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ABSTRACT 
 

Objective: To verify if AngII/NOX/ROS/MAPK signaling pathway is involved in Doxorubicin (DOX)-induced 
myocardial injury and if mesenchymal stem cells (MSCs) could enhance the protective effects of valsartan (Val) 
on attenuating DOX-induced injury in vitro. 
Methods: Reactive oxygen species (ROS) formation and the protein expression of AT1R, NOX2, NOX4, caspase-3, 
caspase-9 and MAPK signaling were assessed in H9c2 cardiomyocytes exposed to DOX for 24 h in the absence or 
presence of Val, NADPH oxidase inhibitor DPI or knockdown and overexpression of NADPH oxidase subunit: NOX2 
and NOX4, co-culture with MSCs, respectively. Finally, MTT assay was used to determine the cell viability of H9c2 
cells, MDA-MB-231 breast cancer cells and A549 pulmonary cancer cells under Val, DOX and Val+ DOX treatments. 
Results: DOX increased ROS formation and upregulated proteins expression of AT1R, NOX2, NOX4, caspase-3, 
caspase-9 and MAPK signaling including p-p38, p-JNK, p-ERK in H9c2 cells. These effects could be attenuated by 
Val, DPI, NOX2 siRNA and NOX4 siRNA. Meanwhile, overexpression of NOX2 and NOX4 could significantly 
increase DOX-induced ROS formation and further upregulate apoptotic protein expressions and protein 
expressions of MAPK signaling. MSCs on top of Val further enhanced the protective effects of Val on reducing 
the DOX-induced ROS formation and downregulating the expression of apoptotic proteins and MAPK signaling 
as compared with Val alone in DOX-treated H9c2 cells. Simultaneous Val and DOX treatment did not affect cell 
viability of DOX-treated MDA-MB-231 breast cancer cells or A549 pulmonary cancer cells but significantly 
improved cell viability of DOX-treated H9c2 cardiomyocytes. 
Conclusions: AT1R/NOX/ROS/MAPK signaling pathway is involved in DOX-induced cardiotoxicity. Val treatment 
significantly attenuated DOX-induced cardiotoxicity, without affecting the anti-tumor effect of DOX. MSCs 
enhance the protective effects of Val on reducing the DOX-induced toxicity in H9c2 cells. 
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INTRODUCTION 
 

As an anthracycline chemotherapeutic drug, 

Doxorubicin (DOX) is worldwide used in the treatment 

of solid tumors, leukemias, lymphomas and breast 

cancer [1]. Unfortunately, severe, irreversible and dose-

dependent cardiac toxicity limits DOX in clinical 

application [2] The mortality rate of DOX-induced 

cardiomyopathy is as high as 30% to 50%. There is no 

absolute safe dose due to individual differences and 

high risk of minors [3]. Therefore, the prevention of 

DOX-induced cardiotoxicity is of clinical importance. 

 

Based on previous reports [4, 5], dexrazoxane serves as 

the only drug recommended by guideline to prevent 

DOX-induced cardiotoxicity, which can reduce its 

occurrence by 50% [6]. However, the clinical 

applications of dexrazoxane is limited by its strict 

indications and high cost [7–9]. Numerous strategies, 

including adjustment of the medication regimen, 

reduction of cumulative dose and the peak plasma 

concentration and switching to the liposome dosage 

form, are somewhat effective, but the efficacy of the 

strategies used in reducing DOX-induced cardiotoxicity 

still remains unsatisfactory [10]. 

 

Previous study found that angiotensin II (AngII) blocker 

was effective in attenuating DOX-induced 

cardiotoxicity [11] and our previous study also showed 

that repeated intravenous injection of mesenchymal 

stem cells (MSCs) could significantly ameliorate DOX-

induced myocardial damage in rats [12]. It is known 

that the DOX-induced excessive ROS generation is a 

major mechanism of DOX-induced myocardial damage 

[5], which could also cause activation of the renin-

angiotensin-aldosterone system (RASS) [13], activation 

of the MAPK pathway, leading to apoptosis of 

cardiomyocytes [14, 15]. Besides, NADPH oxidase 

(NOX) signaling is also activated in DOX-induced 

cardiac insult model [16]. Thus, NOX/ROS/MAPK 

signaling pathway plays a central role in the 

pathogenesis of DOX-induced cardiotoxicity. In the 

present study, we explored the impact of DOX on 

NOX/ROS/MAPK signaling pathway in vitro using 

H9c2 cells and observed the impact of AngII receptor 

blocker valsartan (Val) in the presence or absence of 

MSCs on attenuating DOX-induced toxicity in H9c2 

cells and related mechanisms via NOX/ROS/MAPK 

signaling pathway. 

 

MATERIALS AND METHODS 
 

Chemicals, reagents and antibodies 

 

DOX was purchased from Zhejiang Hisun 

Pharmaceutica Co, Ltd. (Taizhou, China); Val and 

Diphenyleneiodonium chloride (DPI) were purchased 

from Meilunbio Inc (Dalian, China); MTT reagent and 

Apoptosis Detection Kit were purchased from Sigma-

Aldrich Inc (WI, USA); NOX2 siRNAs, NOX4 

siRNAs, negative siRNA, NOX2 plasmid, NOX4 

plasmid and empty vector were constructed by 

GenePharma Inc (Shanghai, China); Lipofectamine 

2000 and Protein marker (PageRuler™) were purchased 

from Invitrogen (CA, USA); Trizol reagents and PCR 

kit were purchased from Takara Bio Inc (Dalian, 

China); The primer sequence of NOX2, NOX4 and 

GAPDH were synthesized by ShineGene Inc (Shanghai, 

China); Primary monoclonal antibodies for Angiotensin 

II Type 1 Receptor (AT1R) (ab124734), 

NOX2/gp91phox (ab129068), NOX4 (ab79971), 

caspase-3 (ab184787), caspase-9 (ab184786), p-p38 

(ab4822), p38 (ab170099), p-JNK (ab124956), JNK 

(ab179461), p-ERK (ab201015), ERK (ab184699), β-

actin (ab8227) and secondary antibodies (ab6721) were 

purchased from Abcam (Cambridge, UK). 

 

Preparation of cells 

 

H9c2, human breast cancer MDA-MB-231 and human 

pulmonary carcinoma A549 cell lines were purchased 

from China Center for Type Culture Collection 

(CCTCC), they were cultured in Dulbecco’s minimum 

essential medium (DMEM) with 10% Fetal Bovine 

Serum (FBS), AusGeneX (Brisbane, AUS), penicillin 

(100 U/mL), and streptomycin (100 μg/mL) and 

incubated in 95 % air and 5 % CO2 at 37° C 

temperatures. 

 

Preparation of MSCs. Bone marrow derived MSCs were 

obtained and identified as describe previously [12]. 

 

Co-cultures of MSCs and H9c2 cells. To detect the 

effect of MSCs combined with Val on DOX-treated 

cardiomyocytes, H9c2 and MSCs were co-cultured in 

the Transwell® system (Corning Inc. (NY, USA)) for 24 

h, pretreated with Val for 1 h, then treated with DOX 

for 24h. Transwell membrane plate were used to avoid 

the direct contact of MSCs with H9c2 cells, but permit 

the free cell culture medium exchange between the two 

layers. 

 

Cell viability analysis 

 

MTT assay was used to determine the cell viability. 

3×104 cells/well H9c2 cells were seeded on 96 well 

plates and 4.5×103 cells/well MDA-MB-231 cells and 

A549 cells were seeded on 96 well plates overnight at 

5% CO2, 37° C incubator. Val was dissolved in 
anhydrous ethanol (the final working concentration of 

anhydrous ethanol should not exceed 0.01%) and DOX 

was dissolved in deionized water. H9c2 cells, MDA-
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MB-231 cells or A549 cells pre-treated with Val (5 µM) 

for 1 h followed by DOX (1 µM) for 24 h. 

Subsequently, 20 µL MTT (5 mg/mL) was added to 

each well, 4 hours later, cell viability was detected 

through measuring the absorbance at 490 nm by a 

microplate reader. 

 

Detection of intracellular ROS 

 

Intracellular ROS was measured by monitoring the DCF 

fluorescence. Briefly, 5×105 H9c2 cells were seeded in 

6-well plate overnight. Then pre-treated with Val (5 

µM) for 1 h followed by DOX (1 µM) for 0 h, 3 h, 12 h 

and 18 h. H9c2 and MSCs were co-cultured in the 

transwell system for 24 h, then the co-culture system 

was pretreated with Val for 1 h. After treatment with 

DOX for 12h, the H9c2 cells were dyed with 10 µM 

DCF-DA for 30 minutes, then DCF fluorescence was 

detected under fluorescence microscope, BD FACSDiva 

software was used to analyze the intracellular ROS 

semi-quantitatively. 

 

Analysis of cardiomyocyte apoptosis 

 

H9c2 cells was pre-treated with Val (5 µM) for 1 h 

followed by DOX (1 µM) for 24 h in 6-well plates, then 

suspended in 195 µL binding buffer and mixed with 5 

µL Annexin V-FITC and 10 µL PI solutions. After 

placed in the dark for 15 min, apoptosis rate of H9c2 

cells was detected by flow cytometer. 

 

Small interfering RNA (siRNA) transfection of 

NOX2 and NOX4 

 

According to the manufacturer's protocol and literature 

[17], the siRNA targeting NOX2 siRNA, NOX4 siRNA 

and the negative siRNA were transiently transfected 

into cells. The sequences of siRNAs are shown in 

Table 1. 

 

Overexpression of NOX2 and NOX4 with plasmid 

 

Restriction enzyme sites (XhoI and KpnI) was used to 

edit the vector that cloned NOX2 and NOX4 genes 

into pEX-4. The primer sequences of plasmids are 

shown in Table 2. The detailed protocol of  

PEX-4-NOX2/NOX4 or empty vector transfected into 

H9c2 cells via Lipofectamine 2000 as described 

previously [18]. 

 

Real-time PCR 

 

The total RNA of H9c2 cells was extracted and 
quantified after gene silencing and overexpression. The 

primers for real-time PCR are shown in Table 3. Real-

time PCR was performed as described previously [19]. 

Western blot analyses 

 

H9c2 cells proteins under various treatments were 

collected by adding cell lysis buffer. The homogenate 

was centrifuged and quantified, followed by 

equivalent proteins separation, blocked and incubated 

overnight with AT1R, NOX2/gp91phox, NOX4, 

caspase-3, caspase-9, p-p38, p38, p-JNK, JNK, p-

ERK, ERK and β-Actin antibodies at 4° C under 

gentle agitation, then incubated with secondary 

antibody. The protein bands were exposed by a 

chemiluminescent agent. The quantify protein 

expressions was analyzed with ImageJ software. All 

the study protocols were approved by the Institutional 

Animal Research and Ethics Committee of Dalian 

University, China. 

 

Statistical analysis 

 

Data (mean ± SE) were analyzed by one-way ANOVA 

followed by Bonferroni’s post hoc comparisons with the 

SPSS statistical program (SPSS software Version 22.0). 

A p value <0.05 was considered as statistically 

significant. 

 

RESULTS 
 

Cell viability determination by MTT assay 

 

H9c2 cells were treated with DOX at different final 

concentration (0.1, 0.3, 0.5, 1, 3, 5, 10, 30, 50 µM) for 

24 h. The results showed that DOX induced a dose-

dependent reduction in cell viability (Figure 1A). 1 

μM DOX-treatment decreased cell viability to 55%, 

this concentration is similar to the dose used in the 

clinical DOX-chemotherapy. Hence, further 

experiments were carried with 1 µM DOX; H9c2 cells 

were incubated with different final concentration of 

Val (0.1, 0.5, 1, 3, 5, 7.5, 10, 15, 30 µM) for 24 h, cell 

viability post Val treatment at various concentrations 

was similar to the control group (Figure 1B). Three 

Val concentrations (1, 5 and 10 µM) were used, the 

results showed that Val did not affect the growth of 

H9c2 cells over time (Figure 1C). The Val 

concentration required to protect against DOX-

induced cytotoxicity was calculated by performing a 

dose-response study in the presence of 1, 5 and 10 

µmol/L Val (Figure 1D). The cytotoxic effects of 

DOX were significantly attenuated by 5 and 10 

µmol/L Val pretreatment. Based on these results, 

minimum effective concentration (5 µM) Val was 

chosen for further studies. MDA-MB-231 cells and 

A549 cells were pre-treated with 5 µM Val for 1 h 

followed by treatment with 1 µM DOX for 24 h. Val 

did not affect the function of DOX on tumor cells 

(Figure 1E, 1F). 
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Table 1. siRNA sequences. 

siRNA  Sense (5′-3′) Anti-sense (5′-3′) 

negative GCGACGAUCUGCCUAAGAUdTdT AUCUUAGGCAGAUCGUCGCdTdT 

Nox2-rat-587 CCAUUCGGAGGUCUUACUUTT AAGUAAGACCUCCGAAUGGTT 

Nox2-rat-663 CCAUGGAGCUGAACGAAUUTT AAUUCGUUCAGCUCCAUGGTT 

Nox2-rat-1412 CCAACUUCCUCAGCUACAATT UUGUAGCUGAGGAAGUUGGTT 

Nox4-rat-576 GCUUCUACCUAUGCAAUAATT UUAUUGCAUAGGUAGAAGCTT 

Nox4-rat-912 GGACCUUUGUGCCUAUACUTT AGUAUAGGCACAAAGGUCCTT 

Nox4-rat-1048 GACCUGGCCAGUAUAUUAUTT AUAAUAUACUGGCCAGGUCTT 

 

Table 2. Primer sequences of plasmids. 

Plasmid Forward primer (5′-3′) XhoI Reverse primer (5′-3′) KpnI 

NOX2 
GCGCTACCGGACTCAGATCTCGAGGCCACC

ATGGGGAACTGGGCTGTGAATGAGGGACTC 

ACTTCCTCTGCCCTCGGTACCGAAGTTTTC

CTTGTTGAAGATGAAGTGGACTCCACGTGG 

NOX4 
GCTACCGGACTCAGATCTCGAGGCCACCAT

GGCGCTGTCCTGGAGGAGCTGGCTGGCCAA 

ACTTCCTCTGCCCTCGGTACCGCTGAAAGA

TTCTTTATTGTATTCAAATTTTGTCCCATA 

 

Table 3. Primer sequences of qPCR. 

Gene Forward primer (5′-3′) Reverse primer (5′-3′) 

NOX2 CCATTCACACCATTGCACATC CGAGTCACAGCCACATACAG 

NOX4 GAACCCAAGTTCCAAGCTCA GCACAAAGGTCCAGAAATCC 

GAPDH GGTGCTGAGTATGTCGTGGAGT CACAGTCTTCTGAGTGGCAGTG 

 

Detection of intracellular ROS in H9c2 cells 

 

We detected the ROS generation in H9c2 cells in a time 

course experiment (0 h, 3 h, 12 h and 18 h) to determine 

ROS generation post DOX stimulation. DOX-induced 

ROS generation started from 0 h, peaked at 12 h, and 

then began to decrease (Figure 1G). The expression of 

ROS in DOX group was significantly higher than that in 

the control group, which could be significantly reduced 

by Val (Figure 1I). 

 

Flow cytometric analyses of cardiomyocyte apoptosis 

 

The apoptosis rate in the DOX group was significantly 

higher than that in the control group, which could be 

significantly reduced by Val (Figure 1H, 1J). 

 

Val and DPI reduced expression of proteins and 

ROS level in DOX-treated H9c2 cells 

 

The expression of AT1R, NOX2 and NOX4 in the DOX 

group was significantly higher than that in the control 

group. The expression of AT1R, NOX2 and NOX4 was 

significantly lower in DOX+Val group than that in 

DOX group (Figure 2A, 2B). The expression of 

caspase-3 and cleaved caspase-9 in DOX group was 

significantly higher than that in the control group. The 

expression of caspase-3 and cleaved caspase-9 was 

significantly lower in DOX+Val group than that in 

DOX group (Figure 2A, 2B). Taken together, Val can 

downregulate the expression of AT1R, NOX2, NOX4, 

caspase-3, cleaved caspase-9 and the content of ROS in 

H9c2 cells stimulated by DOX. DPI is an inhibitor of 

NADPH oxidase, which inhibits both NADPH subunits 

NOX2 and NOX4 [20]. The expression of caspase-3 

and cleaved caspase-9 in DOX+DPI group was 

significantly lower than that in DOX group (Figure 2C, 

2D). The expression of ROS in DOX+DPI group was 

significantly lower than that in DOX group (Figure 2E, 

2F). These results indicate that DPI can reduce the 

expression of caspase-3, cleaved caspase-9 and the 

content of ROS in H9c2 cells stimulated by DOX. This 

result indicates that NADPH activation plays a crucial 

role in DOX-induced cytological toxicity. 

 

Knockdown of NOX2 and NOX4 reduced ROS 

generation, caspase-3, and cleaved caspase-9 

expression in DOX-treated H9c2 cells 

 

H9c2 cells were transfected with Negative siRNA, 

siRNA-NOX2 and siRNA-NOX4, respectively. The 

results show that NOX siRNA has a good transfection 
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Figure 1. The cell viability determination and effect of Val pre-treatment followed by DOX-exposure on ROS level and 
apoptosis rate in H9c2 cells. (A) Effect of DOX on H9c2 cells viability for 24 h. (B) Effect of Val on H9c2 cells viability for 24 h. (C) Effect of 

Val at three concentrations on H9c2 cells over time. (D) Viability of DOX-induced H9c2 cells followed as three of Val concentrations pre-
treatment. (E, F) Effect of Val and DOX on tumor cells viability. (G) Effect of Val pre-treatment on the ROS level of DOX-treated H9c2 cells at 
different time points. (H) Effect of Val on apoptosis of DOX-treated H9c2 cells. (I) Microscopic analysis of Val and DOX-treatment on ROS 
levels by DCF Fluorescence. (J) The bar graph of the quantitative analysis of apoptosis rate of H9c2 cells. *P<0.05 vs. Control; †P<0.05 vs. DOX. 
DOX, doxorubicin; Val, valsartan. 
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effect (Figure 3A) and knockdown efficiency (Figure 

3B, 3C). The expression of NOX2, caspase-3 and 

cleaved caspase-9 was significantly higher in 

DOX+Negative siRNA group than that in Negative 

siRNA and control groups. The expression of NOX2, 

caspase-3 and cleaved caspase-9 was significantly lower 

in DOX+NOX2 siRNA group than that in 

DOX+Negative siRNA group (Figure 3D, 3E). The 

expression of NOX4, caspase-3 and cleaved caspase-9 

was significantly higher in DOX+Negative siRNA 

 

 
 

Figure 2. The effect of Val pre-treatment and DPI followed by DOX-exposure on expression of proteins and ROS level in H9c2 
cells. (A) Western blot analysis of Val and DOX-treatment on AT1R, NOX2, NOX4, caspase-3, cleaved caspase-9 protein levels.  
(B) Densitometry analysis of the protein bands of AT1R, NOX2, NOX4, caspase-3, cleaved caspase-9 proteins. (C) Western blot analysis of DPI 
and DOX-treatment on caspase-3, cleaved caspase-9 protein levels. (D) Densitometry analysis of the protein bands of caspase-3, cleaved 
caspase-9 proteins. (E) Effect of DPI and DOX on ROS levels at 12 h time point. (F) Microscopic analysis of DPI and DOX-treatment on ROS 
levels by DCF Fluorescence. *P<0.05 vs. Control; †P<0.05 vs. Dox. Dox, doxorubicin; Val, valsartan. 
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Figure 3. Knockdown of NOX2 and NOX4 expression could reduce DOX-induced ROS production and expression of apoptotic 
proteins in H9c2 cells. (A) Fluorescence microscope observation of H9c2 cells after transfecting with Negative siRNA, NOX2 siRNA and 

NOX4 siRNA (×100). (B) Three distinct NOX2 siRNAs and one negative siRNA were designed, and Nox2-rat-663 was selected as the best 
interference fragment by PCR. (C) Three distinct NOX4 siRNAs and one negative siRNA were designed, and Nox4-rat-576 was selected as the 
best interference fragment by PCR. (D) Western blot analysis of NOX2 siRNA and DOX-treatment on NOX2, caspase-3, cleaved caspase-9 
protein levels. (E) Densitometry analysis of the protein bands of NOX2, caspase-3, cleaved caspase-9 proteins. (F) Western blot analysis of 
NOX4 siRNA and DOX-treatment on NOX4, caspase-3, cleaved caspase-9 protein levels. (G) Densitometry analysis of the protein bands of 
NOX4, caspase-3, cleaved caspase-9 proteins. (H) Effect of NOX2 siRNA, NOX4 siRNA and DOX-treatment on ROS levels at 12 h time point in 
H9c2 cells. (I) Microscopic analysis of NOX2 siRNA, NOX4 siRNA and DOX-treatment on ROS levels by DCF Fluorescence. *P<0.05 vs. Control; 
†P<0.05 vs. Dox. DOX, doxorubicin; siRNA, small interfering RNA. 
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group than that in Negative siRNA and control groups. 

The expression of NOX4, caspase-3 and cleaved 

caspase-9 was significantly lower in DOX+NOX4 

siRNA group than that in DOX+Negative siRNA group 

(Figure 3F, 3G). The expression of ROS was 

significantly higher in DOX+Negative siRNA group 

than that in Negative siRNA and control groups. The 

expression of ROS was significantly lower in 

DOX+NOX2 siRNA and DOX+NOX4 siRNA group 

than that in DOX+Negative siRNA group (Figure 3H, 

3I). From the result, it was apparent that NOX2 siRNA 

and NOX4 siRNA can reduce the expressions of 

caspase-3, cleaved caspase-9 and the content of ROS in 

DOX-treated H9c2 cells. 

 

Overexpression of NOX2 and NOX4 enhanced ROS 

generation, caspase-3, and cleaved caspase-9 

expressions in DOX-treated H9c2 cells 

 
H9c2 cells were transfected with Empty vector, NOX2 

and NOX4 plasmids, respectively. The results show that 

the NOX plasmid has a good transfection effect (Figure 

4A) and overexpression efficiency (Figure 4B, 4C). The 

expressions of NOX2, caspase-3 and cleaved caspase-9 

were significantly higher in DOX+Empty vector group 

or NOX2 OE group than in Empty vector and control 

groups. The expressions of NOX2, caspase-3 and 

cleaved caspase-9 were significantly higher in 

DOX+NOX2 OE group than in DOX+Empty vector 

group (Figure 4D, 4E). The expressions of NOX4, 

caspase-3 and cleaved caspase-9 were significantly 

higher in DOX+Empty vector group or NOX4 OE 

group than in Empty vector and control groups. The 

expressions of NOX4, caspase-3 and cleaved caspase-9 

were significantly higher in DOX+NOX4 OE group 

than that in DOX+Empty vector group (Figure 4F, 4G). 

The expression of ROS was significantly higher in 

DOX+Empty vector group than that in Empty vector 

and control groups. The expression of ROS was 

significantly higher in DOX+NOX2 OE and 

DOX+NOX4 OE groups compared to DOX+Empty 

vector group (Figure 4H, 4I). These results show that 

NOX2 OE and NOX4 OE can increase the expression 

of caspase-3, cleaved caspase-9 and the content of ROS 

in DOX-treated H9c2 cells. 

 

Effects of Val combined with MSCs on ROS 

generation, AT1R, NOX2, NOX4, caspase-3, and 

cleaved caspase-9 expressions in H9c2 cells 

 

To verify if there is a synergic protective effect of MSC 

with Val, we co-cultured cells with both MSC and Val 

and used the Transwell system to prevent direct 
exposure of MSCs to H9c2 cells (Figure 5A). The 

expressions of AT1R, NOX2, NOX4, caspase-3 and 

cleaved caspase-9 were significantly higher in DOX 

group than in control group. The expressions of AT1R, 

NOX2, NOX4, caspase-3 and cleaved caspase-9 were 

similar between DOX+MSCs group and DOX group. 

However, the expressions of AT1R, NOX2, NOX4, 

caspase-3 and cleaved caspase-9 were significantly 

lower in DOX+MSCs+Val group than in DOX+MSCs 

and DOX+Val groups (Figure 5B, 5D, 5E). The 

generation of ROS was significantly higher in DOX 

group than in control group. The generation of ROS was 

similar between DOX+MSCs group and DOX group. 

But the generation of ROS was significantly lower in 

DOX+MSCs+Val group than in DOX+MSCs and 

DOX+Val groups (Figure 5C, 5F). From the result, it 

was apparent that MSCs therapy alone could not 

effectively reduce the expressions of AT1R, NOX2, 

NOX4, caspase-3 and cleaved caspase-9 proteins and 

the generation of ROS in H9c2 cells treated with DOX. 

Taken together, MSCs enhanced the protective effects 

of Val on alleviating the DOX-induced cytotoxicity in 

H9c2 cells. 

 

Impact of Val, NOX (knockdown and 

overexpression), MSCs on MAPK signaling pathway 

in DOX-treated H9c2 cells 

 

p-p38, p-JNK, p-ERK protein expressions in DOX-

treated H9c2 cells was evaluated in the presence of Val, 

MSCs, NOX siRNA or plasmid. The expressions of p-

p38, p-JNK, p-ERK were significantly higher in DOX 

group than in control group. The expressions of p-p38, 

p-JNK, p-ERK were significantly lower in DOX+Val 

group than that in DOX group (Figure 6A, 6G). The 

expressions of p-p38, p-JNK, p-ERK were significantly 

higher in DOX+Negative siRNA group than in 

Negative siRNA group. The expressions of p-p38, p-

JNK, p-ERK were significantly lower in DOX+NOX2 

siRNA and DOX+NOX4 siRNA groups than in 

DOX+Negative siRNA group (Figure 6B, 6C, 6H, 6I). 

The expressions of p-p38, p-JNK, p-ERK were 

significantly higher in DOX+Empty vector group or 

NOX2 OE group or NOX4 OE group than in Empty 

vector group. The expressions of p-p38, p-JNK, p-ERK 

were significantly higher in DOX+NOX2 OE and 

DOX+NOX4 OE groups than in DOX+Empty vector 

group (Figure 6D, 6E, 6J, 6K). The expressions of p-

p38, p-JNK, p-ERK were similar between DOX+MSCs 

group and DOX group. However, the expressions of p-

p38, p-JNK, p-ERK were significantly lower in 

DOX+MSCs+Val group than in DOX+MSCs and 

DOX+Val groups (Figure 6F, 6L). From the result, it 

was apparent that DOX could activate the MAPK 

signaling pathway, which was characterized by 

increased protein expressions of p-p38, p-JNK, p-ERK. 
NOX2 and NOX4 were involved in the activation of 

MAPK signaling pathway induced by DOX. Val could 

reduce the expression of p-p38, p-JNK, p-ERK proteins, 
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Figure 4. Overexpression of NOX2 and NOX4 could increase DOX-induced ROS production and expression of apoptotic 
proteins in H9c2 cells. (A) Fluorescence microscope observation of H9c2 cells after transfecting with Empty vector, NOX2 OE and NOX4 OE 

(×100). (B) The bar graph of NOX2 eukaryotic expression plasmid verified by RT-PCR. (C) The bar graph of NOX4 eukaryotic expression plasmid 
verified by RT-PCR. (D) Western blot analysis of NOX2 OE and DOX-treatment on NOX2, caspase-3, cleaved caspase-9 protein levels. (E) 
Densitometry analysis of the protein bands of NOX2, caspase-3, cleaved caspase-9 proteins. (F) Western blot analysis of NOX4 OE and DOX-
treatment on NOX4, caspase-3, cleaved caspase-9 protein levels. (G) Densitometry analysis of the protein bands of NOX4, caspase-3, cleaved 
caspase-9 proteins. (H) Effect of NOX2 OE, NOX4 OE and DOX-treatment on ROS levels at 12 h time point in H9c2 cells. (I) Microscopic 
analysis of NOX2 OE, NOX4 OE and DOX-treatment on ROS levels by DCF Fluorescence. *P<0.05 vs. Control; †P<0.05 vs. Dox. Dox, 
doxorubicin; OE, overexpression. 
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and MSCs alone could not reduce these proteins. 

However, MSCs enhanced the protective effects of Val 

in DOX-treated H9c2 cells. 

 

DISCUSSION 
 

DOX-induced cardiotoxicity could be presented in 

forms of dilated cardiomyopathy and congestive heart 

failure [21]. Previous study found that DOX could 

increase RAAS activity and increase the content of ROS 

in the rat model of DOX-induced dilated 

cardiomyopathy (DCM) [22]. The present study 

indicates that AT1R/NOX/ROS/MAPK signaling 

pathway is involved in DOX-induced cardiotoxicity and 

confirmed the previous finding that Val treatment 

significantly attenuated DOX-induced cardiotoxicity, 

without affecting the anti-tumor effect of DOX. The 

novel finding of the present study is that MSCs 

 

 
 

Figure 5. MSCs combined with Val effects on ROS generation, AngII, NOX2, NOX4, caspase-3 and cleaved caspase-9 
expression in H9c2 cells. (A) Schematic diagram of co-culture of MSCs and H9c2 cells. (B) Western blot analysis of MSCs and Val-treatment 

on AT1R, NOX2, NOX4, caspase-3, cleaved caspase-9 proteins levels. (C) Effect of MSCs and Val-treatment on ROS levels at 12 h time point in 
H9c2 cells. (D, E) Densitometry analysis of the protein bands of AT1R, NOX2, NOX4, caspase-3, cleaved caspase-9 proteins. (F) Microscopic 
analysis of MSCs and Val-treatment on ROS levels by DCF Fluorescence. *P<0.05 vs. Control; †P<0.05 vs. Dox; #P<0.05 vs. Dox+Val, 
Dox+MSCs. Dox, doxorubicin; Val, valsartan; MSCs, mesenchymal stem cells. 
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Figure 6. Val, NOX (knockdown and overexpression), MSCs effects on MAPK signaling pathway in H9c2 cells. (A) Western blot 

analysis of DOX and Val-treatment on p-p38, p-JNK, p-ERK proteins levels. (B, C) Western blot analysis of NOX2 siRNA and NOX4 siRNA 
treatment on p-p38, p-JNK, p-ERK proteins levels. (D, E) Western blot analysis of NOX2 plasmid and NOX4 plasmid treatment on p-p38, p-JNK, 
p-ERK proteins levels. (F) Western blot analysis of MSCs and Val-treatment on p-p38, p-JNK, p-ERK proteins levels. (G) Densitometry analysis 
of the protein bands of p-p38, p-JNK, p-ERK after Val and DOX treatment. (H, I) Densitometry analysis of the protein bands of p-p38, p-JNK, p-
ERK after NOX2 siRNA and NOX4 siRNA treatment. (J, K) Densitometry analysis of the protein bands of p-p38, p-JNK, p-ERK after NOX2 
plasmid and NOX4 plasmid treatment. (L) Densitometry analysis of the protein bands of p-p38, p-JNK, p-ERK after MSCs and Val treatment. 
*P<0.05 vs. Control, Negative siRNA or Empty vector; †P<0.05 vs. Dox or DOX+Negative siRNA or DOX+Empty vector; #P<0.05 vs. DOX+Val or 
DOX+MSCs. DOX, doxorubicin; Val, valsartan; MSCs, mesenchymal stem cells. 
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enhanced the protective effects of Val in alleviating the 

toxic effects of DOX in H9c2 cells. To our best 

knowledge, this is the first in vitro report describing the 

synergic protective effects of Val and MSCs and their 

impact on the AT1R/NOX/ROS/MAPK signaling in 

H9c2 cells, The Schematic diagram of the effect of Val 

combined with MSCs on DOX-induced apoptosis in 

H9c2 cardiomyocytes mentioned in (Figure 7). 

 

AngII/NOX/ROS/MAPK signaling mediated DOX-

induced cytotoxicity 

 

The present study evidenced that AT1R, NOX2, NOX4 

as well as apoptosis related caspase-3 and cleaved 

caspase-9 protein expression are significantly 

upregulated post DOX stimulation in H9c2 cells (Figure 

2A, 2B), which might be responsible for the enhanced 

apoptosis and ROS formation (Figure 1). As expected, 

these changes could be reversed by cotreatment with 

Val (Figure 2A, 2B). To elucidate the causal role of 

NOX2 and NOX4 signaling, we observed the impact of 

DPI, a NADPH inhibitor with known effects on 

inhibiting NOX2 and NOX4, in the DOX-treated H9c2 

cells. It was shown that DPI significantly 

downregulated the protein expression of caspase-3 and 

cleaved caspase-9, reduced apoptosis and ROS 

formation (Figure 2C–2F). These effects suggest the 

close link between NOX2 and NOX4 upregulation and 

DOX-induced cytotoxicity. Similarly, experiments with 

NOX2 siRNA and NOX4 siRNA in DOX-treated H9c2 

cells reveal that knockdown of NOX2 and NOX4 also 

induce downregulated caspase-3 and cleaved caspase-9 

expression, followed by reduced ROS formation (Figure 

3). Meanwhile, overexpression of NOX2 and NOX4 

enhanced DOX-induced ROS formation and apoptosis, 

as well as caspase-3 and cleaved caspase-9 upregulation 

(Figure 4), indicating a causal role of NOX2 and NOX4 

signaling on DOX-induced cytotoxicity. Moreover, we 

found that changes on protein expressions of p-p38, p-

JNK and p-ERK coincidence with MAPK signaling 

activation-induced apoptosis (Figure 6). Downregulated 

MAPK signaling was observed post Val intervention in 

 

 
 

Figure 7. Schematic diagram of the effect of Val combined with MSCs on DOX-induced apoptosis in H9c2 cardiomyocytes. 
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our study. Previous study showed that MAPK signaling 

pathway was associated with apoptosis [23]. We thus 

speculate inhibiting MAPK pathway might be one of 

the working mechanisms of Val in this model. 

However, more evidence is needed to show MAPK 

signaling is a mediator for Val's protective effect upon 

DOX treatment. Future studies are warranted to observe 

if the beneficial effects of Val could be reversed or not 

in the co-presence of MAPK pathway agonist. Thus, our 

study suggest that the AngII/NOX/ROS/MAPK 

pathways play a major role in DOX-induced 

cardiotoxicity. 

 

The potential mechanism of the synergic effects of 

MSCs on Val-mediated protective effects in DOX-

stimulated H9c2 cells 

 

Previous study by our group found that repeated 

intravenous infusion of MSCs could improve the 

cardiac function of rats with DOX-induced dilated 

cardiomyopathy and reduce myocardial fibrosis [12]. 

The study showed that MSCs could reduce the mRNA 

expression of AT1, CYP11B2, TGF-β, collagen I and 

collagen III in rat myocardium. The decreased 

expression of AT1 and CYP11B2 might indicate that 

MSCs inhibited the RAAS system in DOX-treated rats. 

Val, as a receptor antagonist of Ang II, which jointly 

inhibited the Ang II type 1 (AT1) receptor, thereby 

reducing the activity of the RAAS [13]. Due to the 

synchronized effect of MSCs and Val on RAAS, the 

study protocol with MSCs and Val might consequently 

reduce the activation of oxidative stress and cell 

apoptosis, thereby alleviate the myocardial cytotoxicity 

induced by DOX. We thus tested the hypothesis that 

MSCs might enhance the protective effects of Val on 

attenuating DOX-induced cytotoxicity in H9c2 cells 

(Figure 5). Although MSCs alone, did not affect the 

MAPK signaling in this model, MSCs+Val treatment 

induced significant downregulation on protein 

expressions of MAPK pathway (p-p38, p-JNK, p-ERK) 

as compared to that of Val alone in DOX-stimulated 

H9c2 cells (Figure 6). This indicates that the observed 

synergic beneficial effects in this cell model might be 

mediated via modulating the MAPK pathway. Future 

studies are warranted to validate the mechanisms both 

in vitro and in vivo as well as in clinical studies. 

 

Other potential mechanisms of the synergic effects of 

MSCs+Val on DOX-induced toxicity 

 

Previous studies demonstrated that ATIIR1and/or 

ATIIR2 signaling are crucially involved in the MSCs 

differentiation into endothelia cells and hematopoietic 
cells [24]. Previous experiments also elucidated the role 

of MSCs on non-ischemic dilated cardiomyopathy 

through improving the endothelial function [25–27]. We 

thus speculated that the interaction of MSCs and Val 

might be a useful strategy in that Val could facilitate the 

differentiation of MSCs into endothelial and 

hematopoietic cells, thereby alleviating DOX-induced 

cytotoxicity. 
 

Enhanced proinflammatory cytokines, including TNF-α, 

belong to the pathogenesis of DOX-induced 

cytotoxicity [28]. Studies show that hMSC could reduce 

the release of multiple proinflammatory cytokines 

including TNF-α [29]. In fact, it was shown that ARB 

could also reduce TNF-α levels [30]. It is thus possible 

that the synergic effect of MSCs with Val in this in vitro 

model might be mediated by modulating the TNF-α and 

future studies are needed to validate this hypothesis. 
 

Impact of Val on the anti-tumor effect of DOX 
 

To exclude the negative impact of Val on the antitumor 

effect of DOX, we explored the impact of Val on MDA-

MB-231cells and A549 cells, and results showed that 

cell viability was similar between DOX treated MDA-

MB-231 cells or A549 cells and DOX+Val treated 

MDA-MB-231 cells or A549 cells, so that Val could be 

used to attenuate DOX-induced cytotoxicity without 

affecting the antitumor effect of DOX. 
 

CONCLUSIONS 
 

In summary, AT1R-NOX-ROS-MAPK signaling 

pathway is involved in the DOX-induced cardiotoxicity. 

Val treatment could attenuate DOX-induced cytotoxicity 

through modulating this pathway without affecting the 

anti-tumor effect of DOX. MSCs could enhance the 

beneficial effects of Val against DOX-induced cytotoxic 

effects through modulating AT1R/NOX/ROS/MAPK 

signaling pathway in H9c2 cells. 
 

AUTHOR CONTRIBUTIONS 
 

Qin Yu designed this study; Dong Cheng helped with 

revising of manuscript. All authors read and approved 

the final manuscript, Qinfu Wang directed the 

experiment technology; Wencheng Tu, Libo Chen, 

Dong Cheng and Hainiang Liu performed the 

experiments; Qin Yu, Wencheng Tu, Libo Chen, Dong 

Cheng and Hainiang Liu analyzed data; Qin Yu 

interpreted the results of experiments; Dong Cheng and 

Hainiang Liu prepared the figures; Prof. Weiyi Fang 

and Prof. Ning Zhu and Haoren Wang supervised the 

experimental process; Qin Yu drafted the manuscript. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of 

interest. 



 

www.aging-us.com 22569 AGING 

FUNDING 
 

This study was supported by Natural Science Funds of 

Liaoning Province (grant number: 201602033) and 

National Natural Science Funds of China (grant 

number: 81770405). 

 

REFERENCES 
 
1. Cortés-Funes H, Coronado C. Role of anthracyclines in 

the era of targeted therapy. Cardiovasc Toxicol. 2007; 
7:56–60. 

 https://doi.org/10.1007/s12012-007-0015-3 
PMID:17652804 

2. Scully RE, Lipshultz SE. Anthracycline cardiotoxicity in 
long-term survivors of childhood cancer. Cardiovasc 
Toxicol. 2007; 7:122–28. 

 https://doi.org/10.1007/s12012-007-0006-4 
PMID:17652816 

3. Robert J, Morvan VL, Smith D, Pourquier P, Bonnet J. 
Predicting drug response and toxicity based on gene 
polymorphisms. Crit Rev Oncol Hematol. 2005; 
54:171–96. 

 https://doi.org/10.1016/j.critrevonc.2005.01.005 
PMID:15890268 

4. Hershko C, Pinson A, Link G. Prevention of 
anthracycline cardiotoxicity by iron chelation. Acta 
Haematol. 1996; 95:87–92. 

 https://doi.org/10.1159/000203954  
PMID:8604592 

5. Simůnek T, Stérba M, Popelová O, Adamcová M, 
Hrdina R, Gersl V. Anthracycline-induced cardiotoxicity: 
overview of studies examining the roles of oxidative 
stress and free cellular iron. Pharmacol Rep. 2009; 
61:154–71. 

 https://doi.org/10.1016/s1734-1140(09)70018-0 
PMID:19307704 

6. van Dalen EC, Caron HN, Dickinson HO, Kremer LC. 
Cardioprotective interventions for cancer patients 
receiving anthracyclines. Cochrane Database Syst Rev. 
2011; 2011:CD003917. 

 https://doi.org/10.1002/14651858.CD003917.pub4 
PMID:21678342 

7. Lipshultz SE, Scully RE, Lipsitz SR, Sallan SE, Silverman 
LB, Miller TL, Barry EV, Asselin BL, Athale U, Clavell LA, 
Larsen E, Moghrabi A, Samson Y, et al. Assessment of 
dexrazoxane as a cardioprotectant in doxorubicin-
treated children with high-risk acute lymphoblastic 
leukaemia: long-term follow-up of a prospective, 
randomised, multicentre trial. Lancet Oncol. 2010; 
11:950–61. 

 https://doi.org/10.1016/S1470-2045(10)70204-7 
PMID:20850381 

8. Tebbi CK, London WB, Friedman D, Villaluna D, De 
Alarcon PA, Constine LS, Mendenhall NP, Sposto R, 
Chauvenet A, Schwartz CL. Dexrazoxane-associated 
risk for acute myeloid leukemia/myelodysplastic 
syndrome and other secondary malignancies in 
pediatric Hodgkin’s disease. J Clin Oncol. 2007; 
25:493–500. 

 https://doi.org/10.1200/JCO.2005.02.3879 
PMID:17290056 

9. Shaikh F, Dupuis LL, Alexander S, Gupta A, Mertens L, 
Nathan PC. Cardioprotection and Second Malignant 
Neoplasms Associated With Dexrazoxane in Children 
Receiving Anthracycline Chemotherapy: A Systematic 
Review and Meta-Analysis. J Natl Cancer Inst. 2015; 
108:djv357. 

 https://doi.org/10.1093/jnci/djv357  
PMID:26598513 

10. Xi L, Zhu SG, Das A, Chen Q, Durrant D, Hobbs DC, 
Lesnefsky EJ, Kukreja RC. Dietary inorganic nitrate 
alleviates doxorubicin cardiotoxicity: mechanisms and 
implications. Nitric Oxide. 2012; 26:274–84. 

 https://doi.org/10.1016/j.niox.2012.03.006 
PMID:22484629 

11. Toko H, Oka T, Zou Y, Sakamoto M, Mizukami M, Sano 
M, Yamamoto R, Sugaya T, Komuro I. Angiotensin II 
type 1a receptor mediates doxorubicin-induced 
cardiomyopathy. Hypertens Res. 2002; 25:597–603. 

 PMID:12358147 

12. Yu Q, Li Q, Na R, Li X, Liu B, Meng L, Liutong H, Fang W, 
Zhu N, Zheng X. Impact of repeated intravenous bone 
marrow mesenchymal stem cells infusion on 
myocardial collagen network remodeling in a rat model 
of doxorubicin-induced dilated cardiomyopathy. Mol 
Cell Biochem. 2014; 387:279–85. 

 https://doi.org/10.1007/s11010-013-1894-1 
PMID:24257807 

13. Meng LL, Yu Q. GW26-e2914 A study of the mechanism 
of valsartan pre-protecting adriamycin-induced 
cardiotoxicity. J Am Coll Cardiol. 2015; 66:C96. 

 https://doi.org/10.1016/j.jacc.2015.06.374 

14. Zhang Y, Ahmad KA, Khan FU, Yan S, Ihsan AU, Ding Q. 
Chitosan oligosaccharides prevent doxorubicin-induced 
oxidative stress and cardiac apoptosis through 
activating p38 and JNK MAPK mediated Nrf2/ARE 
pathway. Chem Biol Interact. 2019; 305:54–65. 

 https://doi.org/10.1016/j.cbi.2019.03.027 
PMID:30928397 

15. Wen SY, Tsai CY, Pai PY, Chen YW, Yang YC, Aneja R, 
Huang CY, Kuo WW. Diallyl trisulfide suppresses 
doxorubicin-induced cardiomyocyte apoptosis by 
inhibiting MAPK/NF-κB signaling through attenuation 
of ROS generation. Environ Toxicol. 2018; 33:93–103. 

 https://doi.org/10.1002/tox.22500  

https://doi.org/10.1007/s12012-007-0015-3
https://pubmed.ncbi.nlm.nih.gov/17652804
https://doi.org/10.1007/s12012-007-0006-4
https://pubmed.ncbi.nlm.nih.gov/17652816
https://doi.org/10.1016/j.critrevonc.2005.01.005
https://pubmed.ncbi.nlm.nih.gov/15890268
https://doi.org/10.1159/000203954
https://pubmed.ncbi.nlm.nih.gov/8604592
https://doi.org/10.1016/s1734-1140(09)70018-0
https://pubmed.ncbi.nlm.nih.gov/19307704
https://doi.org/10.1002/14651858.CD003917.pub4
https://pubmed.ncbi.nlm.nih.gov/21678342
https://doi.org/10.1016/S1470-2045(10)70204-7
https://pubmed.ncbi.nlm.nih.gov/20850381
https://doi.org/10.1200/JCO.2005.02.3879
https://pubmed.ncbi.nlm.nih.gov/17290056
https://doi.org/10.1093/jnci/djv357
https://pubmed.ncbi.nlm.nih.gov/26598513
https://doi.org/10.1016/j.niox.2012.03.006
https://pubmed.ncbi.nlm.nih.gov/22484629
https://pubmed.ncbi.nlm.nih.gov/12358147
https://doi.org/10.1007/s11010-013-1894-1
https://pubmed.ncbi.nlm.nih.gov/24257807
https://doi.org/10.1016/j.jacc.2015.06.374
https://doi.org/10.1016/j.cbi.2019.03.027
https://pubmed.ncbi.nlm.nih.gov/30928397
https://doi.org/10.1002/tox.22500


 

www.aging-us.com 22570 AGING 

PMID:29087013 

16. Zablocki D, Sadoshima J. Angiotensin II and oxidative 
stress in the failing heart. Antioxid Redox Signal. 2013; 
19:1095–109. 

 https://doi.org/10.1089/ars.2012.4588 
PMID:22429089 

17. Xie F, Wu D, Huang SF, Cao JG, Li HN, He L, Liu MQ, Li 
LF, Chen LX. The endoplasmic reticulum stress-
autophagy pathway is involved in apelin-13-induced 
cardiomyocyte hypertrophy in vitro. Acta Pharmacol 
Sin. 2017; 38:1589–600. 

 https://doi.org/10.1038/aps.2017.97 PMID:28748915 

18. Huang YL, Zhao F, Luo CC, Zhang X, Si Y, Sun Z, Zhang L, 
Li QZ, Gao XJ. SOCS3-mediated blockade reveals major 
contribution of JAK2/STAT5 signaling pathway to 
lactation and proliferation of dairy cow mammary 
epithelial cells in vitro. Molecules. 2013; 18:12987–
3002. 

 https://doi.org/10.3390/molecules181012987 
PMID:24141248 

19. Liu HN, Wang HR, Cheng D, Wang QF, Pei ZW, Zhu N, 
Fang WY, Yu Q. Potential role of a disintegrin and 
metalloproteinase-17 (ADAM17) in age-associated 
ventricular remodeling of rats. RSC Advances. 2019; 
9:14321–30. 

 https://doi.org/10.1039/C9RA01190K 

20. Wingler K, Hermans JJ, Schiffers P, Moens A, Paul M, 
Schmidt HH. NOX1, 2, 4, 5: counting out oxidative 
stress. Br J Pharmacol. 2011; 164:866–83. 

 https://doi.org/10.1111/j.1476-5381.2011.01249.x 
PMID:21323893 

21. Christiansen S, Autschbach R. Doxorubicin in 
experimental and clinical heart failure. Eur J 
Cardiothorac Surg. 2006; 30:611–16. 

 https://doi.org/10.1016/j.ejcts.2006.06.024 
PMID:16901709 

22. Huang CY, Chen JY, Kuo CH, Pai PY, Ho TJ, Chen TS, Tsai 
FJ, Padma VV, Kuo WW, Huang CY. Mitochondrial ROS-
induced ERK1/2 activation and HSF2-mediated AT1 R 
upregulation are required for doxorubicin-induced 
cardiotoxicity. J Cell Physiol. 2018; 233:463–75. 

 https://doi.org/10.1002/jcp.25905 PMID:28295305 

23. Guo W, Liu X, Li J, Shen Y, Zhou Z, Wang M, Xie Y, Feng 
X, Wang L, Wu X. Prdx1 alleviates cardiomyocyte 
apoptosis through ROS-activated MAPK pathway 
during myocardial ischemia/reperfusion injury. Int J 
Biol Macromol. 2018; 112:608–15. 

 https://doi.org/10.1016/j.ijbiomac.2018.02.009 
PMID:29410271 

24. Yamamoto K, Kurata Y, Inoue Y, Adachi M, Tsuneto M, 
Miake J, Ogino K, Ninomiya H, Yoshida A, Shirayoshi Y, 
Suyama Y, Yagi S, Nishimura M, et al. Pretreatment 

with an angiotensin II receptor blocker abolished 
ameliorating actions of adipose-derived stem cell 
sheets on cardiac dysfunction and remodeling after 
myocardial infarction. Regen Ther. 2018; 9:79–88. 

 https://doi.org/10.1016/j.reth.2018.08.005 
PMID:30525078 

25. Yu Q, Fang W, Zhu N, Zheng X, Na R, Liu B, Meng L, Li Z, 
Li Q, Li X. Beneficial effects of intramyocardial 
mesenchymal stem cells and VEGF165 plasmid 
injection in rats with furazolidone induced dilated 
cardiomyopathy. J Cell Mol Med. 2015; 19:1868–76. 

 https://doi.org/10.1111/jcmm.12558  
PMID:25753859 

26. Zhang Y, Liang X, Liao S, Wang W, Wang J, Li X, Ding Y, 
Liang Y, Gao F, Yang M, Fu Q, Xu A, Chai YH, et al. 
Potent Paracrine Effects of human induced Pluripotent 
Stem Cell-derived Mesenchymal Stem Cells Attenuate 
Doxorubicin-induced Cardiomyopathy. Sci Rep. 2015; 
5:11235. 

 https://doi.org/10.1038/srep11235 PMID:26057572 

27. Hare JM, DiFede DL, Rieger AC, Florea V, Landin AM, El-
Khorazaty J, Khan A, Mushtaq M, Lowery MH, Byrnes 
JJ, Hendel RC, Cohen MG, Alfonso CE, et al. 
Randomized Comparison of Allogeneic Versus 
Autologous Mesenchymal Stem Cells for Nonischemic 
Dilated Cardiomyopathy: POSEIDON-DCM Trial. J Am 
Coll Cardiol. 2017; 69:526–37. 

 https://doi.org/10.1016/j.jacc.2016.11.009 
PMID:27856208 

28. Heeba GH, Mahmoud ME. Dual effects of quercetin 
in doxorubicin-induced nephrotoxicity in rats and its 
modulation of the cytotoxic activity of doxorubicin 
on human carcinoma cells. Environ Toxicol. 2016; 
31:624–36. 

 https://doi.org/10.1002/tox.22075 PMID:25411067 

29. Numasawa Y, Kimura T, Miyoshi S, Nishiyama N, Hida 
N, Tsuji H, Tsuruta H, Segawa K, Ogawa S, Umezawa A. 
Treatment of human mesenchymal stem cells with 
angiotensin receptor blocker improved efficiency of 
cardiomyogenic transdifferentiation and improved 
cardiac function via angiogenesis. Stem Cells. 2011; 
29:1405–14. 

 https://doi.org/10.1002/stem.691  
PMID:21755575 

30. Coulson R, Liew SH, Connelly AA, Yee NS, Deb S, Kumar 
B, Vargas AC, O’Toole SA, Parslow AC, Poh A, Putoczki 
T, Morrow RJ, Alorro M, et al. The angiotensin receptor 
blocker, Losartan, inhibits mammary tumor 
development and progression to invasive carcinoma. 
Oncotarget. 2017; 8:18640–56. 

 https://doi.org/10.18632/oncotarget.15553 
PMID:28416734 

https://pubmed.ncbi.nlm.nih.gov/29087013
https://doi.org/10.1089/ars.2012.4588
https://pubmed.ncbi.nlm.nih.gov/22429089
https://doi.org/10.1038/aps.2017.97
https://pubmed.ncbi.nlm.nih.gov/28748915
https://doi.org/10.3390/molecules181012987
https://pubmed.ncbi.nlm.nih.gov/24141248
https://doi.org/10.1039/C9RA01190K
https://doi.org/10.1111/j.1476-5381.2011.01249.x
https://pubmed.ncbi.nlm.nih.gov/21323893
https://doi.org/10.1016/j.ejcts.2006.06.024
https://pubmed.ncbi.nlm.nih.gov/16901709
https://doi.org/10.1002/jcp.25905
https://pubmed.ncbi.nlm.nih.gov/28295305
https://doi.org/10.1016/j.ijbiomac.2018.02.009
https://pubmed.ncbi.nlm.nih.gov/29410271
https://doi.org/10.1016/j.reth.2018.08.005
https://pubmed.ncbi.nlm.nih.gov/30525078
https://doi.org/10.1111/jcmm.12558
https://pubmed.ncbi.nlm.nih.gov/25753859
https://doi.org/10.1038/srep11235
https://pubmed.ncbi.nlm.nih.gov/26057572
https://doi.org/10.1016/j.jacc.2016.11.009
https://pubmed.ncbi.nlm.nih.gov/27856208
https://doi.org/10.1002/tox.22075
https://pubmed.ncbi.nlm.nih.gov/25411067
https://doi.org/10.1002/stem.691
https://pubmed.ncbi.nlm.nih.gov/21755575
https://doi.org/10.18632/oncotarget.15553
https://pubmed.ncbi.nlm.nih.gov/28416734

