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ABSTRACT

Objective: To explore whether thrombopoietin can exert a protective 
effect against doxorubicin-induced cardiotoxicity by modulating the 
sirtuin 1 (SIRT1) signaling pathway. 

Methods: H9c2 cell viability was determined by CCK-8 and 
cardiomyocyte apoptosis was detected by TUNEL assay. The 
protein expressions of SIRT1 and p38 MAPK were measured by 
Western blot. RT-qPCR was also used to determine SIRT1 mRNA 
expression. In addition, intracellular reactive oxygen species levels  
and antioxidant enzyme activities were evaluated. 

Results: Thrombopoietin treatment reversed doxorubicin-induced 
decline in H9c2 cell viability. It also increased SIRT1 and decreased 
p-p38 MAPK protein expressions. In addition, thrombopoietin 
significantly attenuated doxorubicin-induced apoptosis and oxidative 
stress, and enhanced antioxidant enzyme activities. However, 
silencing SIRT1 abrogated the protective effects of thrombopoietin, 
as evidenced by reduced cell viability and increased oxidative stress 
and reactive oxygen species levels.

Conclusions: Thrombopoietin alleviates doxorubicin-induced 
cardiomyocyte injury by reducing oxidative stress and apoptosis via 
the SIRT1/p38 MAPK pathway. However, its protective effects need 
to be further verified in animal tests.

KEYWORDS: Doxorubicin; Thrombopoietin; Oxidative stress; 
Sirtuin 1; Cardiotoxicity

1. Introduction

  Doxorubicin (DOX) is effective as a broad-spectrum anthracycline. 

It plays significant roles in leukemia[1], solid tumors, soft 
tissue sarcomas, and breast cancer. However, the adverse 
effects of DOX limit its clinical use in the heart. DOX-induced 
cardiotoxicity causes myofiber deterioration through cardiomyocyte 
apoptosis[2], endothelial cell apoptosis[3], and intracellular calcium 
dysregulation[4] and is regulated by several different mechanisms. 
The main mechanisms studied include oxidative stress [5], 
mitochondrial dysfunction, DNA damage[6], iron toxicity[7], and 
autophagy. The main mechanisms of DOX-induced cardiomyopathy 
are related to oxidative damage and mitochondrial dysfunction. 
Oxidative stress is caused by an imbalance between reactive oxygen 
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Significance

Doxorubicin can produce side effects, such as cardiotoxicity. 
Thrombopoietin exerts a protective effect on the blood system 
and against drug- and ischemia-induced myocardial injury. In 
the present study, thrombopoietin protects against doxorubicin-
induced myocardial injury by suppressing oxidative stress and 
apoptosis via the the SIRT1/p38MAPK pathway. This offers new 
insights into the mechanism by which thrombopoietin exerts its 
cardioprotective effects. 
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species (ROS) and endogenous antioxidants[8-11]. Accumulating 
evidence shows that ROS overproduction is one of the major 
factors in DOX-induced myocardial toxicity, which leads to the 
development of oxidative damage and apoptosis in cardiomyocytes 
and ultimately to heart failure[9,12].
  Thrombopoietin (TPO) is an essential regulator of platelet 
production. It promotes megakaryocytic/platelet lineage and 
angiogenesis and inhibits apoptosis[13]. TPO is a key hematopoietic 
growth factor involved in regulating hematopoietic stem cell self-
renewal, maintaining multidirectional differentiation, and genomic 
stability. Additionally, it is a specific physiological regulator of 
megakaryocyte proliferation, differentiation, maturation, and platelet 
production[14,15]. TPO signals are mediated through the MPL 
receptor[16]. Since TPO has been purified, its structure, function, and 
clinical use have been elaborated[17].
  Sirtuin 1 (SIRT1), a nicotinamide adenine dinucleotide (NAD)-
dependent deacetylase, enhances mitochondrial function and 
tolerance to oxidative stress in cardiomyocytes by regulating the 
activity of transcriptional regulators associated with metabolic and 
antioxidant pathways[18,19]. DOX causes a marked decrease in the 
antioxidant enzyme activity in cardiac myocytes[20]. The level of 
SIRT1 protein expression is decreased after DOX addition[21]. The 
activation of SIRT1 protects the heart from oxidative stress[22]. 
When SIRT1 expression is upregulated, oxidative stress is inhibited, 
leading to a decrease in ROS production and an increase in 
superoxide dismutase (SOD), catalase, and glutathione peroxidase 
(GPx) activities.
  In addition, a large number of studies have demonstrated that 
SIRT1 activation can reverse oxidative damage and control apoptosis 
in cardiomyocytes under DOX[23]. Some studies have shown that 
SIRT1 and SIRT1 agonists inhibit oxidative stress and apoptosis, and 
alleviate DOX-induced cardiotoxicity by modulating the p38 MAPK 
pathway[24,25].
  However, whether TPO regulates oxidative stress via the SIRT1/
p38 MAPK pathway has not yet been reported. Therefore, 
elucidating the role of SIRT1 in TPO regulation of oxidative stress 
is imperative. The present study aimed to investigate whether TPO 
inhibits DOX-induced myocardial injury through the upregulation of 
SIRT1 expression. 
   

2. Materials and methods

2.1. Cell culture

  H9c2 cells (Wuhan Procell Company) were cultured in Dulbecco’s 
Modified Eagle Medium (Wuhan Procell Company) with 10% fetal 
bovine serum (Yisheng Biotechnology, Shanghai), 100 units/mL 

penicillin, and 100 mg/mL streptomycin and incubated at 37 曟 in a 
5% CO2 incubator. Then H9c2 cells were treated with DOX (Yuanye, 
Shanghai) (2.5 μg/mL, 24 h) and TPO (3SBio Inc., Shenyang) (10 
ng/mL, 24 h)[13].

2.2. Cell viability assay

  The medium containing 10% CCK-8 (Biosharp) reagent was added 
as a replacement for the culture medium, avoiding air bubbles during 
the process. Then, the plates with CCK-8 were incubated in a 5% 
CO2 incubator at 37 曟 for 1-2 h, and the OD 450 nm value was 
controlled to between 0.8 and 1.2.

2.3. Small interfering RNA (siRNA) culture

  Cells were cultured in 6-well plates and the medium in the 
6-well plates was replaced with 2 mL of complete medium 
before transfection. A solution mixed with basal medium, 
siRNA, and Lipo8000 was added to the 6-well plate at 125 
µL per well, left to stand for 20 min, and incubated for 24 
h. The sequences of siRNAs are as follows: SIRT1-1319 
sense: 5’-GCACUAAUUCCAAGUUCUAUA-3’, antisense: 
5’-UAGAACUUGGAAUUAGUGCUA-3’;  SIRT1-2143 
sense: 5’-GGUUGUUAAUGAAGCUAUAGC-3’, antisense: 

5’-UAUAGCUUCAUUAACAACCUC-3’ ;  S IRT1-1712 
sense: 5’-CAAGAAGUACAGACUAGUAGG-3’, antisense: 
5’-UACUAGUCUGUACUUCUUGUG-3’. The sequence of the 
scrambled siRNA is sense: 5’-UUCUCCGAACGUGUCACGUTT-3’, 
antisense: 5’-ACGUGACACGUUCGGAGAATT-3’.

2.4. Real-time quantitative polymerase chain reaction (RT-
qPCR) assay

  RNA was extracted with a total RNA extraction kit (Promag 
Bioproducts, Shanghai) and reverse transcribed into cDNA. 
Amplification was done by a two-step PCR method: pre-
denaturation at 95 曟 for 300 s, one cycle of denaturation 
at 95 曟 for 10 s, and 40 cycles of annealing extension at 
60 曟 for 30 s. The following primers were designed for RT-
qPCR: SIRT1 forward 5’-TGATTGGCACCGATCCTCG-3’, 
reverse 5’-CCACAGCGTCATATCATCCAG-3’;  GAPDH 
forward 5’-GCCTGGAGAAACCTGCCAAG-3’,  reverse 
5’-ATTGAGAGCAATGCCAGCCC-3’.

2.5. Western blot analysis

  To extract the protein, the cultured cell precipitate was added to 
the protein lysate, and the protein concentration was determined 
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at OD 562 nm after incubation with a BCA Protein Assay Kit 
(Biosharp) for 30 min in a 37 曟 incubator, the volume was made 
up with phosphate-buffered saline (PBS) and then added to the 
loading buffer boiled at 100 曟. After preparing the gel, the samples 
were added under 90 V constant pressure for 50 min, the PVDF 
membrane which had been activated in methanol was immersed 
in the transmembrane solution, 280 A for 60 min and then the 
protein samples were transferred to the membrane and closed in 
milk powder for 1 h. The membrane was washed three times in Tris 
Buffered Saline with Tween 20 (TBST) and probed with the primary 
antibodies at 4 曟 overnight. Then the membrane was washed 
three times with TBST for 5 min and incubated with the secondary 
antibody for 1 h. Subsequently, the exposure solution was dropped 
onto the membrane, and the immunoreactive bands were developed 
and analyzed on a gel imager (e-blot). The primary antibodies were 
as follows: rabbit anti-SITR1 (Abcam: ab189494, 1꞉1 000), anti-p38 
MAPK (CST#9212, 1꞉1 000), anti-p-p38 MAPK (Abcam: ab178867, 
1꞉1 000), anti-GAPDH (Abcam: ab9485, 1꞉2 500).

2.6. ROS assay

  ROS kit (Beyotime Biotechnology) diluted with DCFH-DA with a 
basal medium at a ratio of 1꞉1 000. The original cell culture medium 
in a 6-well plate was removed, and 1 mL of the diluted DCFH-DA 
was added. The cells were then incubated in a 37 曟 incubator for 20 
min. After incubation, the cells were washed three times with a basal 
medium, and ROS was observed using a fluorescence microscope.

2.7. TUNEL assay

  Using the One Step TUNEL Apoptosis Assay Kit (Beyotime 
Biotechnology), cells were prepared and washed once with PBS. 
They were then fixed with an immunostaining fixative for 30 min 
and incubated with an immunostaining permeabilizing solution for 

5 min at room temperature. After washing twice with PBS, 50 µL of 
the TUNEL assay solution was added to the samples and incubated 
for 60 min at 37 曟, protected from light. The samples were washed 
three times with PBS, sealed with an anti-fluorescence quenching 
sealing solution, and subsequently observed under a fluorescence 
microscope.

2.8. Determination of SOD, catalase, and GPx activity

  SOD assay kit (Nanjing Institute of Bioengineering), CAT assay 
kit, and GPx assay kit from the Nanjing Institute of Bioengineering 
were utilized to collect the cell sediment. A specific volume of 
PBS was added to the cell sediment, ensuring that the ultrasound 
probe remained submerged below the liquid level. The ultrasound 
was applied at a power of 300 W, using an ice water bath, with 
intervals of 3-5 s for a total of four cycles. Protein concentration was 
determined using the BCA method.

2.9. Statistical analysis

  All statistical analyses in this study were performed with GraphPad 
Prism 9.5.1. All the above experimental results were obtained from 
three independent experiments. Data were analyzed by one-way 
analysis of variance (ANOVA). P<0.05 indicates a statistically 
significant difference.

3. Results

3.1. TPO attenuates DOX-induced cardiac injury and 
increases SIRT1 expression in H9c2 cells

  After treatment, cell viability was detected using the CCK-8 
method. The results showed that there was no significant change in 

A                                                  B                                                         C

D                                                 E                                                      F

150

100

  50

    0 

1.5

1.0

0.5

0.0 

1.5

1.0

0.5

0.0 

1.5

1.0

0.5

0.0 

1.5

1.0

0.5

0.0 

Ce
ll 

vi
ab

ili
ty

 (%
)

Re
la

tiv
e 

SI
RT

1 
ex

pr
es

sio
n

Re
la

tiv
e 

p3
8 

M
A

PK
 e

xp
re

ss
io

n

Re
la

tiv
e 

p-
p3

8 
M

A
PK

 e
xp

re
ss

io
n

Re
la

tiv
e 

SI
RT

1 
ex

pr
es

sio
n

   TPO     -     +      -     +
  DOX     -      -      +    +

   TPO     -      -     +

  DOX    -     +   +

  DOX     -     +     +   DOX     -     +     +   DOX     -     +     +

  DOX     -     +     +
   TPO    -     -    +

   TPO     -      -     +    TPO     -      -     +    TPO     -      -     +

 *

 *

 *

 *

 # #

 # #

SIRT1
p38 MAPK

p-p38 MAPK
GAPDH

Figure 1. Thrombopoietin attenuates 
doxorubicin-induced cardiotoxicity. (A) 
Cell viability was evaluated by CCK8 assay. 
H9c2 cells were treated with doxorubicin 
(2.5 μg/mL) and thrombopoietin (10 ng/
mL). (B) The mRNA expression of SIRT1 
in H9c2 cells was determined after different 
treatments. (C-F) Representative blots and 
quantitative data. Data are normalized to 
GAPDH. Results are expressed as mean 
± SEM of three experiments and analyzed 
using one-way ANOVA. *P<0.05 compared 
to  the  normal  H9c2 group,  #P<0.05 
compared to the doxorubicin group. TPO: 
thrombopoietin, DOX: doxorubicin.
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the viability of H9c2 treated with TPO (10 ng/mL) alone compared 
to the normal group, proving that TPO did not cause damage to 
H9c2 cells. However, the viability of H9c2 cells was reduced 
significantly after DOX (2.5 μg/mL) treatment (P<0.05). In contrast, 
TPO alleviated DOX-induced toxicity in H9c2 cells by markedly 
increasing cell viability (P<0.05) (Figure 1A). In addition, RT-
qPCR results (Figure 1B) exhibited that DOX reduced the mRNA 
expression of SIRT1 in H9c2 cells, while TPO reversed this effect. 
Western blot analysis further corroborated the results of RT-qPCR 
assay. DOX notably downregulated the expression of SIRT1 protein 
(P<0.05), while TPO treatment markedly upregulated its protein 
expression (P<0.05). Moreover, p38 MAPK phosphorylation was 
activated by DOX in H9c2 cells (P<0.05), which was significantly 
inhibited by TPO treatment (P<0.05). 

3.2. TPO attenuates siSIRT1-induced decline in H9c2 cell 
viability

  According to RT-qPCR results (Figure 2A), the screening of 
siRNAs identified Mouse-SIRT1-2143 had the highest silencing 
efficiency, so it was used for subsequent experiments. H9c2 cell 
viability significantly decreased after silencing SIRT1 (P<0.05) 

(Figure 2B). TPO treatment could abrogate siSIRT1-induced decline 
in cell viability (P<0.05). The PCR results (Figure 2D) showed that 

SIRT1 mRNA expression was significantly reduced after silencing 

SIRT1, and TPO could reverse this change (P<0.05), which was 
further verified in Western blot results (Figure 2C and 2E).

3.3. TPO inhibits DOX-induced increase in ROS

  The fluorescence intensity of ROS significantly increased in the 
DOX group. By contrast, TPO treatment significantly reduced DOX-
induced ROS level in H9c2 cells. Furthermore, silencing SIRT1 
caused a marked rise in ROS level which was inhibited by TPO 
treatment (Figure 3).

3.4. TPO inhibits DOX-induced cardiomyocyte apoptosis

  As shown in Figure 4, green fluorescence pronouncedly increased 
in the DOX group, but it decreased in the TPO group, indicating 
that TPO attenuated DOX-induced apoptosis. In addition, silencing 

SIRT1 caused damage to H9c2 cells by increasing cell apoptosis, 
which was reversed by TPO treatment. These findings demonstrated 
that TPO attenuates H9c2 cell apoptosis caused by SIRT1 silencing.

A                                              B                                             C                                      D                                           E
1.5

1.0

0.5

0.0 

1.5

1.0

0.5

0.0 

150

100

  50

    0

1.5

1.0

0.5

0.0 

Ce
ll 

vi
ab

ili
ty

 (%
)

Re
la

tiv
e 

SI
RT

1 
ex

pr
es

sio
n

Re
la

tiv
e 

SI
RT

1 
ex

pr
es

sio
n

Re
la

tiv
e 

SI
RT

1 
ex

pr
es

sio
n

GAPDH
SIRT1

 *
 *

 *
 *

 *

 * #
 ##

     
     

H9c2

     
     

    N
C

siS
IRT1-1319

siS
IRT1-2143

siS
IRT1-1712

     
     

H9c2

     
     

    N
C

     
    s

iSIRT1

siS
IRT1+TPO

     
     

H9c2
     

     
H9c2

     
     

H9c2

     
     

    N
C

     
     

    N
C

     
     

    N
C

     
    s

iSIRT1

     
    s

iSIRT1

     
    s

iSIRT1siS
IRT1+TPO

siS
IRT1+TPO

siS
IRT1+TPO

Figure 2. Thrombopoietin attenuates siSIRT1-induced cardiac injury in cells. (A) Expression of SIRT1 after transfection with siRNA. siSIRT1-2143 shows 
the highest silencing efficiency, therefore, it is used for subsequent experiments. (B) The viability of H9c2 cells after SIRT1 silencing. (C) Western blot bands. 
(D-E) The mRNA and protein expression of SIRT1 in H9c2 cells. Results are expressed as mean ± SEM of three experiments and analyzed using one-way 
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3.5. TPO reverses DOX-induced decrease in antioxidant 
enzyme activity 

  SOD, catalase, and GPx activities were significantly reduced in 
the DOX group compared to the normal H9c2 group (P<0.05). TPO 
treatment notably enhanced antioxidant enzyme activities (P<0.05) 
(Figure 5). Moreover, silencing SIRT1 induced a significant decline 
in SOD, catalase, and GPx activities (P<0.05). TPO abrogated its 
reducing effects in these enzyme activities.

4. Discussion

  DOX is a class of anthracycline anticancer drugs widely used 

for the treatment of a wide range of solid and hematological 

malignancies. However, its clinical application is severely limited 

due to DOX-induced cardiotoxicity[26]. The current findings are 

consistent with those observed in earlier studies. DOX caused 

cardiomyocyte damage[27,28] and elevated ROS leading to apoptosis 

and eventually myocardial toxicity[29,30]. Previous studies found 

that TPO alleviated DOX-induced myocardial toxicity by inhibiting 

autophagy and apoptosis[13]. In the present study, TPO alleviated 

DOX-induced myocardial toxicity by inhibiting ROS and apoptosis. 

Our findings corroborated the results of previous studies, indicating 

that TPO protects cardiac cells against DOX-induced cellular 

damage. 

  SIRT1 belongs to the Sirtuin family of NAD-dependent enzymes 

that play multiple roles in metabolism and disease biology. SIRT1 

has a key function in the regulation of multiple physiological 

processes such as oxidative stress, inflammation, apoptosis and 

autophagy[25]. In the current study, we found that DOX inhibits the 

level of SIRT1 in cardiomyocytes, while TPO can increase its level.

  Oxidative stress plays a critical role in DOX-induced myocardial 

injury, and ROS levels and antioxidant enzyme activity are major 

indicators of oxidative stress in cells. The level of ROS was 

significantly increased, and the activity of antioxidant enzymes 

was decreased in DOX-treated cells, indicating that DOX causes 

oxidative stress in cardiomyocytes[31]. DOX-induced upregulation 
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of ROS levels and a decrease in antioxidant enzyme activity were 

reversed by TPO treatment. 

  p38 MAPK is known as a downstream effector of SIRT1[25]. 

Moreover, SIRT1 acts as an inhibitor of p38 MAPK, inhibiting its 

phosphorylation and biological function, as well as oxidative stress 

by suppressing the expression of p38 MAPK and inhibiting ROS 

production[32]. The results of Western blot analysis showed that 

SIRT1 expression was downregulated and p-p38 MAPK expression 

was upregulated after the addition of DOX. Silencing SIRT1 caused 

no changes in ROS levels of DOX-treated cells, indicating that 

DOX increased oxidative stress levels in cardiomyocyte through 

the SIRT1/p38 MAPK pathway. Conversely, the downregulation 

of SIRT1 expression was reversed by TPO treatment, and the 

phosphorylation of p38 MAPK was alleviated, thus reducing the 

level of ROS. These findings suggested that TPO may attenuate 

DOX-induced cardiotoxicity in H9c2 cells by inhibiting oxidative 

stress through the SIRT1/p38MAPK pathway.

  However, this study has some limitations. Firstly, animal 

experiments are not conducted for further validation. Secondly, 

in terms of cellular experiments, there is no further knockdown 

validation of the p38 MAPK gene. Therefore, further studies are 

warranted to verify the protective effects of TPO.

  In summary, TPO alleviates DOX-induced cardiomyocyte injury 

by reducing oxidative stress and apoptosis via the SIRT1/p38 MAPK 

pathway. It may be used as a protective agent in the treatment of 

cardiomyocyte injury, which needs further investigation.
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