
O R I G I N A L  R E S E A R C H

Roflumilast Attenuates Doxorubicin-Induced 
Cardiotoxicity by Targeting Inflammation and 
Cellular Senescence in Cardiomyocytes Mediated 
by SIRT1

This article was published in the following Dove Press journal: 
Drug Design, Development and Therapy

Sheng Zhang1,2 

Peng Wu1 

Jiabao Liu1 

Yingqiang Du1 

Zhijian Yang1

1Department of Cardiology, The First 
Affiliated Hospital of Nanjing Medical 
University, Nanjing, Jiangsu 210029, 
People’s Republic of China; 2Department 
of Cardiology, The Third Affiliated 
Hospital of Soochow University, 
Changzhou, Jiangsu 213004, People’s 
Republic of China 

Background and Purpose: Cardiotoxicity is an important side effect of the treatment of 
a malignant tumor with Doxorubicin. Currently, decreasing the dosage of Doxorubicin to 
alleviate the side effects on cardiac function is the common method to deal with the 
cardiotoxicity induced by Doxorubicin. The present study aims to investigate the therapeutic 
effects of Roflumilast on Doxorubicin-induced inflammation and cellular senescence, as well 
as the potential mechanism in H9c2 myocardial cells.
Methods: The injured cardiac cell model was established by incubation with 5 μmol/L 
Doxorubicin. MTT was used to evaluate the cell viability of treated H9c2 cardiac cells. The 
expression of 4-HNE was determined using an immunofluorescence assay. The gene expres
sion levels of IL-17, IL-6, TNF-α, IL-4, PAI-1, p21, and SIRT1 were evaluated using qRT- 
PCR and the protein levels of Gpx4, PAI-1, p21, and SIRT1 were determined using Western 
blot analysis. Secretions of IL-17, IL-6, TNF-α, IL-4, CK-MB, and cTnI were measured 
using ELISA. Cellular senescence was assessed using SA-β-Gal staining. Si-RNA technol
ogy was used to knockdown the expression of SIRT1 in H9c2 cardiac cells.
Results: Cell viability of H9c2 cardiac cells was significantly inhibited by Doxorubicin but 
rescued by Roflumilast. The upregulated 4-HNE and downregulated Gpx4 were reversed by 
Roflumilast. The secretions of IL-6 and IL-17 were promoted by Doxorubicin and sup
pressed by Roflumilast. The increased SA-β-Gal staining induced by Doxorubicin was 
inhibited by Roflumilast. P21 and PAI-1 were significantly upregulated and SIRT1 was 
greatly downregulated by Doxorubicin, all of which were reversed by Roflumilast. The anti- 
senescent effect of Roflumilast was abolished by knocking down SIRT1.
Conclusion: Roflumilast might attenuate Doxorubicin-induced inflammation and cellular 
senescence in cardiomyocytes by upregulating SIRT1.
Keywords: roflumilast, doxorubicin, SIRT1, cellular senescence, chronic heart failure

Introduction
In recent years, cancer therapeutics have made great improvements. As chemother
apy continues to improve, the adverse side effects associated with anticancer 
treatments have increasingly been recognized as an obvious problem. We are now 
aware that chemotherapy-induced cardiomyopathy can cause heart problems for 
cancer patients. A clinical study shows that chemotherapy can cause cardiotoxicity 
years after the treatment, resulting in hypertension, heart failure, and left ventricular 
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dysfunction.1 The study estimates cancer patients have an 
average 2~6-fold high risk of mortality due to cardiovas
cular diseases.2 Therefore, chemotherapy treatment strate
gies for cancer patients must consider the risk of 
cardiotoxicity and also monitor the patients’ responses.3 

Researchers have been seeking the early-stage biomarkers 
of cardiotoxicity and exploring the mechanisms of che
motherapeutic agents. Anthracyclines are a class of che
motherapy drugs, which have been used in treating 
different types of cancer for many years. Doxorubicin is 
one of the most used anthracyclines. Since the late 1960s, 
Doxorubicin has been widely used as the chemotherapeu
tic for the treatment of malignant tumors. In the history of 
chemotherapy, Doxorubicin is regarded as a powerful anti- 
cancer agent by a separate dose or combination dose with 
other agents.4,5 However, with the broad application of 
Doxorubicin, several acute or chronic side effects are 
reported, which significantly impact the treatment of 
patients and the therapeutic effects of the agent. Bone 
marrow suppression, nausea, emesis, and arrhythmia are 
reported to be the main acute side effects of Doxorubicin. 
Chronic heart failure (CHF) is one of the chronic side 
effects induced by Doxorubicin and is mainly caused by 
irreversible cardiac damage.6,7 It is reported that excessive 
inflammation, oxidative stress, and cellular senescence are 
involved in the pathological mechanism underlying the 
side effects of Doxorubicin on heart function.8,9 Cellular 
senescence is one of the most important factors that 
induces cardiotoxicity and is reported to be activated by 
Doxorubicin through upregulating PAI-1, and p21, or 
downregulating SIRT1.10–12 Further investigation of the 
pathological mechanism is profitable for the treatment of 
cardiotoxicity induced by Doxorubicin clinically.

Roflumilast is a selective phosphodiesterase 4 (PDE-4) 
inhibitor, by which cellular cAMP could be degraded and 
inflammation could be alleviated.13,14 Roflumilast was 
approved by the US Food and Drug Administration 
(FDA) for treatment of severe chronic obstructive pul
monary disease (COPD) due to its promising effects on 
alleviating the airway edema induced by antigens,15,16 

downregulating the expression of Mucin 5AC in the air
way epithelial cells and reducing the production of the 
reactive oxygen species (ROS) in the neutrophils, pulmon
ary artery vascular smooth muscle cells, and airway 
epithelial cells.17,18 Previous studies have shown that car
diomyocyte apoptosis in CHF is caused by hypoxic injury, 
ischemia-reperfusion injury, and oxidative stress.19 cAMP 
has been reported to play an important role in regulating 

myocyte apoptosis. Both in vivo and in vitro studies have 
shown that elevation of intracellular cAMP mitigates 
apoptosis in cardiomyocytes and reduces mortality in 
acute myocardial infarction.20 Phosphodiesterase-4 
(PDE4) inhibitors are able to block the hydrolysis of 
cAMP via inhibition of PDE4. PDE4 inhibitors have 
been considered as attractive approaches for novel anti- 
inflammatory drugs. Interestingly, it has been demon
strated that Roflumilast exerts a protective effect against 
nitric oxide (NO)-induced apoptosis in both of H9c2 cells 
and neonatal rat cardiomyocytes via both cAMP–PKA/ 
CREB and Epac/Akt-dependent pathways.21 In the present 
study, the therapeutic effects of Roflumilast on damaged 
myocardial cells induced by Doxorubicin will be investi
gated to explore a potential therapeutic method for the 
clinical treatment of cardiotoxicity caused by 
Doxorubicin.

Materials and Methods
Cell Culture and Treatment
H9c2 myocardial cells were purchased from American 
Type Culture Collection (ATCC, USA). The myocardial 
cells were cultured in a DMEM medium supplied with 
10% fetal bovine serum. All the cell cultures were main
tained at 37°C with 5% CO2. The treatment reagent 
Doxorubicin and Roflumilast were purchased from Sigma 
(St. Louis, USA). H9c2 cells growing at 90% confluence 
were treated with 5 μmol/L Doxorubicin in the presence or 
absence of Roflumilast (1, 2.5, 5 μM) for 24 hours.

Reverse Transcriptase-Polymerase Chain 
Reaction (qRT-PCR)
Total RNA was isolated from the cells using an RNA 
Extraction Kit (Thermo Fisher Scientific, Waltham, 
USA). The extraction methods were performed accord
ing to the manufacturers’ instructions. The purified RNA 
was quantified using a NanoDrop spectrophotometer 
(Thermo Fisher Scientific, Waltham, USA). A mixture 
of oligo(dT)s primer was used to reverse-transcribe the 
complementary DNA. For real-time PCR, SYBR Premix 
Ex TaqTM (Thermo Fisher Scientific, Waltham, USA) 
were mixed with target gene primers on an Applied Bio- 
Rad CFX96 Sequence Detection system (Genscript, 
Nanjing, China). The mRNA expression levels of IL- 
17, IL-6, PAI-1, p21, and SIRT1 were determined using 
the threshold cycle (Ct), and relative expression levels 
were calculated using the 2−ΔΔCt method. The 
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expression levels of GAPDH were used as internal con
trol. Three independent replicates were performed.

Western Blotting Assay
Total protein lysates were obtained from H9c2 cells using 
the Nuclear and Cytoplasmic Protein Extraction Kit 
(Thermo Fisher Scientific, Waltham, USA). 
Approximately 40 μg of proteins was separated on 12% 
SDS-polyacrylamide gel (SDS-PAGE), and the separated 
proteins in the gel were transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore, MA, USA). 
The blot was blocked with 5% non-fat dry milk in TBST 
(Tris-buffered saline/0.1% Tween-20, pH 7.4) for 1 hour 
at room temperature and incubated overnight with pri
mary antibodies against GPX4 (1:1000) PAI-1 (1:1000), 
p21 (1:1000), SIRT1 (1:1000) and GAPDH (1:1000) 
(Abcam, Cambridge, MA). A horseradish peroxidase- 
conjugated antibody against rabbit IgG (1:5000, Abcam, 
Cambridge, MA) was used as a secondary antibody. Blots 
were reacted with the ECL reagents (Amersham 
Pharmacia Biotech, Inc, USA) and exposed to Tanon 
5200-multi chemiluminescent imaging system to detect 
protein expression. Three independent assays were per
formed for each group.

Immunofluorescence
Cells were washed three times with a phosphate buffer 
solution (PBS). The cells were then incubated with pri
mary rabbit anti-4-HNE (1:1000, Abcam, Cambridge, 
MA) antibody overnight at 4°C. Following three-time 
washes with PBS, cells were incubated with secondary 
Alexa Fluor488-conjugated anti-rabbit IgG (1:200, 
Abcam, Cambridge, MA) for 30 minutes at room tempera
ture. The DAPI was added to counterstain the nucleus for 
5 minutes and 50% glycerinum was used to block the 
medium. Stained cells were photographed under 
a fluorescence microscope (Olympus, Tokyo, Japan).

Senescence-Associated β-Galactosidase 
(SA-β-Gal) Staining
SA-β-gal staining was performed according to the manu
facturer’s protocol (Cell Signaling Technology, Boston, 
USA). Briefly, cells were washed with PBS and fixed 
using the fixative solution for 0.5 hours at room tempera
ture and then incubated at 37°C overnight with the SA-β- 
gal staining solution. The stained senescent cells were 
photographed. The percentage of positively stained cells 

was calculated from five different view fields of each 
sample in three independent experiments.

siRNA Transfection Experiment
24 hours prior to the transfection, the cells were seeded in 
a 6-well culture plate. SIRT1 siRNAs were transfected into 
H9c2 cells using Lipofectamine 2000 (Invitrogen, 
Carlsbad, USA) or X-treme GENE HP DNA Transfection 
Reagents (Invitrogen, Carlsbad, USA) according to the 
manufacturer’s instructions. 24 hours or 48 hours later, 
the cells were collected and subjected to further analysis. 
The assays were performed in triplicate samples.

Cellular Injury Assessment
H9c2 cells were treated with 5 μmol/l Doxorubicin in the 
presence or absence of Roflumilast (2.5, 5 μM) for 24 
hours. The levels of cTnI and CK-MB released into the 
cell culture medium were measured using commercial 
ELISA kits from the Cusabio Technology LLC: rat cardiac 
troponin (cTnI) (#CSB-E08594r) and rat creatine kinase- 
muscle/brain (CK-MB)(#CSB-E14403r). Results were 
shown as the fold change of the vehicle group.

Statistical Analysis
Mean ± standard deviation (SD) was used to measure the 
variability in the data. GraphPad prism 6.0 (GraphPad 
Inc.) was used to analyze the data. One-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc test was 
utilized to compare the difference among different groups. 
P<0.05 was determined as a statistically significant differ
ence between groups.

Results
Roflumilast Ameliorates 
Doxorubicin-Induced Cell Injury in H9c2 
Cells
To investigate the effects of Roflumilast on the injured 
H9c2 cardiac cells induced by Doxorubicin, MTT assay 
was used to evaluate the proliferation ability of cells 
treated with different strategies. Firstly, different concen
trations of Roflumilast (1, 2.5, 5 μM) were used for incu
bation with H9c2 cardiac cells to check if the impact of 
Roflumilast on the proliferation of H9c2 cardiac cells 
could be observed. As shown in Figure 1A, compared to 
the control, no significant difference in cell viability was 
observed on the H9c2 cardiac cells incubated with other 
concentrations of Roflumilast (1, 2.5, 5 μM). We then 
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measured the effects of Roflumilast on the production of 
cAMP in H9c2 cells. It was shown that the administration 
of Roflumilast for 15 minutes increased intracellular 
cAMP concentrations in a dose-dependent manner 
(Figure 1B).

Subsequently, the cell viability and LDH release were 
determined after the H9c2 cardiac cells were incubated 
with 5 μmol/L Doxorubicin in the presence or absence of 
Roflumilast (1, 2.5, 5 μM) for 24 hours. As shown in 
Figure 2A and B, the cell viability was significantly inhib
ited by the introduction of Doxorubicin but was greatly 
promoted by Roflumilast at the concentrations of 2.5 and 5 
μM. LDH release was promoted by Doxorubicin and was 
suppressed by Roflumilast at concentrations of 2.5 and 
5 μM.

To further examine the effects of Roflumilast against 
Doxorubicin-induced cell injury in H9c2 cardiac cells, the 
release of CK-MB and cTnI, two important biomarkers of 
cardiomyoblast injury, were measured. Results indicate 

that Doxorubicin treatment significantly increased the 
release of both CK-MB (Figure 3A) and cTnI (Figure 
3B) but there were remarkably reduced by Roflumilast in 
a dose-dependent manner.

Roflumilast Alleviates 
Doxorubicin-Induced Oxidative Stress
H9c2 cardiac cells were treated with 5 μM Doxorubicin in the 
presence or absence of Roflumilast (2.5, 5 μM) for 24 hours 
and the expressions of 4-HNE and GPX4 were evaluated to 
illustrate the effects of Roflumilast on the activated oxidative 
stress. As shown in Figure 4A, 4-HNE in the H9c2 cardiac 
cells was upregulated by the introduction of Doxorubicin but 
was significantly downregulated by Roflumilast. The inhib
ited expression level of GPX4 by Doxorubicin was signifi
cantly rescued by Roflumilast (Figure 4B).

Roflumilast Inhibits Doxorubicin-Elicited 
Inflammation
The expressions of the pro-inflammatory cytokines IL-6, 
IL-17, TNF-α, and the anti-inflammatory cytokine IL-4 

Figure 1 Roflumilast increases concentrations of cyclic adenosine monophosphate 
(cAMP) in H9c2 cardiac cells. (A) Cells were treated with Roflumilast (1, 2.5, 5 μM) 
for 24 hours. Cell viability was measured using MTT assay; (B) Cells were treated 
with Roflumilast (1, 2.5, 5 μM) for 15 minutes. 200 µM dibutyryl cyclic adenosine 
monophosphate (db-cAMP) was used as a positive control. Concentrations of 
cAMP have been measured (*, **, ***, ****P<0.05, 0.01, 0.001, 0.0001 vs vehicle 
group).

Figure 2 Roflumilast ameliorates Doxorubicin-induced cell death in H9c2 cardiac 
cells. Cells were treated with 5 μmol/L Doxorubicin in the presence or absence of 
Roflumilast (1, 2.5, 5 μM) for 24 hours. (A) Cell viability and (B) Lactate dehydro
genase (LDH) release was assayed (****P<0.0001 vs vehicle control; ##, ###P<0.01, 
0.001 vs Doxorubicin treatment).
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were monitored to evaluate the inflammatory response of 
H9c2 cardiac cells. As shown in Figure 5A–H, the 
increased concentrations of IL-6, IL-17, and TNF-α 
induced by Doxorubicin were significantly suppressed by 
the introduction of Roflumilast. In contrast, Doxorubicin 
reduced the expression of the anti-inflammatory cytokine 
IL-4, which was rescued by Roflumilast in a dose- 
dependent manner. These data indicate that the inflamma
tion in H9c2 cardiac cells was significantly induced by 
Doxorubicin, and was alleviated by the treatment with 
Roflumilast.

Roflumilast Ameliorates Doxorubicin 
Mediated Cellular Senescence
Cellular senescence is one of the pathological features result
ing from the administration of Doxorubicin. In the present 
study, H9c2 cardiac cells were treated with 5 μmol/l 
Doxorubicin in the presence or absence of Roflumilast (2.5, 
5 μM) for 24 hours and the cellular senescence was evaluated 

using SA-β-Gal staining. As shown in Figure 6, we found 
that the staining of SA-β-Gal solution was significantly 
enhanced by Doxorubicin, and was suppressed by the intro
duction of Roflumilast in a dose-dependent manner. These 
data indicate that the cellular senescence of H9c2 cardiac 
cells was greatly induced by Doxorubicin and the promoted 
cellular senescence was significantly inhibited in the pre
sence of Roflumilast.

Roflumilast Suppresses 
Doxorubicin-Induced Expressions of 
PAI-1 and p21
To examine the effects of Roflumilast on cellular senes
cence signaling induced by Doxorubicin, the expression 
levels of cellular senescence-related proteins, p21 and 
PAI-1, were determined after the cells were treated with 
5 μmol/l Doxorubicin in the presence or absence of 
Roflumilast (2.5, 5 μM) for 24 hours using Western Blot 
and qRT-PCR. As shown in Figure 7A and B, PAI-1 and 
p21 in H9c2 cardiac cells were significantly upregulated 
by the introduction of Doxorubicin and were downregu
lated in the presence of Roflumilast (2.5, 5 μM).

Roflumilast Mitigates 
Doxorubicin-Reduced SIRT1 Expression
The expression level of SIRT1, an anti- cellular senes
cence protein, was determined after the cells were treated 
with 5 μmol/l Doxorubicin in the presence or absence of 
Roflumilast (2.5, 5 μM) for 24 hours, using Western Blot 
and qRT-PCR. As shown in Figure 8A and B, SIRT1 in 
H9c2 cardiac cells was significantly downregulated by the 
introduction of Doxorubicin, but upregulated in the pre
sence of Roflumilast (2.5, 5 μM).

The Silencing of SIRT1 Abolishes the 
Inhibitory Effect of Roflumilast on the 
Cellular Senescence
To investigate the potential mechanism underlying the 
inhibitory effect of Roflumilast on the cellular senescence 
in H9c2 cardiac cells, SIRT1 was downregulated in the 
H9c2 cardiac cells by siRNA technology. As shown in 
Figure 9A, the result of Western Blot analysis shows that 
SIRT1 was successfully downregulated in the H9c2 car
diac cells by siRNA technology. The cellular senescence 
of H9c2 cardiac cells was evaluated using SA-β-Gal stain
ing after incubating the cells with Doxorubicin in the 

Figure 3 Roflumilast reduces the Doxorubicin-induced release of creatine kinase- 
muscle/brain (CK-MB) and cardiac troponin (cTnI). Cells were treated with 5 μmol/ 
l Doxorubicin in the presence or absence of Roflumilast (2.5, 5 μM) for 24 hours. 
(A) The release of CK-MB; (B) The release of cTnI (****P<0.0001 vs vehicle 
control; ##, ###P<0.01, 0.001 vs Doxorubicin treatment).
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Figure 4 Roflumilast attenuates Doxorubicin-induced oxidative stress in H9c2 cardiac cells. Cells were treated with 5 μmol/l Doxorubicin in the presence or absence of 
Roflumilast (2.5, 5 μM) for 24 hours. (A) Immunostaining of 4-Hydroxynonenal (4-HNE); (B) Expression of glutathione peroxidase 4 (GPX4) was measured by Western blot 
analysis (****P<0.0001 vs vehicle control; ##, ###P<0.01, 0.001 vs Doxorubicin treatment).

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                   

Drug Design, Development and Therapy 2021:15 92

Zhang et al                                                                                                                                                            Dovepress

http://www.dovepress.com
http://www.dovepress.com


presence or absence of Roflumilast (2.5, 5 μM) for 24 
hours. As shown in Figure 9B, knockdown of SIRT1 
abolished the protective effects of Roflumilast against 
cellular senescence induced by Doxorubicin. These data 
indicate that the inhibitory effect of Roflumilast on the 
cellular senescence induced by Doxorubicin is associated 
with its modulation on the expression of SIRT1.

Discussion
Doxorubicin is a chemotherapeutic drug commonly used 
in the treatment of malignant tumors in the clinic and is 
categorized as anthracycline antibiotic. Doxorubicin 

induces dilated cardiomyopathy and CHF clinically. 
Therefore, the application of such an effective anti- 
cancer chemotherapeutic is limited due to the severe side 
effects of cardiotoxicity and cardiac failure. The prolifera
tion ability and activity of cardiac cells isolated from 
patients are observed to be significantly suppressed after 
the treatment with Doxorubicin22 and are aggravated by 
the continuous administration of Doxorubicin. Currently, 
decreasing the dosage of Doxorubicin to alleviate the side 
effects on cardiac function is the common method to deal 
with the cardiotoxicity that is induced by Doxorubicin. 
However, the process of CHF cannot be prevented and 
reversed. Although the pathogenic factor of CHF has been 
determined, the potential molecular mechanism has not 
been thoroughly illustrated, which is currently reported to 
be related to the change in expression levels of some 
proteins, such as PAI-1, p21, and SIRT1.23 In the present 
study, the in-vitro CHF model was established by incubat
ing the H9c2 cardiac cells, and was verified by decreased 
cell viability, promoted LDH release, activated oxidative 
stress, and induced inflammation. These data indicate that 
the physiological state of H9c2 cardiac cells was signifi
cantly injured by Doxorubicin. In addition, we found that 
the cellular senescence of H9c2 cardiac cells was signifi
cantly induced by Doxorubicin. CHF related proteins, PAI- 
1 and p21, were upregulated and the anti-CHF protein, 
SIRT1, was downregulated by incubation with 
Doxorubicin, which indicates that the characteristic CHF 
symptoms and the related potential molecular changes 
were induced by Doxorubicin in the H9c2 cardiac cells. 
As the application of Doxorubicin in chemotherapy is 
important, it is necessary to find new therapeutic agents 

Figure 5 The effects of Roflumilast on Doxorubicin-induced pro-inflammatory and anti-inflammatory cytokines production in H9c2 cardiac cells. Cells were treated with 5 
μmol/l Doxorubicin in the presence or absence of Roflumilast (2.5, 5 μM) for 24 hours. (A) mRNA of IL-17; (B) mRNA of IL-6; (C) mRNA of TNF-α; (D) mRNA of IL-4; (E) 
Protein of IL-17; (F) Protein of IL-6; (G) Protein of TNF-α; (H) Protein of IL-4 (****P<0.0001 vs vehicle control; ##, ###P<0.01, 0.001 vs Doxorubicin treatment).

Figure 6 Roflumilast prevents Doxorubicin-induced cellular senescence in H9c2 
cardiac cells. Cells were treated with 5 μmol/l Doxorubicin in the presence or 
absence of Roflumilast (2.5, 5 μM) for 24 hours. Cellular senescence was measured 
using senescence-associated β-galactosidase (SA-β-Gal) staining (****P<0.0001 vs 
vehicle control; ##, ###P<0.01, 0.001 vs Doxorubicin treatment).
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that could alleviate or reverse Doxorubicin-induced cardi
otoxicity. In this study, our results demonstrated the pro
tective effects of Roflumilast against Doxorubicin-induced 
side effects in an in-vitro H9c2 cardiac cell model. It is 
reasonable to presume that Roflumilast may be beneficial 
in a patient on Doxorubicin chemotherapy.

As highly differentiated terminal cells, mitosis and 
proliferation are rarely observed on mature myocardial 
cells. Initiative or passive death is initiated in myocardial 
cells under the stimulation of such pathological factors as 
chronic stress, inflammation, and oxidative stress. The 
cell death of myocardial cells indicates that cardiac dys
function will be induced by the running off of myocardial 
cells. Therefore, to rebuild the injured heart, regulating 
the cell death of myocardial cells has been paid the most 
attention in the past.24,25 However, a novel pathological 
process has been found in obesity or cardiac disease 
resulting from chemotherapeutics, which is termed cell 
senescence.26,27 Cell senescence in myocardial cells 
could be induced by external stimuli, such as oxidative 
stress, and belongs to “irritable senescence”, which is 
different from the concept of “replicated senescence”.28 

In the concept of replicated senescence, when the cells 
divide a certain number of times, the proliferation of cells 
is inhibited and the cell cycle stopped, by which the flat 
morphology and increased permeability of the cells are 
observed. This is accompanied by the upregulation of 
senescence-related proteins, the activation of Senescence- 
associated D-galactosidase, and the decreased activity of 
telomerase. Compared to replicated senescence, irritable 
senescence is not dependent on the activity of telomerase 
or proliferation times. However, similar changes are also 
involved in irritable senescence and cardiac dysfunction 
is directly induced, which decreases the amount of func
tional myocardial cells and finally induces CHF.29 It is 
reported that the senescent cells impact the structure and 
function of organs by secreting such mediators as IL-6, 
IL-8, IL-17, granulocyte-macrophage colony-stimulating 
factor (GM-CSF), monocyte chemotactic protein-1 
(MCP-1), and matrix metallopeptidase-1 (MMP-1).30 In 
the present study, cellular senescence in H9c2 cardiac 
cells was evaluated using SA-β-Gal staining and we 
found that the cellular senescence was significantly 
induced by Doxorubicin, and was alleviated by treatment 

Figure 7 Roflumilast prevents Doxorubicin-induced expressions of PAI-1 and p21 in H9c2 cardiac cells. Cells were treated with 5 μmol/l Doxorubicin in the presence or 
absence of Roflumilast (2.5, 5 μM) for 24 hours. (A) mRNA of PAI-1 and p21; (B) Protein of PAI-1 and p21 (****P<0.0001 vs vehicle control; ##, ###P<0.01, 0.001 vs 
Doxorubicin treatment).

Figure 8 Roflumilast restores Doxorubicin-induced reduction of SIRT1 in H9c2 cardiac cells. Cells were treated with 5 μmol/l Doxorubicin in the presence or absence of 
Roflumilast (2.5, 5 μM) for 24 hours. (A) mRNA of SIRT1; (B) Protein of SIRT1 (****P<0.0001 vs vehicle control; ##, ###P<0.01, 0.001 vs Doxorubicin treatment).
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with Roflumilast. These data indicate that the 
Doxorubicin-activated cellular senescence, which is 
a classic pathological process of CHF, was greatly sup
pressed by Roflumilast, illustrating the potential thera
peutic effects of Roflumilast against CHF. However, 
only an in-vitro therapeutic study was performed on the 
effects of Roflumilast on cellular senescence. A further 
investigation of the therapeutic effects of Roflumilast on 
Doxorubicin-induced CHF animal models or even clin
ical Doxorubicin-induced CHF patients should be 
explored to verify its potential curative value on CHF.

P21 is reported to be an important regulator of cellular 
senescence by inducing mitochondrial dysfunction and the 
production of reactive oxygen species (ROS), and is 
related to the regulation of the GADD45-MAPK14 
(p38MAPK)-GRB2-TGFBR2-TGFβ signaling pathway.31 

Plasminogen activator inhibitor-1 (PAI-1) is also 
a mediator paid high attention for regulation of cellular 
senescence and is reported to be related to the regulation 
of the TGF-β1/p53 signaling pathway.32 SIRT1 has been 
widely regarded as a potential anti-senescent agent in the 
past33 and its regulation effects on PARP1 and NF-κB 
signaling pathways have been deeply investigated.34 In 
the present study, to highlight the potential mechanism 
underlying the therapeutic effects of Roflumilast on 
Doxorubicin-induced injured cardiac cells, the regulatory 
effects of Roflumilast on the expression levels of p21, PAI- 
1, and SIRT1 were taken into consideration. We found that 
the upregulated expressions of p21 and PAI-1 and the 
downregulated expression of SIRT1 by Doxorubicin were 
significantly reversed by Roflumilast, which indicates that 
the inhibitory effects of Roflumilast on cellular senescence 
might be related to p21, PAI-1, or SIRT1. For further 
verification, SIRT1 was knocked down in H9c2 cardiac 
cells and the inhibitory effects of Roflumilast on cellular 
senescence were found to be abolished, which verified that 
the upregulation of SIRT1 might contribute to the effects 
of Roflumilast on cellular senescence. A representative 
schematic of the molecular mechanism is shown in 
Figure 10. However, in future work, the molecular 
mechanism needs to be further investigated for the rela
tionship between the anti-senescent effects of Roflumilast 
and the upregulation of SIRT1, such as the TGF-β1/p53 
signaling pathway. The sirtuin family proteins (SIR1-7) 
play critical roles in the diet- and exercise-induced cardi
ometabolic benefits and aging. A previous study showed 
that exposure to Doxorubicin of H9c2 cells leads to cel
lular injury and the reduction of SIRT1.35 Among SIRT 
proteins, SIRT1 and SIRT3 are highly expressed in cardi
omyocytes, and both of them have been shown to be 
involved in Doxorubicin cardiotoxicity.36 While SIRT1 
has been the dominant regulator in Doxorubicin-induced 
cardiomyocyte injury,37 our data indicate that Roflumilast 
significantly mitigated Doxorubicin-induced SIRT1 reduc
tion, indicating its protective role in drug-induced 
cardiotoxicity.

There are several limitations to the current study. We 
tested the protective role of Roflumilast against Doxorubicin- 
induced cardiotoxicity in rat heart tissue-derived H9c2 cells. 

Figure 9 Silencing of SIRT 1 abolishes the protective effects of Roflumilast in H9c2 
cardiac cells. Cells were transfected with SIRT 1 siRNA, followed by stimulation 
with 5 μmol/l Doxorubicin in the presence or absence of Roflumilast (2.5, 5 μM) for 
24 h. (A) Western Blot analysis revealed successful knockdown of SIRT1; (B) 
Cellular senescence was measured using SA-β-Gal staining (****P<0.0001 vs vehicle 
control; ###P<0.001 vs Doxorubicin treatment; $$P<0.01 vs Doxorubicin+ 
Roflumilast group).
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The H9c2 cell line has been experimentally validated as 
a convenient in vitro model to assess Doxorubicin-induced 
cardiotoxicity.38 However, the cell line cannot be the repla
cement for primary cultured cardiomyocytes. H9c2 cells are 
an undifferentiated myoblasts cell line, and the immortalized 
nature of H9c2 cells with an active cell cycle is different from 
fully differentiated beating cardiomyocytes in vivo.39 

Therefore, the transcriptional response to Roflumilast in 
H9c2 cells may not be the same as in cardiomyocytes 
in vivo. Further validation of the effect of Roflumilast in 
primary rat cardiomyocytes or cardiotoxicity in vivo model 
is warranted in our future investigation.

PDE family enzymes are the targets of pharmacologi
cal drug development. PDE4 is the major form of PDE in 
rodents, while PDE3 is the highly expressed PDE in the 
human heart. A previous study suggests that the expres
sion of PDE4 in the human heart plays a protective role in 
limiting the susceptibility to arrhythmias.40 Therefore, the 
current notion is that Roflumilast is unlikely to cause 
cardiac side effects in patients as long as they are not 
administered concomitantly with PDE3 inhibitors.41 

Taken together, our data indicate that the PDE4 inhibitor, 
Roflumilast, ameliorates Doxorubicin-induced inflamma
tion, and cellular senescence in cardiomyocytes by upre
gulating SIRT1. Roflumilast is a protective force against 
Doxorubicin-induced cardiomyocytes injury in vitro. 
Further investigations of its protective mechanism on che
motherapy-induced cardiotoxicity could lay ground on its 
potential in therapeutic implication.
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