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Abstract 
Purpose: Ischemia-reperfusion (I/R) injury exacerbates myocardial cell death 
(including apoptosis and necrosis), leading to complications such as arr-
hythmias, myocardial stenosis, microvascular obstruction and heart failure, 
and it is particularly important to seek new strategies to mitigate reperfusion 
injury. In this paper, we will investigate whether atorvastatin can alleviate 
myocardial ischemia-reperfusion injury and verify its molecular mechanism. 
Methods: We successfully constructed a hypoxia-reperfusion (H/R) H9c2 cell 
model and transfected miR-26a-5p mimic, miR-26a-5p inhibitor and its neg-
ative control NC-mimic or NC-inhibitor into H9c2 cells using a transfection 
kit. The expression of miR-26a-5p and FOXO1 were detected by RT-qPCR 
assay, the expression of related proteins by Western blot assay, the cell viabil-
ity of H9c2 cells by CCK-8 assay, the apoptosis rate of H9c2 cells by flow cy-
tometry, the CK and LDH activity in cells by CK and LDH assay kits. The tar-
geting relationship between miR-26a-5p and FOXO1 was verified by dual luci-
ferase reporter gene assay. Results: MiR-26a-5p expression was decreased in 
H/R-induced cells and FOXO1 expression was increased in H/R-induced cells. 
Atorvastatin alleviated H/R injury in cardiomyocytes and was most effective 
at a concentration of 1 μM. Atorvastatin alleviated H/R injury in cardiomyo-
cytes by upregulating miR-26a-5p expression, miR-26a-5p and FOXO1 were 
negatively regulated by targeting. Conclusion: Atorvastatin can alleviate H/R 
injury in cardiomyocytes by regulating miR-26a-5p/FOXO1. 
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1. Introduction 

With the deepening of population aging in China, the prevalence of cardiovas-
cular diseases is still in the stage of continuous increase. Among them, ischemic 
heart disease has become one of the major causes of death in the population [1]. 
Currently, the treatment of this disease is based on timely restoration of blood 
perfusion to salvage the ischemic myocardium. Myocardial ischemia-reperfusion 
injury (MIRI) refers to the progressive aggravation of myocardial depression, arr-
hythmia, and even irreversible myocardial damage after treatment of ischemic or 
occluded coronary arteries to restore perfusion [2]. The ischemia-reperfusion (I/R) 
injury increases myocardial cell death (including apoptosis and necrosis), lead-
ing to complications such as arrhythmias, myocardial depression, microvascular 
obstruction and heart failure [3] [4]. Therefore, it is particularly important to 
seek new strategies to mitigate reperfusion injury. 

MicroRNAs (miRNAs) are small non-coding RNA molecules that mediate gene 
expression by complementing sites in the 3’ UTR (untranslated region) of target 
mRNAs, resulting in mRNA degradation or translational repression [5]. Studies 
have shown that miRNAs are involved in a range of processes including em-
bryonic differentiation and development, apoptosis, cell proliferation, and tumor 
development [6]. miRNAs are involved in a variety of human diseases, and their 
dysregulation plays a key role in the progression of cerebral ischemia-reperfusion 
injury [7] [8]. For example: downregulation of miR-146a can prevent cardiac 
hypertrophy and dysfunction caused by hypertension [9]; miR-532-5p inhibits the 
progression of cerebral ischemia-reperfusion injury by targeting CXCL1 [10]; 
miR-30c-5p can effectively reduce myocardial I/R injury Infarct size, cardiac 
apoptosis, oxidative stress and inflammation [11]. miR-26a-5p acts as a tumor 
promoter or suppressor in the development and progression of several cancers 
[12] [13]. In addition, miR-26a-5p has been found to be aberrantly expressed in 
various cardiovascular diseases such as AMI [14] [15]. As a member of the miRNA 
family, miR-26a-5p has been found to be involved in pathophysiological processes 
such as tumor, skeletal system, and sperm apoptosis [16]. The miR-26a-5p is a 
member of the miRNA family. In recent years, miR-26a-5p has been found to 
play an important role in myocardial ischemia and ventricular remodeling in 
various cardiovascular diseases. 

Forkhead box protein O1 (FOXO1), a member of the forkhead transcription 
factor family, is relatively ubiquitously expressed in mammals [17]. As a member 
of the FOXO family, FOXO1 is considered a tumor suppressor because of its im-
portant functions in cell cycle arrest, apoptosis, senescence, differentiation, DNA 
damage repair, and reactive oxygen species scavenging [18]. Several reports sug-
gest that FOXO1 can regulate the progression of I/R injury. FOXO1 downregula-
tion inhibited the progression of renal ischemia/reperfusion injury [19]. Also, 
FOXO1 was associated with the development of cerebral ischemia-reperfusion in-
jury [20]. However, whether there is an association between miR-26a-5p and 
FOXO1 and whether their association is related to MIRI has not been reported. 
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Atorvastatin is a 3-hydroxy-3-methylglutaryl monoacyl coenzyme A (3-hydroxy- 
3-meth-yl glutaryl coenzyme A reductase, HMG-CoA) inhibitor, which can in-
hibit cholesterol synthesis by competitively inhibiting HMG-CoA [21]. At the 
same time, atorvastatin calcium has a stimulating effect on cell surface LDL re-
ceptors, mediating an increase in the number of LDL receptors, reducing LDL 
levels in the blood, effectively removing intravascular lipids and sclerotic pla-
ques, achieving a lowering effect on blood lipids while reducing whole blood 
viscosity [22]. The effect of atorvastatin is to lower blood lipids and reduce 
whole blood viscosity. Clinically, atorvastatin is mainly used for lowering blood 
lipids, which can reduce blood viscosity and blood blockage, and reduce the 
risk of ischemic stroke [23]. Atorvastatin is one of the effective drugs widely 
used in clinical practice to regulate lipids, and as related research continues to 
progress, many studies have reported that this drug has the ability to improve 
endothelial function, inhibit inflammatory responses and stabilize atherosclerot-
ic plaques [24]. The study reports have confirmed the effects of this drug on im-
proving endothelial function, inhibiting inflammation and stabilizing atheros-
clerotic plaque. A number of related studies have reported that statins are effec-
tive in improving myocardial ischemia-reperfusion injury [25] [26]. In addition, 
animal studies suggest that high doses of statins in the pre-MI period may re-
duce the size of myocardial infarction after reperfusion and help improve car-
diac function [27]. The effect of atorvastatin on myocardial infarction is signifi-
cant. However, the molecular mechanism by which atorvastatin improves myo-
cardial ischemia-reperfusion injury is still unclear and needs to be further inves-
tigated. 

In this paper, we will investigate whether the molecular mechanism of myo-
cardial ischemia-reperfusion injury ameliorated by atorvastatin is related to the 
regulation of miR-26a-5p/FOXO1. 

2. Methods and Materials 
2.1. Cell Culture and Transfection 

H9c2 cells (Shanghai Cell Bank, Chinese Academy of Sciences, stock no. GNR5) 
were cultured in DMEM medium supplemented with 10% fetal bovine serum 
(FBS), 100 U/mL penicillin and 100 μg/mL streptomycin in an incubator (ESCO 
CelMate,CLM-170B-8-NF) at 37˚C and 5% CO2. To establish the hypoxia-re- 
perfusion (H/R) model, cells were first cultured under anaerobic conditions 
(94% N2, 5% CO2 and 1% O2) for 4 h, and then transferred to a conventional 
oxygen incubator for 4 h for reoxygenation, with cells cultured under conven-
tional oxygen conditions serving as controls. After successful modeling, cells 
were treated with 0.5, 1, 2, 4, 8 and 16 μM concentrations of atorvastatin (pur-
chased from Tocris, UK) to screen the best concentration of atorvastatin for 
subsequent experiments. 

The miR-26a-5p mimic, miR-26a-5p inhibitor or its negative control NC-mimic 
(both purchased from GeneChem, Shanghai, China) were transfected into H9c2 
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cells using the Lipofectamine™ 2000 transfection kit (Invitrogen, USA) according 
to the kit instructions. The transfection efficiency was verified after incubation at 
37˚C and 5% CO2 for 6 hours. The transfected cells were collected for subse-
quent experiments. The FOXO1 sequence was subcloned into pcDNA3.1 vector 
(Invitrogen, USA) to construct pcDNA3.1-FOXO1-GFP (pcDNA-FOXO1) and 
transfected with empty pcDNA3.1 (pcDNA-NC) as a control. pcDNA-FOXO1 
and pcDNA-NC vectors were both synthesized in Shanghai, China. GenePharma 
synthesized. 

2.2. Real-Time Polymerase Chain Reaction (PCR) 

Total RNA was extracted from cardiomyocytes using Trizol reagent (Invitrogen, 
USA). 2 μg of RNA was reverse transcribed into cDNA using cDNA synthesis kit 
(TaKaRa, Japan) based on cDNA sequences obtained from GenBank. The quan-
titative PCR (qPCR) experiments were performed using the MiniOpticon qPCR 
detection system (Bio-Rad Laboratories). Using GAPDH or U6 as reference 
control. Relative quantification results were calculated according to the 2−ΔΔCT 

formula(2−ΔΔCT = 2−(experimental group ΔCt − control group ΔCt), ΔCt = Ct target gene -Ct inter-
nal reference gene). Primer Premier 5 and miRNA Design V1.01 software were 
used to design primers. The primer sequence is as follows (see Table 1): 

2.3. Western Blot Experiment 

Frozen RIPA lysis buffer (Shanghai Biyuntian Biotechnology, China) was added 
to H9c2 cardiomyocytes. Cells were separated using 10% SDS-PAGE and trans-
ferred to nitrocellulose membranes and lysed with FOXO1 (1:1000, ab179450, 
Abcam), Bax (1:1000, ab32503, Abcam), Bcl-2 (1:1000, ab32124, Abcam), cas-
pase-3 (1:5000, ab32351, Abcam), Cytochrome C (1:5000, ab133504, Abcam), 
and β-actin (1:1000, ab8226, Abcam) overnight at 4˚C. After washing, mem-
branes were treated with the corresponding secondary antibodies and incubated 
at 25˚C for 1 h. β-actin was used as an internal control. Protein blot imaging was 
viewed using the Bio-Rad VersaDocTM Imaging System (Bio-Rad Laboratories,  

 
Table 1. Primer sequences. 

Gene Primer Sequence (5'-3') 

miR-26a-5p 
Forward CGCGTTCAAGTAATCCAGGA 

Reverse AGTGCAGGGTCCGAGGTATT 

FOXO1 
Forward AGCAAATCAAGTTATGGAGGAT 

Reverse CTGGCATGACTGAGTTAGGG 

U6 
Forward TGGCATTGGCAGTACATA 

Reverse AGGTCACTCTTGCACAGG 

GAPDH 
Forward CACCATCTTCCAGGAGCGAG 

Reverse CTCGTGGTTCACACCCATCA 
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Freiburg, Germany). 

2.4. CCK-8 Experiment 

H9c2 cells were cultured in 96-well plates at 1 × 103 cells/well. Cell counting 
kit-8 (MedChem Express, USA) was used for analysis according to the kit in-
structions. After 48 h of cell culture, 10 μL CCK-8 reagent was added and the 
plates were incubated at 37˚C for another 2 h. The absorbance at 450 nm was 
then measured using an enzyme marker (BIO-TEK, ELX800), and cell prolifera-
tion viability was calculated. 

2.5. Flow Cytometry 

Apoptosis was assessed using a flow cytometer (Beckman Coulter, USA) and 
Annexin V-FITC Apoptosis Detection Kit (Procell Life Science & Technology, 
China) to determine the percentage of apoptotic cells. A total of approximately 1 
× 106 cells were suspended in 200 µL binding buffer, 10 µL Annexin V-Fluorescein 
isothiocyanate and 5 µL propidium iodide (BD Biosciences, Germany) were 
added to the cells, followed by incubation for 30 min at room temperature and 
protected from light. Apoptosis was assessed using flowjo V10 software (BD Bi-
osciences). 

2.6. Measurement of LDH (Lactate Dehydrogenase) and  
CK (Creatine Kinase) Activities 

Cell supernatants were collected and CK and LDH activities were measured us-
ing the CK (Catalog No. A032) and (Catalog No. A020-1) LDH assay kits (Nanj-
ing Jiancheng Institute of Biological Engineering, Nanjing, China) according to 
the kit instructions. 

2.7. Dual Luciferase Reporter Gene Assay 

The binding site of miR-26a-5p and FOXO1 gene was predicted utilizing  
(https://starbase.sysu.edu.cn/). After construction of the FOXO1-WT and FOXO1- 
MUT vectors, Lipofectamine2000 (Invitrogen) was used to transfect the vectors 
and miR-26a-5p mimic into cells. Cells were harvested 48 hours after transfec-
tion and lysed using Lysis Buffer (Beyotime, China), followed by measurement of 
luciferase activity with a dual-luciferase reporter assay system (Promega). Two 
parallel holes were set in each group, and the experiment was repeated three 
times. 

2.8. Statistical Analysis 

All experimental data were processed and analyzed using GraphPad Prism 7 
software, and the results were expressed as mean ± standard deviation (SD). The 
t-test was used for comparison between two groups, and one-way analysis of va-
riance (ANOVA) was used for comparison between multiple groups. Differences 
were statistically significant when P < 0.05. 
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3. Results 
3.1. Expression of miR-26a-5p and FOXO1 in H/R-Induced  

Cardiomyocytes 

To verify the expression of miR-26a-5p and FOXO1 in H/R-induced cardi-
omyocytes, the expression of miR-26a-5p in H/R-induced cardiomyocytes was 
significantly decreased (P < 0.001) as detected by RT-qPCR assay, see Figure 
1(A). Western blot assay showed that FOXO1 in H/R-induced cardiomyocytes 
was significantly increased (P < 0.001), see Figure 1(B). As seen, the induction 
of H/R resulted the abnormal expression of miR-26a-5p and FOXO1 in cardi-
omyocytes. 

3.2. Effectiveness of Atorvastatin in the Treatment of Myocardial 
Ischemia-Reperfusion Injury 

To investigate the effect of atorvastatin in the treatment of myocardial ische-
mia-reperfusion injury, the effect of atorvastatin on cell viability was examined 
using CCK-8. The results showed that treatment with different concentrations of 
atorvastatin revealed no significant effect on the viability of H9c2 cells when the 
concentration of atorvastatin was less than 2 μM, and cell viability decreased 
significantly with increasing concentrations when the concentration of atorvas-
tatin was higher than 2 μM (Figure 2(A)). In addition, the therapeutic effects of 
concentrations of 0.5 μM, 1 μM, and 2 μM atorvastatin on myocardial ische-
mia-reperfusion injury were examined (Figure 2(B)). CCK-8 results showed 
that cell viability was significantly inhibited in the H/R group compared with the 
NC group, and cell viability was significantly increased after treatment with 1 
μM atorvastatin.The results of CK and LDH activity assays showed that after 
induction of H/R, the cellular CK and LDH activities were significantly higher 
than those in the NC group (P < 0.001), and the activities of CK and LDH were 
significantly decreased after the addition of 1 μM atorvastatin (P < 0.001), as 
shown in Figure 2(C) and Figure 2(D). Western blot experiments showed that 
the protein expression of Bax, caspase-3 and cyto-c were significantly increased  

 

 
Figure 1. Expression of miR-26a-5p and FOXO1 in H/R-induced cardiomyocytes. (A) RT-qPCR for 
miR-26a-5p expression; (B) Western blot for FOXO1 protein expression. Compared with NC group, *P 
< 0.05, **P < 0.01, ***P < 0.001. 
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Figure 2. Effect of atorvastatin in the treatment of myocardial ischemia-reperfusion injury. ((A), (B)): CCK-8 assay for H9c2 cell via-
bility; ((C), (D)): Kits for CK and LDH activity; E: Western blot for related protein expression; F: Flow cytometry for H9c2 cell apop-
tosis rate. Compared with NC group, *P < 0.05, **P < 0.01, ***P < 0.001; Compared with H/R group, #P < 0.05, ##P < 0.01, ###P < 0.001. 
 

after the induction of H/R (P < 0.01) and the protein expression of Bcl-2 was 
significantly decreased (P < 0.01); while the protein expression of Bax, caspase-3 
and cyto-c was least elevated and the protein expression of Bcl-2 was least de-
creased after treatment with 1 μM atorvastatin (Figure 2(E)). By detecting the 
apoptosis rate using flow cytometry, it was found that the apoptosis rate was sig-
nificantly increased after H/R induction (P < 0.01), while the apoptosis rate was 
significantly decreased after the addition of atorvastatin treatment (P < 0.01), as 
shown in Figure 2(F). It is thus clear that atorvastatin can alleviate the H/R in-
jury in cardiomyocytes, with 1 μM atorvastatin being the most effective, so sub-
sequent experiments were performed using 1 μM atorvastatin. 

3.3. Atorvastatin Mitigates Myocardial Ischemia-Reperfusion  
Injury via miR-26a-5p 

To explore the molecular mechanism of atorvastatin to alleviate H/R injury in 
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cardiomyocytes, we transfected miR-26a-5p inhibitor into H9c2 cells. As de-
tected by RT-qPCR assay, the expression of miR-26a-5p in cells was significantly 
decreased after transfection of miR-26a-5p inhibitor (P < 0.01) and increased af-
ter addition of atorvastatin (P < 0.01), as shown in Figure 3(A). The results of 
CCK-8 assay showed that after transfection of miR 26a-5p inhibitor resulted in a 
significant decrease in cell viability (P < 0.05) and an increase in cell viability af-
ter treatment with atorvastatin (P < 0.001), see Figure 3(B). CK and LDH activi-
ties were detected using CK and LDH kits, and the results showed that after 

 

 
Figure 3. Atorvastatin alleviates myocardial ischemia-reperfusion injury via miR-26a-5p. (A) RT-qPCR for miR-26a-5p expres-
sion; (B) CCK-8 for H9c2 cell viability; ((C), (D)): Kits for CK and LDH activity; E: Western blot for related protein expression; F: 
Flow cytometry for H9c2 cell apoptosis rate. Compared with NC inhibitor group, *P < 0.05, **P < 0.01, ***P < 0.001; Compared 
with miR-26a-5p inhibitor group, #P < 0.05, ##P < 0.01, ###P < 0.001. 
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transfection with miR-26a-5p inhibitor, CK and LDH activities were significant-
ly increased (P < 0.001), and the addition of atorvastatin significantly decreased 
CK and LDH activities (P < 0.001), see Figure 3(C), 3 Figure 3(D). To detect 
the effect of atorvastatin on apoptosis of H9c2 cells, the apoptosis-related pro-
teins and apoptosis rate were detected using western blot and flow cytometry, 
respectively. The results of western blot experiment showed that the protein ex-
pression of Bax, caspase-3 and cyto-c was significantly increased (P < 0.01) and 
that of Bcl-2 was significantly decreased (P < 0.05) after the transfection of 
miR-26a-5p inhibitor; The protein expression of Bax, caspase-3 and cyto-c was 
decreased after the addition of atorvastatin (P < 0.01) and protein expression of 
Bcl-2 was increased (P < 0.01), see Figure 3(E). Flow cytometry results revealed 
that apoptosis rate was increased after transfection with miR-26a-5p inhibitor, 
while apoptosis rate was significantly decreased after the addition of atorvastatin 
treatment (P < 0.001), see Figure 3(F). It is evident that atorvastatin can alleviate 
H/R injury in cardiomyocytes through upregulation of miR-26a-5p expression. 

3.4. miR-26a-5p Affects Myocardial Ischemia-Reperfusion Injury 
by Targeting FOXO1 

To verify the targeting relationship between miR-26a-5p and FOXO1, we used 
the StarBase website to predict the binding site of miR-26a-5p to FOXO1 
(Figure 4(A)). As detected by dual luciferase reporter gene assay, miR-26a-5p 
reduced the luciferase activity of wild-type FOXO1 (P < 0.01) and had almost no 
effect on the luciferase activity of mutant FOXO1 (Figure 4(B)). The transfec-
tion efficiency of pc-DNA3.1-FOXO1 was examined by RT-qPCR assay, and the 
results showed that transfection of pc-DNA3.1-FOXO1 significantly increased 
the expression of FOXO1 (P < 0.001) (Figure 4(C)). The mRNA and protein 
expression levels of FOXO1 were detected by RT-qPCR and Western blot as-
says, respectively, and both results showed that the mRNA and protein expres-
sion of FOXO1 were significantly decreased (P < 0.001) after transfection with 
miR-26a-5p mimic, and after transfection with miR-26a-5p inhibitor, FOXO1 
mRNA and protein expression were elevated (Figure 4(D), Figure 4(F)). CCK-8 
results showed that cell viability was significantly higher after transfection with 
miR-26a-5p mimic compared to NC group (P < 0.01). Cell viability was reduced 
after transfection with miR-26a-5p mimic + pc-DNA3.1-FOXO1 compared with 
the miR-26a-5p mimic group (Figure 4(E)). Western blot detection of apopto-
sis-related proteins showed that compared with the NC group, the expression of 
Bax, caspase-3 and cyto-c proteins were significantly reduced (P < 0.01) and the 
expression of Bcl-2 protein was significantly increased (P < 0.01) after miR-26a-5p 
mimic transfection, while after transfection with miR-26a-5p mimic + 
pc-DNA3.1-FOXO1, Bax, caspase-3 and cyto-c protein expression was increased 
and Bcl-2 protein expression was decreased, indicating that transfection with 
miR-26a-5p inhibited apoptosis, while FOXO1 decreased this inhibition (Figure 
4(G)). In addition, the same results were obtained for apoptosis detection by 
flow cytometry (Figure 4(H)). CK and LDH activity assays showed that CK 
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Figure 4. miR-26a-5p affects myocardial ischemia-reperfusion injury by targeting FOXO1. (A) Targeted binding site of 
miR-26a-5p to FOXO1; (B) Dual luciferase gene reporter assay to verify the targeting relationship between miR-26a-5p and 
FOXO1; (C) RT-qPCR to detect the transfection efficiency of pc-DNA3.1-FOXO1; (D) RT-qPCR for FOXO1 expression; (E) 
CCK-8 assay for cell viability; (F) Western blot for FOXO1 protein expression; (G) Western blot for related protein expression; 
(H): Flow cytometry for H9c2 apoptosis rate; (I) and (J): Kits for CK and LDH activity. Compared with NC mimic group, *P < 
0.05, **P < 0.01, ***P < 0.001; Compared with miR-26a-5p mimic + pc-NC group, #P < 0.05, ##P < 0.01, ###P < 0.001. 
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and LDH activities were significantly reduced after transfection with miR-26a-5p 
mimic compared with the NC group (P < 0.001). In contrast, CK and LDH ac-
tivities were significantly increased after transfection with miR-26a-5p mim-
ic+pc-DNA3.1-FOXO1 compared with the miR-26a-5p mimic group (P < 
0.001), as shown in Figure 4(I) and Figure 4(J). It is evident that miR-26a-5p 
alleviates H/R injury in cardiomyocytes by targeting negative regulation of 
FOXO1. 

3.5. Atorvastatin Mitigation of Myocardial Ischemia-Reperfusion 
Injury via miR-26a-5p/FOXO1 

To verify whether atorvastatin could alleviate myocardial ischemia-reperfusion 
injury through miR-26a-5p/FOXO1, we transfected miR-26a-5p inhibitor into 
cells and detected the expression of FOXO1 by RT-qPCR and Western blot as-
say, and the results showed that the expression of FOXO1 in the cells decreased 
after adding atorvastatin (P < 0.01) (Figure 5(A), Figure 5(B)). And the expres-
sion of FOXO1 was significantly increased (P < 0.01) after the addition of ator-
vastatin in cells transfected with miR-26a-5p inhibitor compared with AT+NC 
inhibitor group, see Figure 5(A). CCK-8 results showed that the cell viability 
was significantly increased (P < 0.001) after the addition of atorvastatin. In con-
trast, cell viability was decreased in cells transfected with miR-26a-5p inhibitor 
by addition of atorvastatin compared with the AT + NC inhibitor group (Figure 
5(E)). CK and LDH activity assay results showed that the addition of atorvasta-
tin significantly decreased CK and LDH activity (P < 0.001), while compared 
with the AT + NC inhibitor group, CK and LDH activities were increased after 
the addition of atorvastatin treatment in cells transfected with miR-26a-5p inhi-
bitor (P < 0.001), as shown in Figure 5(C) and Figure 5(D). Western blot assay 
results showed that the protein expression of Bax, caspase-3, cyto-c and FOXO1 
were significantly decreased (P < 0.01) and the protein expression of Bcl-2 in-
creased significantly (P < 0.001); after transfection with miR-26a-5p inhibitor 
and addition of atorvastatin, the protein expression of Bax, caspase-3, cyto-c and 
FOXO1 increased and the protein expression of Bcl-2 decreased (Figure 5(F)). 
The results of flow cytometry apoptosis assay showed that the apoptosis rate was 
decreased after the addition of atorvastatin (P < 0.001) and increased after the 
addition of atorvastatin after transfection with miR-26a-5p inhibitor (P < 0.001), 
as shown in Figure 5(G). Thus, it is clear that atorvastatin can reply to the effect 
of transfection with miR-26a-5p inhibitor induced of H/R injury in cardiomyo-
cytes, and atorvastatin alleviated H/R injury in cardiomyocytes through 
miR-26a-5p/FOXO1. 

4. Discussion and Conclusion 

Statins prevent coronary artery disease and stroke by lowering serum LDL cho-
lesterol and inhibiting hepatic cholesterol biosynthesis [28]. Atorvastatin is car-
dioprotective against cardiac I/R injury by reducing myocardial infarct size and 
cardiomyocyte apoptosis [29] [30] [31]. In this study, atorvastatin was selected 
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Figure 5. Atorvastatin alleviates myocardial ischemia-reperfusion injury via miR-26a-5p/FOXO1. (A) RT-qPCR for FOXO1 ex-
pression; (B) Western blot for FOXO1 expression ((C), (D)): Kit for CK and LDH activity; (E) CCK-8 assay for cell viability; (F) 
Western blot for related protein expression; (G) Flow cytometry for H9c2 cell apoptosis rate. Compared with H/R group, *P < 
0.05, **P < 0.01, ***P < 0.001; Compared with AT + NC inhibitor group, #P < 0.05, ##P < 0.01, ###P < 0.001. 
 

as the experimental drug and different concentrations of atorvastatin were set as 
the control group, and atorvastatin was added to the medium of H9c2 cells while 
the experiment was in progress, and the results showed that treatment with 
atorvastatin improved cell viability, decreased CK and LDH activities of cells, al-
tered the expression of ischemia-reperfusion injury-related proteins, and re-
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duced the hypoxia-reperfusion injury after apoptosis rate of cardiomyocytes, 
with the best effect of 1 μM atorvastatin. 

When the organism is subjected to sustained or strong external stimuli, the 
activation of apoptotic signals within the cell induces molecular conformational 
changes in Bax and Bcl-2 to promote disruption of mitochondrial membrane 
integrity and increase membrane permeability, leading to changes in mitochon-
drial membrane potential, which in turn activates Caspase-3 to mediate apopto-
sis [32]. Cytochrome C (cyto-C) is a pro-apoptotic factor, and when mitochon-
dria are damaged, mitochondrial membrane potential decreases, membrane 
permeability increases, and pro-apoptotic factors such as cyto-C enter the cell 
and cause apoptosis in the mitochondrial pathway. In this study, we examined 
the Caspase cascade proteases Bax, Bcl-2, Caspase-3 and cyto-C that mediate the 
apoptotic pathway, and found that the protein expression of Bax, Caspase-3 and 
cyto-C were significantly elevated and that of Bcl-2 was decreased in cardi-
omyocytes in the H/R model, and that administration of atorvastatin treatment 
was able to revert. The protein expression of Bax, Bcl-2, Caspase-3 and cyto-C, 
which were altered due to H/R induction, was restored after administration of 
atorvastatin. The results of the apoptosis rate using flow cytometry were also 
consistent, with a significant increase in the apoptosis rate induced by H/R and a 
decrease in the apoptosis rate after administration of atorvastatin treatment. 

Previous studies only elucidated the involvement of miR-26a-5p in the regula-
tion of cardiomyocyte apoptosis in vivo,a study showed that targeted inhibition 
of miR-26a rapidly increased angiogenesis, decreased infarct size, and improved 
cardiac function after myocardial infarction in a mouse model [33]. Another 
study showed that high level of circulating miR-26a-5p was likely to have ele-
vated risk for MI [34]. However, there were no reports on miR-26a-5p associated 
with myocardial ischemia-reperfusion injury until 2019, when Wei et al. showed 
that LncRNA AK038897 exacerbated cerebral ischemia/reperfusion by acting as 
a ceRNA for miR-26a-5p targeting DAPK1 injury [35]; Xing et al. [36] reported 
that miR-26a-5p can protect against myocardial ischemia/reperfusion injury by re-
gulating PTEN/PI3K/AKT signaling pathway. Yang et al. [37] found that melato-
nin exerted protective effects by regulating miR-26a-5p-NRSF and JAK2-STAT3 
pathways to improve autophagy, inflammation and oxidative stress in cerebral 
ischemia/reperfusion injury. We found that downregulation of miR-26a-5p ex-
pression in H9c2 cells by transfection of miR-26a-5p inhibitor resulted in de-
creased cell viability, increased intracellular CK and LDH activity, increased 
protein expression of Bax, Caspase-3 and cyto-C, decreased protein expression 
of Bcl-2 expression, and increased apoptosis, whereas atorvastatin replied to the 
effects brought by downregulation of miR-26a-5p on cells, while upregulation of 
miR-26a-5p resulted in the opposite. Therefore, this study demonstrated that 
miR-26a-5p was associated with myocardial ischemia-reperfusion injury by posi-
tive and negative validation. In addition, we also found a targeted regulatory re-
lationship between miR-26a-5p and FOXO1. 
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Figure 6. Mechanism diagram. 
 

In summary, atorvastatin alleviates H/R-induced cardiomyocyte injury, and 
the molecular mechanism associated with this effect may be the negative regulation 
of FOXO1 targeting by miR-26a-5p. This study will provide a theoretical basis for 
the clinical treatment of atorvastatin on myocardial ischemia-reperfusion injury. 

5. Conclusion 

In conclusion, atorvastatin can promote the expression of miR-26a-5p and inhi-
bit the expression of FOXO1, inhibit myocardial cell apoptosis caused by myo-
cardial ischemia-reperfusion, and alleviate myocardial ischemia-reperfusion in-
jury (Figure 6). This study will provide a theoretical basis for the clinical treat-
ment of atorvastatin in the treatment of myocardial ischemia-reperfusion injury. 
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