetrazolium bromide.
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group (Fig. 1C and D). Dox treatment also induced telomere 
shortening, which was associated with a reduction in telom-
erase activity (Fig. 1E and F).

Coculture with MSCs restores cardiomyocytes via the VEGF 
juxtacrine pathway. To examine the antisenescence effect of 

MSCs on Dox‑treated H9c2 cells, a Transwell coculture system 
were used. MSCs have been shown to exert a cytoprotective 
effect through a juxtacrine mechanism (23), therefore, the present 
study examined whether MSCs restored H9c2 cells treated 
with Dox through a juxtacrine pathway. As expected, cocul-
ture with the MSCs induced the release of VEGF (Fig. 2A). 

Figure 2. Coculture of cardiomyocytes with MSCs restores the cells via a VEGF juxtacrine pathway. To examine the antisenescence effects of MSCs on 
Dox‑treated H9c2 cells, a Transwell coculture system was used. (A) ELISA of secretion of VEGF from H9c2 cells incubated with Dox or cocultured with 
MSCs in the presence of Dox. In H9c2 cells incubated with Dox, cocultured with MSCs in the presence of Dox, or cocultured with MSCs in the presence of 
Dox and anti‑VEGFR2antibody, (B) cell proliferation was determined with the Cell Counting Kit‑8 assay, and (C) cell viability was analyzed with the MTT 
assay. mRNA levels of (D) p53 and (E) p16 and (F) telomere length were analyzed with reverse transcription‑quantitative polymerase chain reaction analysis. 
(G) Relative telomerase activity was measured. Data are presented as the mean ± standard deviation of three independent experiments; *P<0.05, vs. control; 
#P<0.05, vs. Dox+MSCs. Dox, doxorubicin; MSCs, mesenchymal stem cells; VEGF, vascular endothelial growth factor; VEGF R2, VEGF receptor 2; MTT, 
3‑(4,5‑dimethyl thiazolyl‑2)‑2,5‑diphenyl tetrazolium bromide.
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Cell viability and proliferation were markedly higher in the 
Dox+MSC group, compared with that in the group treated with 
Dox alone (Fig. 2B and C). In addition, the expression levels of 

p53 and p16 were reduced in the cells exposed to Dox+MSCs, 
compared with their expression levels in cells treated with Dox 
alone (Fig. 2D and E). The addition of MSCs to the coculture 
system reversed the Dox‑induced telomere shortening and 
reduced telomerase activity (Fig. 2F and G). However, the 
addition of anti‑VEGFR2 antibody to the coculture system 
reversed the MSC‑induced antisenescence effects (Fig. 2B‑G).

Jagged‑1/Notch‑1 signaling pathway dynamically regulates 
the MSC‑induced antisenescence effect. The Jagged‑1/Notch‑1 
signaling pathway is reported to be an important regulator of 
rejuvenation in several cell types (24). Therefore, the present 
study investigated whether this pathway mediates the antisenes-
cence effects of MSCs. As shown in Fig. 3A‑D, treatment with 
Dox reduced the expression levels of Notch‑1 and Jagged‑1, 
which were restored by coculture with MSCs. However, when 
the H9c2 cells were treated with an anti‑VEGFR2 antibody, 
the restorative effects of the MSCs were eliminated.

To confirm the role of the Jagged‑1/Notch‑1 pathway in 
the antisenescence effect of MSCs, the expression of Notch‑1 
or Jagged‑1wassilencedwith siRNA and the senescence of 
H9c2 cells in the presence of Dox were examined. As shown 
in Fig.  4A and B, the knockdown of the Notch1 or Jag1 
gene with siRNA reduced the expression of Notch‑1 and 
Jagged‑1respectively. Silencing Notch1 or Jag1 significantly 
attenuated the antisenescence effect of MSCs, shown by the 
reduced proliferation and viability of the H9c2 cells (Fig. 4C 
and D), and increased the expression levels of p53 and p16 
(Fig. 4E and F). Silencing Notch1 or Jag1 also reduced the 
telomere length and telomerase activity in the H9c2 cells 
(Fig. 4G and H). By contrast, siRNA‑NT had no significant 
effect.

Jagged‑1/Notch‑1 signaling pathway reciprocally regulates 
TGF‑β1 to reverse Dox‑induced senescence. TGF‑β1, one 
of several Jagged‑1/Notch‑1 signaling pathway targets, is 
important in the cellular senescence process. In the presence 
of Dox, the basal mRNA expression of Tgfb1 and the release 
of TGF‑β1 protein from H9c2 cells were increased, whereas 
coculture with MSCs reduced the expression and release of 
TGF‑β1. However, the addition of anti‑VEGFR2 antibody, 
or the silencing of Notch1 or Jag1 with siRNA reduced the 
effects of MSCs on the expression and release of TGF‑β1 
(Fig. 5A and B).

Subsequently, recombinant TGF‑β1 was used to examine 
the effect of TGF‑β1. Recombinant TGF‑β1 reduced H9c2 
cell proliferation from day 1 of treatment, and this effect was 
maintained for at least 3 days. It also reduced cell viability 
(Fig. 5C and D), compared with that in the cells cocultured 
with MSCs only. Recombinant TGF‑β1 also rescued the previ-
ously observed reduction in p53 and p16 caused by coculture 
with MSCs (Fig. 5E and F), and eliminated the antisenescence 
effects of MSCs on telomere length and activity (Fig. 5G 
and H).

Discussion

Dox is one of the most widely used chemotherapeutic agents 
and is effective against a wide range of tumors (25). Despite 
its beneficial effects against cancer, the clinical use of Dox 

Figure 3. Coculture with MSCs activates the Jagged‑1/Notch‑1 signaling 
pathway. (A) Representative images and (B) quantification of western blot 
analysis of Notch‑1 and β‑actin. (C) Representative images and (D) quantifi-
cation of western blot analysis of Jagged‑1 and β‑actin in H9c2 cells incubated 
with Dox, cocultured with MSCs in the presence of Dox, or cocultured with 
MSCs in the presence of Dox and anti‑VEGFR2 antibody. Each column 
represents the mean ± standard deviation of three independent experiments; 
*P<0.05, vs. control; #P<0.05, vs. Dox+MSCs. Dox, doxorubicin; MSCs, mes-
enchymal stem cells; VEGF, vascular endothelial growth factor; VEGF R2, 
VEGF receptor 2.
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Figure 4. Jagged‑1/Notch‑1 signaling pathway dynamically regulates MSC antisenescence effects. (A) H9c2 cells were transfected with siRNA directed 
against Notch‑1 or with siRNA‑NT as the control. siRNA‑mediated transfection efficiency was determined with RT‑qPCR. Each column represents the 
mean ± standard deviation of three independent experiments; *P<0.05, vs. siRNA‑Notch‑1. (B) H9c2 cells were transfected with siRNA directed against 
Jagged‑1 or with siRNA‑NT as the control. siRNA‑mediated transfection efficiency was determined with RT‑qPCR. Each column represents the mean ± stan-
dard deviation of three independent experiments; *P<0.05, vs. siRNA‑Jagged‑1. To determine whether the Jagged‑1/Notch‑1 signaling pathway is involved 
in the antisenescence actions of MSCs, H9c2 cells were transfected with siRNA against Notch‑1 or Jagged‑1, or with siRNA‑NT as the control, and then 
cocultured with MSCs in the presence of Dox. In parallel experiments, the cells were treated with Dox alone or cocultured with MSCs in the presence of Dox. 
H9c2 cells under normal culture conditions were used as the control. (C) Growth (proliferation) curves of H9c2 cells determined with a Cell Counting Kit‑8 
assay. (D) Cellular viability was analyzed with an MTT assay. (E) p53, (F) p16 and (G) telomere length were analyzed with RT‑qPCR analysis. (H) Relative 
telomerase activity was measured. Data are presented as the mean ± standard deviation of three independent experiments; *P<0.05, vs. control; #P<0.05, vs. 
Dox+MSCs; ○P<0.05, vs. Dox+MSCs+siRNA‑NT. Dox, doxorubicin; MSCs, mesenchymal stem cells; siRNA, small interfering RNA; NT, scramble control; 
MTT, 3‑(4,5‑dimethyl thiazolyl‑2)‑2,5‑diphenyl tetrazolium bromide; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.
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Figure 5. Jagged‑1/Notch‑1 signaling pathway reciprocally regulates TGF‑β1 to reverse Dox‑induced senescence. H9c2 cells were transfected with siRNA 
directed against Notch‑1 or Jagged‑1, or with siRNA‑NT as the control, and then cocultured with MSCs in the presence of Dox. In parallel experiments, H9c2 
cells were incubated with Dox, cocultured with MSCs in the presence of Dox, or cocultured with MSCs in the presence of Dox and anti‑VEGFR2 antibody. H9c2 
cells under normal culture conditions were used as the control. (A) RT‑qPCR analysis of mRNA levels of TGF‑β1. (B) Concentrations of TGF‑β1 in the culture 
medium were analyzed with an enzyme‑linked immunosorbent assay. Each column represents the mean ± standard deviation of three independent experiments; 
*P<0.05, vs. control; #P<0.05, vs. Dox+MSCs; ○P<0.05, vs. Dox+MSCs+siRNA‑NT. In H9c2 cells incubated with Dox, cocultured with MSCs in the presence of 
Dox, or cocultured with MSCs in the presence of Dox and recombinant TGF‑β1, (C) cell proliferation was determined with the Cell Counting Kit‑8 assay, and 
(D) viability was analyzed with an MTT assay. (E) p53, (F) p16 and (G) telomere length were analyzed with RT‑qPCR analysis. (H) Relative telomerase activity 
was measured. Data are presented as the mean ± standard deviation of three independent experiments; *P<0.05, vs. Dox; #P<0.05, vs. Dox+MSCs+recombinant 
TGF‑β1. Dox, doxorubicin; MSCs, mesenchymal stem cells; TGF‑β1, transforming growth factor‑β1; siRNA, small interfering RNA; NT, scramble control; 
MTT, 3‑(4,5‑dimethyl thiazolyl‑2)‑2,5‑diphenyl tetrazolium bromide; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.
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has the serious disadvantage of cardiotoxicity, which seri-
ously limits its oncological therapeutic applicability  (26). 
The mechanism of Dox‑induced cardiotoxicity has been 
investigated extensively but remains controversial, although 
cellular senescence is considered to be a possible important 
mechanism (27). Modulating cellular senescence may allow 
the development of cardioprotective strategies, avoid the inter-
ruption or discontinuation of necessary cancer treatments, and 
reduce early and late cardiovascular and oncological morbidity 
and mortality rates  (28,29). The data in the present study 
suggested that Dox‑induced cardiotoxicity developed from the 
specific accumulation of cellular senescence, accompanied by 
the elevated expression of senescence‑related genes, reduced 
telomere length and reduced telomerase activity.

Previous studies have reported that the administration 
of autologous bone‑marrow‑derived MSCs improves the left 
ventricular ejection fraction and other cardiac functional param-
eters in models of Dox‑induced dilated cardiomyopathy (30). 
However, the mechanism of this therapeutic approach remains 
to be fully elucidated. MSCs have previously been shown 
to significantly reduce ischemic cardiac damage through a 
paracrine pathway (31) and, in a previous study, the culture 
medium of MSCs antagonized the senescence and apoptosis 
of cardiomyocytes and cardiac progenitor cells, two major 
processes in Dox‑induced cardiotoxicity (32). The results of 
the present study suggested that MSCs exert an antisenescence 
effect by triggering the secretion of VEGF, and that this effect 
is reduced by an anti‑VEGFR2 antibody. Asa previous study 
found that H9c2 cells also express VEGF (33), the present study 
used RT‑qPCR analysis to examine the mRNA level of VEGF 
in the H9c2 cells, however the results of the RT‑qPCR analysis 
showed no difference between the H9c2 cells cocultured with 
MSCs and H9c2 cells alone. The increase of free VEGF in the 
H9c2 MSC coculture may result from the MSCs only.

Unlike several other agonist/receptor systems, Notch 
signaling relies on non‑diffusible ligands (δ, δ‑like, and 
Jagged), which are integral membrane proteins that engage 
with and activate the surface receptors on immediately adjacent 
cells (9). Notch is involved in embryonic development, cell fate 
determination and cancer. It has also been linked to senescence; 
in oxygen‑tension‑regulated self‑renewal, the Notch signaling 
pathway was activated in MSCs (34). The Notch signaling 
pathway is closely associated with Dox‑induced cardiac 
injury, and a previous study detected an initial reduction in the 
expression of Notch pathway genes on day 3 following Dox 
treatment, corresponding to cardiomyocyte death by apoptosis 
and necrosis (35). The data from the present study showed 
that the Jagged‑1/Notch‑1 signaling pathway was significantly 
inhibited when the H9c2 cells were treated with Dox, whereas 
coculture with MSCs activated the Jagged‑1/Notch‑1 signaling 
pathway, exerting a restorative effect, which was eliminated by 
silencing of the Notch1 or Jag1 gene.

Numerous compounds with prosenescence effects have 
been assessed in models of Dox‑induced cardiotoxicity. TGF‑β 
is associated with Dox‑induced cardiotoxicity  (36). In the 
cardiovascular system, TGF‑β is involved in fibrotic cardiac 
remodeling, and a previous study suggested that inhibition 
of the TGF‑β pathway alleviates left ventricular remodeling 
and systolic and diastolic dysfunction, thus alleviating the 
detrimental effects of Dox on endothelial cells (37). It has also 

been demonstrated that the inhibition of TGF‑β attenuates 
diastolic dysfunction by reducing cardiac fibrosis in a model of 
anthracycline‑induced cardiomyopathy (38). A previous study 
indicated that TGF‑β can induce cellular senescence through 
repressing the telomerase reverse transcriptase gene in tumor 
cells (39), coincident with the results in the present study, in 
which Dox induced the elevation of TGF‑β, leading to short-
ening telomere length and impairing the telomerase activity. 
MSC transplantation has been shown to significantly inhibit 
cardiac fibrosis following myocardial infarction and mediate 
a reduction in the expression of TGF‑β/SMAD2 (40). In the 
present study, increased expression of TGF‑β was detected in 
the Dox‑treated H9c2 cells, which was reduced by coculture 
of the cells with MSCs. It was found that recombinant TGF‑β1 
decreased the antisenescence effects of the MSCs.

In conclusion, the present study demonstrated that the 
attenuation of cardiomyocyte senescence during coculture 
with MSCs may have important therapeutic implications for 
Dox‑induced cardiomyopathy. The results of the present study 
suggested that MSCs protected H9c2 cells from Dox‑induced 
senescence by stimulating the secretion of VEGF, leading to 
activation of the Notch‑1/Jagged‑1 signaling pathway, which 
then inhibited the secretion of TGF‑β1. The coculture of 
cardiomyocytes with MSCs may provide a unique therapeutic 
opportunity targeting cell senescence, in a useful strategy for 
the treatment of Dox‑induced cardiomyopathy.
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