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A B S T R A C T   

Cardiomyocyte apoptosis has been characterized as one of the major mechanisms underlying 
doxorubicin (DOX)-induced cardiomyopathy. MicroRNA-21-5p (miR-21-5p) was reported to 
mitigate ischemia-induced cardiomyocyte apoptosis and cardiac injury. However, to our 
knowledge, the functional role of miR-21-5p in DOX-induced cardiomyopathy is unclear. In this 
study, we explored the role of miR-21-5p in DOX-induced cardiac injury. The expression level of 
miR-21-5p was detected by quantitative real-time polymerase chain reaction (qRT-PCR). Dual 
luciferase reporter assay was used to verify the potential target gene of miR-21-5p. The apoptosis 
rate of NRCMs was detected by TUNEL staining assay. Western blot analysis was used to detect 
the protein expression levels of Bax, Bcl-2, Caspase3, cleaved-Caspase3 and BTG2. For animal 
studies, mice were injected with AAV9-miR-21-5p or AAV9-Empty viruses, and treated with DOX 
at a dose of 5 mg/kg per week through intraperitoneally administration. After 4 weeks of DOX 
treatment, mice were subjected to echocardiography to measure the left ventricular ejection 
fraction (EF) and fractional shortening (FS). Results showed that miR-21-5p was upregulated in 
both DOX-treated primary cardiomyocytes and mouse heart tissues. Interestingly, enhanced miR- 
21-5p expression inhibited DOX-induced cardiomyocyte apoptosis and oxidative stress, while 
decreased miR-21-5p expression promoted cardiomyocyte apoptosis and oxidative stress. 
Furthermore, cardiac overexpression of miR-21-5p protected against DOX-induced cardiac injury. 
The mechanistic study indicated that BTG2 was a target gene of miR-21-5p. The anti-apoptotic 
effect of miR-21-5p could be inhibited by BTG2 overexpression. Conversely, inhibition of BTG2 
rescued the pro-apoptotic effect of miR-21-5p inhibitor. Taken together, our study showed that 
miR-21-5p could prevent DOX-induced cardiomyopathy by downregulating BTG2.  

Abbreviations: AAV9, Adeno-associated virus serotype 9; BTG2, B cell translocation gene 2; DOX, Doxorubicin; Drp1, Dynamic-related protein-1; 
EF, Ejection fraction; FS, Fractional shortening; HL, Tibial length; H/R, Hypoxia-reperfusion; HW, Heart weight; I/R, Ischemia-reperfusion; miRs, 
MicroRNAs; MOI, Multiplicities of infection; NRCMs, Neonatal rat cardiomyocytes; PGC-1α, Peroxisome proliferator-activated receptor-gamma 
coactivator-1α; qRT-PCR, Quantitative real-time polymerase chain reaction; snRNA, Small nuclear RNA; TAF9b, TATA-binding protein associated 
factor 9b; TUNEL, Terminal deoxyribonucleotidyl transferase (TdT)-mediated dUTP nick end labeling; 3’UTR, 3’Untranslated region. 
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1. Introduction 

Doxorubicin (DOX) is a class of anthracycline antibiotics widely used in the treatment of various types of cancer, such as leukemia, 
lymphoma, solid malignant tumors, etc. However, the administration of anthracyclines always causes dose-dependent and cumulative 
cardiotoxicity, which eventually leads to transient cardiac dysfunction and even congestive heart failure, severely restrict their clinic 
use [1–3]. With the growing number of cancer survivors, there is an increasing need to develop preventive strategies and effective 
treatments against DOX-induced cardiac injury. Although extensive basic and clinical investigations on DOX-induced cardiotoxicity 
have continued for decades, the underlying mechanisms of DOX-induced cardiotoxicity are still incompletely understood. 

Numerous studies have elucidated the potential molecular mechanisms that are responsible for the development of DOX-induced 
cardiotoxicity. They include molecular pathways related to mitochondrial dysfunction, oxidative stress, calcium dysfunction, iron-free 
radical production, apoptosis, immune system, etc [4–6]. Of note, the production of free radicals has been recognized as the main cause 
of cardiac injury induced by DOX [7–9]. However, interventions aimed to reduce oxidative stress did not succeed in reducing the 
incidence of DOX-induced cardiomyopathy [10]. Therefore, it is urgent to further understand the pathogenesis of DOX-induced 
cardiomyopathy and find out new therapeutic targets. 

A large body of evidence supports the notion that the death of terminally differentiated cardiomyocytes is one of the key pathogenic 
factors in the development of cardiac injury [11]. Of all the types of regulated cell death, cardiomyocyte apoptosis has been considered 
to be the main characterization of DOX-induced cardiomyopathy [12]. A low concentration of DOX can induce the apoptosis of 
cardiomyocytes and ultimately leads to heart failure [3]. Studies have shown that DOX-induced oxidative stress can directly trigger a 
large number of cardiomyocyte apoptosis through external and internal apoptotic pathways, leading to severe cardiac dysfunction [10, 
13]. Importantly, inhibition of myocardial cell apoptosis can significantly prevent DOX-induced cardiac dysfunction [14,15]. Hence, 
further in-depth exploration of the molecular mechanism that regulates cardiomyocyte apoptosis is of great significance for the dis-
covery of new therapeutic targets for DOX-induced cardiomyopathy. 

MicroRNAs (miRNAs, miRs) are small non-coding RNA molecules with a length of about 19–25 nucleotides, which can regulate 
gene expression at the post-transcriptional level by inhibiting the translation or promoting the degradation of target mRNA [16]. 
Accumulating evidence shows that miRNAs play key roles in the development of cardiovascular diseases, and miRNAs are proposed as 
potential drug targets for the treatment of human cardiovascular disease [17–23]. Particularly, miRNAs mediate multiple pathways 
that are potential targets for cardioprotection against DOX, including p53 signaling, pro-survival signaling, mitochondrial function, etc 
[24]. For example, inhibition of miR-140-5p alleviates DOX-induced cardiac myocardial oxidative damage [25]. Downregulation of 
miR-23a attenuates DOX-induced cardiomyocyte damage via targeting the peroxisome proliferator-activated receptor-gamma coac-
tivator-1α (PGC-1α)/dynamic-related protein-1 (Drp1) pathway [26]. Additionally, miR-146a could decrease apoptosis and improve 
autophagy in cardiomyocytes via targeting TATA-binding protein associated factor 9b (TAF9b)/p53 pathway, thereby inhibiting 
DOX-induced cardiotoxicity [27]. 

Here we aimed to explore whether miR-21-5p plays a cardioprotective role in DOX-induced cardiotoxicity. miR-21-5p is expressed 
in basically all kinds of human cells and is reported to have important regulatory roles in health and disease, and it is also one of the 
most commonly studied miRNAs in cardiovascular disease and neoplasias [28,29]. Evidence showed that miR-21-5p had a protective 
effect on ischemia-hypoxia-induced cardiomyocyte apoptosis [30,31]. Moreover, it is reported that miR-21-5p promoted angiogenesis 
and cardiomyocyte survival through phosphatase and tensin homolog/Akt pathways, thereby promoting heart repair mediated by 
exosomes [31]. In addition, a previous study reported that DOX treatment significantly upregulated miR-21-5p levels in both mouse 
heart tissues and H9C2 cells [32]. Increased miR-21-5p expression prevented DOX-induced apoptosis in in-vitro cultured car-
diomyocytes while decreased miR-21-5p expression promoted DOX-induced apoptosis. And B cell translocation gene 2 (BTG2) was 
reported to be a target gene of miR-21-5p in cardiomyocytes [32]. However, the in vivo investigation of the functional roles of 
miR-21-5p is lacking. As a result, in this study, we investigated the functional role of miR-21-5p in the murine model of DOX-induced 
cardiotoxicity and DOX-induced apoptosis model of cardiomyocytes. We further investigated target gene and molecular mechanisms 
underlying the myocardial protective effect of miR-21-5p. 

2. Materials and methods 

2.1. Animals and treatment 

Thirty-three male C57BL/6J wild-type mice, aged eight-week-old (weight 24–25 g), were purchased from Shanghai Laboratory 
Animal Center (SLAC, Shanghai, China) and housed in autoclaved ventilated cages with sterile food and water ad libitum. All animal 
experiments were conducted under the established guidelines on the use and care of laboratory animals for biomedical research 
published by the National Institutes of Health (No. 85-23, revised 1996) and approved by the ethical committees of Shanghai Uni-
versity (approval number ECSHU 2021-074). 

To mimic DOX-induced cardiomyopathy, mice were injected intraperitoneally with DOX (Sigma, USA) at a dose of 5 mg/kg once a 
week for four weeks. DOX powder was dissolved in physiological saline with the stock concentration at 0.5 mg/mL, and then stored to 
avoid light at 4 ◦C. The control mice were administrated with an equal volume of saline. To study the preventive effect of miR-21-5p in 
vivo, Adeno-associated virus serotype 9 (AAV9) expressing miR-21-5p (AAV9-miR-21-5p) was injected through the tail vein at a dose of 
1 × 1012 vg per mouse. AAV9-miR-21-5p and control viruses (AAV9-Empty) were purchased from Hanbio Biotechnology (Shanghai, 
China). For cardiac expression of miR-21-5p, mouse miR-21-5p was inserted between BamHI and EcoRI restriction enzyme sites of the 
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pHBAAV-CMV-MCS-3 flag-T2A-ZsGreen vector (Hanbio Biotechnology). And construct was verified by sequencing before using. 
AAV9-miR-21-5p viruses were generated using packaging plasmids AAV2/9 (Hanbio Biotechnology) and Helper (Hanbio Biotech-
nology) together with AAV-CMV-miR-21-5p construct in HEK293T cells. AAV viral particles were collected from the HEK293T cell at 
72 h post-transfection. Viral pellets were then purified using the AAV purification maxi kit (Biomiga, V1469-01) and tittered by qRT- 
PCR. DOX-induced mouse cardiac injury model was established one week after AAV9-miR-21-5p virus delivery. Five weeks later, mice 
were sacrificed by cervical dislocation for further analysis. 

2.2. Echocardiography 

Echocardiography was performed on the mice using a Vevo 2100 (VisualSonics, Ontario, Canada) with a 30 MHz central frequency 
scan-head. The mice were anesthetized with 3% isoflurane, and 1%–1.5% of isoflurane was used to maintain the anesthesia. Left 
ventricular ejection fraction (EF) and fractional shortening (FS) were measured from M-mode images taken from the parasternal short- 
axis view at the papillary muscle level. 

2.3. Cardiomyocyte isolation, culture, and treatment 

Cardiomyocytes were isolated from neonatal rats as described previously [33]. Isolated primary neonatal rat cardiomyocytes 
(NRCMs) were purified by Percoll gradient centrifugation. Before treatment, NRCMs were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Corning, 22,517,004) supplemented with 10% horse serum (Gibco, 16050-122) and 5% fetal bovine serum (Bio-
logical industries, 04-001-1ACS) at 37 ◦C under 5% CO2. miR-21-5p mimic or miR-21-5p inhibitor and their respective negative 
controls were purchased from RiboBio (Guangzhou, China). The sequences for miR mimic and inhibitor were listed in the Supple-
mental Table S2. miR-21-5p mimic (50 nM), miR-21-5p inhibitor (100 nM), and their respective negative controls were transfected 
into NRCMs with Lipofectamine™ 2000 (Invitrogen, MA, USA) according to the manufacturer’s instructions, and incubated at 37 ◦C 
under 5% CO2 for 6–8 h. Subsequently, the transfection medium was changed with serum-free medium. After 24 h of the transfection, 
NRCMs were treated with DMEM containing DOX (0.3 μM) under dark conditions for 24 h. 

The DNA fragment encoding rat BTG2 was amplified from rat heart genomic complementary DNA (cDNA) and cloned into the 
FUGW cloning vector. The resultant construct was named pFUGW-BTG2. The shRNA sequence for BTG2 is 5′-CCGGGGACGCACT-
GACCGATCATTACTCGAGTAATGATCGGTCAGTGCGTCCTTTTTG-3′ and was cloned into the pLKO.1-TRC cloning vector. The resul-
tant construct was named pLKO.1-shBTG2. The sh-BTG2 lentiviruses were packaged using the second generation packaging system 
plasmids psPAX2 (AddGene, 12260) and pMD2.G (AddGene, 12259) together with pLKO.1-shBTG2 construct. The 293T cells were 
purchased from Cell bank (Type Culture Collection Committee, Chinese Academy of Sciences, Shanghai) and cultured in DMEM 
containing 10% FBS in a humidified incubator with 5% CO2 at 37 ◦C. To produce sh-BTG2 lentiviruses, HEK293T cells in each 10 cm 
dish were transfected with 1.25 μg pMD2.G, 3.75 μg psPAX2 and 5 μg pLKO.1-shBTG2 using polyethylenimine (kingmorn, KE1098). 
Medium was changed 12 h after transfection. Lentiviral supernatants were collected at 48 and 72 h post-transfection and stored at 4 ◦C 
for immediate use or − 80 ◦C for longer use. The BTG2 overexpressing lentiviruses were packaged using packaging plasmids psPAX2 
and pMD2.G together with the pFUGW-BTG2 construct. To produce BTG2 overexpressing lentiviruses, HEK293T cells in each 10 cm 
dish were transfected with 1.25 μg pMD2.G, 3.75 μg psPAX2 and 5 μg pFUGW-BTG2. All other steps are identical to the procedure of 
sh-BTG2 lentiviruses production. NRCMs were treated with lentiviruses for 72 h with 10 MOI (Multiplicities of infection) and then used 
for subsequent experiments. 

Fig. 1. miR-21-5p was upregulated in DOX-treated primary neonatal rat cardiomyocytes and mouse heart tissues. A qRT-PCR analysis of miR-21-5p 
level in primary neonatal rat cardiomyocytes (NRCMs) treated with or without Doxorubicin (DOX). n = 4. B qRT-PCR analysis of miR-21-5p level in 
control and DOX-treated mouse heart tissues. n = 5:6. Bars show mean ± SD. Data between two groups were compared by unpaired two-tailed 
student’s t-test. *, p < 0.05, ***, p < 0.001. 
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2.4. TUNEL staining assay 

For terminal deoxyribonucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) staining analysis in heart tissues, 
frozen mouse heart sections were fixed with 4% paraformaldehyde for 15 min at room temperature, and next incubated in 20 μg/mL 
protease K at room temperature for 10 min. After washing with phosphate-buffered saline (PBS), heart tissue sections were incubated 
with the DeadEnd™ Fluorometric TUNEL system (Promega, Madison, WI, USA) for 1 h at 37 ◦C. After washing with PBS, nuclei were 
counterstained with 5 μg/mL Hoechst33342 (Beyotime Biotechnology, Shanghai, China) for 20 min at room temperature. Images were 
taken using a confocal microscope (Carl, Zeiss) under a magnification of 400 × , and at least 20 fields of view were observed by 
microscopy. Image J software was used for analysis. 

For TUNEL staining analysis in NRCMs, TUNEL FITC Apoptosis Detection Kit (Vazyme, Nanjing, China) was used to fluorescently 
label the nuclei of apoptotic cells in accordance with the kit manufacturer’s instructions. Subsequently, nuclei were counterstained 
with 5 μg/mL Hoechst33342 for 20 min at room temperature. Images were taken using a fluorescence microscope (Leica, Germany) 
under a magnification of 200 × , and at least 20 fields of view were observed by microscopy. Image J software was used for analysis. 

2.5. RNA isolation and quantitative real-time polymerase chain reaction 

Total RNA was extracted from cells or heart tissues using Trizol reagent (TaKaRa, Japan), and transcribed with the RevertAid first 
strand cDNA synthesis kit (ThermoScientific™, MA, USA) according to the manufacturer’s protocol. The mRNA levels of p67phox, 
Gp91phox, Sod2 were quantified using SYBR Green PCR Master Mix (Bio-Rad, USA) on a Real-Time PCR Detection System (Roche, 
Switzerland). The expression of miR-21-5p was detected using the Bulge-Loop™ miRNA qPCR Primer Set (RiboBio, Guangzhou, 
China). Reactions were performed at 95 ◦C for 5 min followed by 40 cycles at 95 ◦C for 5 s, and at 60 ◦C for 30 s, and at 72 ◦C for 30 s. 
Relative mRNA and miR-21-5p expression was normalized to the expression of 18s and U6 small nuclear RNA (snRNA) in cells and 
tissues using the 2− ΔΔCT method [34]. ΔCT = CT (target gene) – CT (18s/U6), ΔΔCT = ΔCT (experimental group) - ΔCT (control 
group). Primer sequences used in the present study are listed in Supplemental Table 1. 

2.6. Western blot analysis 

Total proteins were extracted from mouse heart tissues or NRCMs with radio immunoprecipitation assay (RIPA, KeyGen BioTECH, 
China) lysis buffer. The protein concentration was quantified by TaKaRa BCA Protein Assay Kit (TaKaRa, Japan). Equal amounts of 
protein (20–30 μg) were subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then trans-
ferred to a polyvinylidene fluoride membrane, and blocked with 5% BSA (KeyGen BioTECH, China) in Tris-buffered saline Tween 
(TBST, 0.1% Tween 20) for 2 h at room temperature. The membrane was then incubated with anti-cleaved-Caspase3 and anti-Caspase3 
(1:1000, Abclonal, Wuhan, China, A11040), anti-Bax (1:1000, Abclonal, Wuhan, China, A12009), anti-Bcl-2 (1:1000, Abclonal, 
Wuhan, China, A19693), anti-BTG2 (1:1000, Abcam, Shanghai, China, ab197362), anti-GAPDH (1:1000, Bioworld, Nanjing, China, 
AP0063) and anti-β-actin (1:10000, Abclonal, Wuhan, China, AC004) at 4 ◦C overnight. Then, the anti-rabbit (1:10000, Jackson, USA, 
111-035-003) or anti-mouse (1:10000, Bioworld, Nanjing, China, BS12478) second antibody was added and the membrane was 
incubated with the second antibody for 2 h at room temperature. The membrane was visualized in High-sig ECL Western Blotting 
Substrate (Tanon, Shanghai, China). Image J software was used for gray scale analysis. 

2.7. Oxidative stress detection 

ROS production was evaluated by DHE staining. For DHE staining analysis in heart tissues, frozen heart sections were washed with 
PBS and then stained with 30 μM DHE dye (KeyGen BioTECH, China) at room temperature for 30 min in a dark chamber. After washing 
with PBS, section were sealed with 50% glycerol avoid light and observed with a confocal microscope (Carl, Zeiss) under a magni-
fication of 400 × . Image J software was used for analysis. 

For DHE staining analysis in NRCMs, DHE dye (30 μM) (KeyGen BioTECH, China) was added to cardiomyocytes 30 min before 
termination of the experiment. Subsequently, cells were washed with fresh medium and incubated with PBS. Fluorescent images were 
observed with a fluorescence microscope (Leica, Germany) under a magnification of 200 × , and at least 20 fields of view were 
observed by microscopy. Image J software was used for analysis. 

2.8. Dual-luciferase reporter assay 

To study the direct interaction between miR-21-5p and the 3′UTR of BTG2, we constructed the luciferase reporter vector pGL3- 

Fig. 2. Overexpression of miR-21-5p prevented DOX-induced cardiomyocyte apoptosis and oxidative stress. A qRT-PCR analysis of miR-21-5p 
expression in primary neonatal rat cardiomyocytes (NRCMs) transfected with NC mimic or miR-21-5p mimic. n = 6. B TUNEL staining for 
α-actinin-labeled NRCMs transfected with NC mimic or miR-21-5p mimic, and the statistical results. n = 6. C Western blot analysis of Bax, Bcl-2, 
cleaved-Caspase3, and Caspase3 levels in Doxorubicin (DOX)-treated NRCMs transfected with NC mimic or miR-21-5p mimic. n = 3. D qRT-PCR 
analysis of p67phox, Gp91phox and Sod2 expression in NRCMs transfected with NC mimic or miR-21-5p mimic. n = 6. E Representative DHE 
staining images and statistical results. n = 6. Scale bar, 100 μm. Bars show mean ± SD. Data were compared by two-way ANOVA followed by 
Tukey’s post hoc test. *, p < 0.05, **, p < 0.01, ***, p < 0.001. NC, negative control. 
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basic (Promega, Madison, WI) containing the binding site (or mutated) with miR-21-5p in the 3′UTR of BTG2. The BTG2 sequence was 
inserted at the XbaI restriction site in the pGL3-basic reporter vector. 293T cells were seeded in 24-well plates and transfected with 200 
ng of indicated luciferase reporter constructs and 5 ng renilla plasmid as well as 2 μL miR-21-5p mimic (or NC mimic) using Lip-
ofectamine™ 2000 (Invitrogen, MA, USA). Medium was changed 6–8 h after transfection. Cells were collected at 48 h after transfection 
and analyzed for luciferase activity. Dual-luciferase reporter assays were performed with the Dual-Luciferase Reporter Assay System 
(Promega, Madison, WI) according to the manufacturer’s instructions. Firefly luciferase activity was normalized to the Renilla 
luciferase signal for further comparison. 

2.9. Statistical methods 

All data were analyzed by GraphPad Prism 8.0 statistical software. The statistical results were expressed as mean ± standard 
deviation (mean ± SD). An unpaired, two-tailed Student’s t-test was used for comparisons between two groups. A two-way ANOVA test 
was performed to compare multiple groups followed by Tukey’s post hoc test. p < 0.05 was considered to be statistically different. 

3. Results 

3.1. miR-21-5p was upregulated in DOX-treated primary neonatal rat cardiomyocytes and mouse heart tissues 

To explore the functional roles of miR-21-5p in regulating DOX-induced cardiac injury, we first assessed the change of miR-21-5p 
expression level in NRCMs treated with DOX. A marked increase of miR-21-5p was observed in DOX-treated NRCMs (Fig. 1A). 
Furthermore, the expression level of miR-21-5p was also obviously increased in DOX-treated mouse hearts (Fig. 1B). These data 
suggested a possible functional role of miR-21-5p in the heart. 

3.2. Overexpression of miR-21-5p inhibited DOX-induced apoptosis and oxidative stress in NRCMs 

In order to determine the potential functional role of miR-21-5p in cardiomyocytes in vitro, we transfected NRCMs with miR-21-5p 
mimics or negative controls. After confirming that transfection of miR-21-5p mimic could efficiently increase miR-21-5p expression in 
NRCMs (Fig. 2A). We further detected DOX-induced cardiomyocyte apoptosis using TUNEL staining. Results showed that DOX 
treatment caused an obviously increased TUNEL-positive cardiomyocytes. However, the transfection of miR-21-5p mimic effectively 
reversed the pro-apoptotic effects of DOX treatment, indicating that miR-21-5p could attenuate DOX-induced cardiomyocyte apoptosis 
(Fig. 2B). We next examined DOX-induced cardiomyocyte apoptosis using Western blot for apoptosis-related proteins. Consistent with 
the TUNEL staining results, miR-21-5p mimic significantly decreased Bax/Bcl-2 ratio and cleaved-Caspase3/Caspase3 ratio in DOX- 
treated NRCMs (Fig. 2C). Meanwhile, miR-21-5p mimic remarkably decreased DOX-induced oxidative stress in NRCMs, as indi-
cated by decreased mRNA levels of p67phox and Gp91phox as well as increased mRNA level of Sod2 (Fig. 2D). DHE staining also 
verified the protective effect of miR-21-5p on DOX-induced oxidative stress (Fig. 2E). Altogether, these data provided direct evidence 
that increasing miR-21-5p suppressed cardiomyocyte apoptosis and oxidative stress in DOX-treated cardiomyocytes. 

3.3. miR-21-5p inhibition increased cardiomyocyte apoptosis and oxidative stress 

In order to further test the protective role of miR-21-5p in cardiomyocytes, the miR-21-5p inhibitor was used. The effect of miR-21- 
5p inhibitor in decreasing miR-21-5p was confirmed by qRT-PCR (Fig. 3A). Our study showed that the miR-21-5p inhibitor signifi-
cantly increased TUNEL-positive cardiomyocytes (Fig. 3B). Meanwhile, miR-21-5p inhibitor transfection further increased Bax/Bcl-2 
ratio and cleaved-Caspase3/Caspase3 ratio in DOX-treated NRCMs (Fig. 3C). Moreover, miR-21-5p inhibitor significantly increased 
DOX-induced oxidative stress in NRCMs while caused no significant change in oxidative stress under basal level (Fig. 3D and E). These 
data further confirmed that miR-21-5p could inhibit DOX-induced apoptosis and oxidative stress in NRCMs. 

3.4. Therapeutic delivery of miR-21-5p reduced DOX-induced cardiac injury in mice 

We next investigated the effect of miR-21-5p in vivo. Mice were injected with AAV9-miR-21-5p or AAV9-empty viruses, and then 
treated with DOX at a dose of 5 mg/kg per week through intraperitoneal administration for 4 weeks. One week after the fourth in-
jection of DOX, mice were subjected to echocardiography (Fig. 4A). Here we observed that miR-21-5p was significantly increased in 
heart tissues of AAV9-miR-21-5p viruses-treated mice (Fig. 4B), and DOX treatment caused obviously lower heart weight-to-tibial 
length (HW/HL) ratio, which was effectively reversed by cardiac miR-21-5p overexpression (Fig. 4C). Meanwhile, we observed that 

Fig. 3. miR-21-5p inhibition increased cardiomyocyte apoptosis and oxidative stress. A qRT-PCR analysis of miR-21-5p expression in primary 
neonatal rat cardiomyocytes (NRCMs) transfected with NC inhibitor or miR-21-5p inhibitor. n = 6. B TUNEL staining for α-actinin-labeled NRCMs 
transfected with NC inhibitor or miR-21-5p inhibitor. n = 6. C Western blot analysis of Bax, Bcl-2, Caspase3, and cleaved-Caspase3 levels in 
Doxorubicin (DOX)-treated NRCMs transfected with NC inhibitor or miR-21-5p inhibitor. n = 3. D qRT-PCR analysis of p67phox, Gp91phox and Sod2 
expression in NRCMs transfected with NC inhibitor or miR-21-5p inhibitor. n = 6. E Representative DHE staining images and statistical results. n =
6. Scale bar, 100 μm. Bars show mean ± SD. Data were compared by two-way ANOVA followed by Tukey’s post hoc test. *, p < 0.05, **, p < 0.01, 
***, p < 0.001. NC, negative control. 
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DOX treatment resulted in significant cardiac dysfunction, as evidenced by reduced EF and FS (Fig. 4D). On the contrary, mice with 
AAV9-mediated miR-21-5p overexpression in the heart had well-preserved cardiac function compared with the AAV9-Empty mice 
(Fig. 4D). Moreover, TUNEL staining analysis of heart tissues displayed significantly reduced TUNEL-positive cardiomyocytes in miR- 
21-5p overexpressing mice with DOX treatment (Fig. 4E). Meanwhile, Western blot analysis showed that miR-21-5p overexpression led 
to a reduced Bax to Bcl-2 ratio (Fig. 4F). Furthermore, miR-21-5p overexpression significantly decreased oxidative stress in heart 
tissues of DOX-treated mice (Fig. 4G and H). Taken together, these results demonstrated that therapeutic delivery of miR-21-5p had 
beneficial effects in attenuating cardiac dysfunction and apoptosis as well as oxidative stress in mice with DOX-induced cardiac injury. 

3.5. miR-21-5p inhibited DOX-induced cardiomyocyte apoptosis by targeting BTG2 

BTG2, a tumor suppressor gene, was previously reported as a target of miR-21-5p, which significantly decreased BTG2 levels in 
cultured cardiomyocytes [32]. BTG2 protein has been implicated in a variety of biological processes including cell division, DNA 
repair, and apoptosis in cancer cells [35,36]. To assess whether BTG2 is involved in the miR-21-5p-mediated cardioprotective effects, 
we first detected the level of BTG2 in mouse heart tissues. We observed that the protein expression level of BTG2 was obviously 
decreased in miR-21-5p overexpressing mouse hearts (Fig. 5A). Moreover, DOX treatment significantly reduced the BTG2 level. This 
result indicated that miR-21-5p could regulate the BTG2 expression in heart tissue under both normal and myocardial injury condi-
tions. To further test whether miR-21-5p directly targets BTG2, we constructed luciferase reporter plasmids containing 3′ untranslated 
region (3′UTR) binding sequence or mutated sequence of BTG2. Co-transfection of miR-21-5p mimic with the plasmid containing BTG2 
3′UTR binding sequence significantly reduced luciferase activity in 293T cells, while the decreased luciferase activity was recovered 
when the miR-21-5p binding site was mutated (Fig. 5B), indicating that miR-21-5p could directly target the 3′UTR of BTG2. 

To further determine whether BTG2 mediated the anti-apoptotic effects of miR-21-5p, we transfected BTG2 overexpressing NRCMs 
with miR-21-5p mimic. As shown in Fig. 5C and D, overexpressing BTG2 abolished the beneficial effect of miR-21-5p mimic in 
reducing cardiomyocyte apoptosis. Additionally, lentivirus decreasing BTG2 attenuated the deleterious effect of the miR-21-5p in-
hibitor on cardiomyocyte apoptosis (Fig. 5E and F). Collectively, these data provided evidence that miR-21-5p inhibited DOX-induced 
cardiomyocyte apoptosis by downregulating BTG2. 

4. Discussion 

DOX is one of the widely used antitumor anthracyclines. Although DOX is effective in the treatment of various cancers, its clinical 
application is largely limited due to the life-threatening cardiotoxicity [3,37]. Our study adopted a low-dose chronic DOX treatment, 
which made the experimental conditions in line with the clinically chronic DOX-induced cardiomyopathy patients. miR-21-5p is one of 
the widely studied miRNAs in cancers, and the expression of miR-21-5p is obviously increased in various kinds of solid tumors [38]. 
miR-21-5p has been implicated in a variety of physiological processes, including cell proliferation, differentiation, and apoptosis, and 
is closely correlated with tumor growth, invasion, and metastasis [39–42]. Therefore, inhibition of miR-21-5p presents a promising 
strategy for cancer treatment. For example, it was shown that the combination treatment of DOX and miR-21-5p inhibitor markedly 
reduced cell proliferation, invasion, and migration in cultured tumor cells [43], which also indicated that combining DOX and 
miR-21-5p inhibitor represented a new strategy for cancer therapy. In addition, miR-21-5p could protect cardiomyocytes against 
ischemia-reperfusion (I/R) and hypoxia-reperfusion (H/R)-induced apoptosis [44,45]. Nucleolin was reported to protect car-
diomyocytes from DOX-induced cardiac injury via upregulating miR-21-5p [46]. However, the functional role and the underlying 
mechanism of miR-21-5p in DOX-induced cardiomyopathy is still unclear. 

Our study showed that miR-21-5p was significantly upregulated in DOX-induced cardiac injury. Increased miR-21-5p expression 
was able to inhibit DOX-induced apoptosis and oxidative stress in NRCMs, whereas decreased miR-21-5p expression promoted DOX- 
induced cardiomyocyte apoptosis and oxidative stress. Moreover, the cardiac expression of miR-21-5p was sufficient to protect the 
heart from DOX-induced cardiac injury. Mechanistically, miR-21-5p prevented cardiomyocyte apoptosis by downregulated BTG2. Our 
study indicated that miR-21-5p might serve as a therapeutic target for DOX-induced cardiomyopathy. 

However, it is well known that miR-21-5p is increased in tumors, whilst its target BTG2 is decreased or mutated in tumors [47–49]. 
As a matter of fact, BTG2 is considered to be a tumor suppressor gene [35,36]. Therefore, decreasing the pro-apoptotic effect of DOX by 
further increasing miR-21-5p and further decreasing BTG2 expression might reduce the therapeutic effect of DOX. There might be a 
subtle edge whereby DOX concentration, miR-21-5p, and BTG2 expression could be tuned in order to minimize cardiomyocyte damage 
while supporting the anticancer effect of the drug. This may be investigated in future experiments using animal models of cancer. 

Fig. 4. miR-21-5p overexpression protected mice against DOX-induced myocardial injury. A Experimental design of virus injection and DOX 
treatment in mice, and time points of functional assessments. B qRT-PCR for miR-21-5p expression in heart tissues of mice treated with AAV9-Empty 
or AAV9-miR-21-5p viruses. n = 6. C Heart weight/tibia length (HW/TL) ratios of mice after four weeks of DOX treatment. n = 8:8:7:10. D 
Echocardiography for left-ventricular ejection fraction (EF, %) and fractional shortening (FS, %) in mice after four weeks of DOX treatment. n =
8:8:7:10. E TUNEL staining for myocardial apoptosis in α-actinin-labeled cardiomyocytes, n = 8:8:7:10. F Western blot analysis of Bax and Bcl-2 
levels in heart tissues from DOX-treated mice. n = 3. G qRT-PCR analysis of p67phox, Gp91phox and Sod2 expression in NRCMs transfected with 
NC inhibitor or miR-21-5p inhibitor. n = 6. H Representative DHE staining images and statistical results. n = 6. Scale bar, 50 μm. Bars show mean ±
SD. Data were compared by two-way ANOVA followed by Tukey’s post hoc test. *, p < 0.05, **, p < 0.01, ***, p < 0.001. 
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Fig. 5. miR-21-5p inhibited cardiomyocyte apoptosis by downregulating BTG2. A Western blot analysis of BTG2 levels in heart tissues from miR-21- 
5p overexpressing mice. n = 3. B Luciferase reporter assays performed in 293T cells transfected with miR-21-5p mimic (or negative control, NC 
mimic) and luciferase reporter plasmids containing the binding site in the 3′ UTR of BTG2 (BTG2 3′UTR WT) or the mutated binding site in the 3′

UTR of BTG2 (BTG2 3′UTR MUT). n = 6. C TUNEL staining for α-actinin-labeled NRCMs treated with miR-21-5p mimic and lentiviruses expressing 
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5. Conclusion 

Taken together, consistent with previous study [32], our study has shown that miR-21-5p could significantly inhibit DOX-induced 
apoptosis and oxidative stress in both primary cardiomyocytes and mouse heart tissues. Our mechanical study indicated that 
miR-21-5p prevented DOX-induced cardiomyocyte apoptosis by downregulating BTG2. However, the functional roles of miR-21-5p in 
DOX-induced cardiomyopathy deserve further exploration. For example, whether delivery of miR-21-5p shortly after DOX-induced 
cardiomyopathy still has a beneficial effect requires future investigation. In addition, it is worth to explore whether miR-21-5p 
levels are changed in DOX-treated patients. Despite the unknowns, the findings that miR-21-5p can ameliorate DOX-induced car-
diac damage both in vitro and in vivo may shed light on new treatment of cardiovascular diseases. 
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