
J Cell Mol Med. 2020;24:9825–9838.	﻿�    |  9825wileyonlinelibrary.com/journal/jcmm

 

Received: 11 February 2020  |  Revised: 1 June 2020  |  Accepted: 8 June 2020

DOI: 10.1111/jcmm.15566  

O R I G I N A L  A R T I C L E

MicroRNA-203–mediated inhibition of doublecortin underpins 
cardioprotection conferred by sevoflurane in rats after 
myocardial ischaemia-reperfusion injury

Jian Tan1  |   Zhiguo Wu1 |   Jun Liu2 |   Wenting Zhang1 |   Wanqiu Yuan1 |   Hong Peng1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2020 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

1Department of Anesthesiology, Pingxiang 
People's Hospital of Southern Medical 
University, Pingxiang, P. R. China
2Department of Obstetrics, Pingxiang 
Maternity and Child Health Hospital, 
Pingxiang, P. R. China

Correspondence
Jian Tan, Department of Anesthesiology, 
Pingxiang People's Hospital of Southern 
Medical University, No. 8, Wugongshan 
Middle Avenue, Economic and Technological 
Development Zone, Pingxiang 337055, 
Jiangxi Province, P. R. China.
Email: 723172388@qq.com

Abstract
Myocardial ischaemia-reperfusion (I/R) injury is a serious illness with high morbidity 
and mortality. Mounting evidence indicates the utility of sevoflurane (SEV) in the 
treatment of myocardial I/R injury. This study aimed to explore the molecular mecha-
nisms underlying the protective action of SEV against myocardial I/R injury. A rat 
model of myocardial I/R injury was established, and I/R rats were treated with dif-
ferent concentrations of SEV. MicroRNA-203 (miR-203) and doublecortin (DCX) ex-
pression levels were determined using reverse transcription-quantitative polymerase 
chain reaction. Putative target relationship between miR-203 and DCX was explored 
using dual-luciferase reporter gene assay and RNA-binding protein immunoprecipi-
tation assay. Ischaemia-reperfusion rats were treated with SEV, miR-203 antagomir 
or sh-DCX, followed by determination of oxidative stress- and inflammation-related 
factor levels using nitrite and enzyme-linked immunosorbent assays, and that of ap-
optosis-related factors using Western blot analysis. The apoptotic rate of myocardial 
tissues was determined using TdT-mediated dUTP-biotin nick end labeling (TUNEL) 
staining, and the infract area was evaluated using triphenyltetrazolium chloride 
staining. The results showed miR-203 was poorly expressed and DCX was highly ex-
pressed in myocardial tissues of I/R rats. Sevoflurane was found to elevate miR-203, 
and miR-203, in turn, could target and reduce DCX expression. Sevoflurane, miR-203 
overexpression or DCX silencing resulted in declined oxidative stress, inflammation, 
apoptosis and infarct area, ultimately alleviating myocardial I/R injury. Collectively, 
these findings showed that SEV-activated miR-203 exhibited suppressive effects on 
myocardial I/R injury in rats and highlighted the SEV/miR-203/DCX axis as a promis-
ing therapeutic target for myocardial I/R injury management.
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1  | INTRODUC TION

Myocardial ischaemia-reperfusion (I/R) injury is a vital factor involved 
in myocardial infarction, causing damage to cardiac tissues including 
oxidative stress, inflammation and cell apoptosis.1 The mechanisms 
underlying I/R injury are extraordinarily complex, highly intercon-
nected and influenced by multiple factors such as platelet function, 
antiplatelet drugs, coronary and diabetic diseases.2 More recently, 
studies have investigated and validated the value of sevoflurane 
(SEV) in the treatment of myocardial I/R injury.3,4 Sevoflurane, an 
inhalational anaesthetic, has been identified to mediate multiple 
processes including oxidative stress, mitochondrial damage and 
neuronal apoptosis.5 It has been reported that the action of SEV in 
myocardial I/R injury is mediated by microRNA-135b-5p.6 This sug-
gests that SEV may regulate other microRNAs (miRNAs) as molecu-
lar mechanisms underlying its effects against myocardial I/R injury.

MicroRNAs are small non-coding RNAs and understood to be 
key regulators of events leading to the progression of I/R.7 In par-
ticular, a protective effect of microRNA-203 (miR-203) against I/R 
injury after total knee arthroplasty has been reported in mice.8 Also, 
miR-203 down-regulation has been noted to exacerbate myocardial 
I/R by increasing cardiomyocyte inflammation and myocardial in-
jury.9 Notably, SEV has been found inhibit the progression of breast 
cancer via an up-regulation of miR-203.10 Doublecortin (DCX) is an 
essential mediator in the process of neuronal migration and cortical 
layering during brain development 11 and is a microtubule-binding 
protein produced during neurogenesis.12 It has been associated with 
ischaemia and has been found to play a key role in mediating global 
brain ischaemia.13 Changes in DCX expression in the ischaemic area 
have been reported as a marker of neurological functional recov-
ery in rats caused by the Gualou Guizhi decoction.14 Importantly, 
bioinformatics analysis available on https://cm.jeffe​rson.edu/rna22/​
Inter​activ​e/ revealed DCX as a potential target gene of miR-203. 
Based on existing evidence, it may be inferred that SEV exerts car-
diac protective effects through the regulation miR-203. However, 
the specific nature of putative interactions between SEV, miR-203 
and DCX in rats with myocardial I/R injury has not been investigated. 
Therefore, the present study was designed with a goal of expanding 
the understanding of molecular mechanisms underlying the protec-
tive role of SEV in myocardial I/R injury and thus provide a basis for 
novel target discovery in this context.

2  | MATERIAL AND METHODS

2.1 | Ethics statement

The study protocol was approved by the animal committee of 
Pingxiang People's Hospital of Southern Medical University. All pro-
cedures were performed in strict accordance with the recommenda-
tions of the Guide for the Care and Use of Laboratory Animals and 
all efforts were made to minimize the numbers and suffering of the 
included animals.

2.2 | Chemicals and reagents

Pentobarbital sodium (Sigma-Aldrich, St. Louis, MO, USA); malondi-
aldehyde (MDA) (A003-1-2), superoxide dismutase (SOD) (A001-3-2) 
and glutathione (GSH) (A006-2-1) (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China); TRIzol reagents (Invitrogen, Waltham, 
Massachusetts, USA); miR-203 antagomir, antagomir negative 
control (NC), lentiviral vector expressing shRNA targeting DCX 
or scrambled shRNA (GenePharma, Shanghai, China); TaqMan 
MicroRNA Assays Reverse Transcription Primer (4427975; Applied 
Biosystems, Waltham, Massachusetts, USA); magnetic beads con-
junct with anti-Argonaut-2 (Ago-2) antibody (BMFA-1; Biomarker 
Technologies, Rohnert Park, CA, USA); pMIR-reporter containing 
the DCX 3ʹuntranslated region (3ʹUTR) (Promega, Madison, WI, 
USA); Dual-Luciferase Reporter Assay System kit (Promega); RNasin 
(Takara, Japan); protease inhibitor cocktails (B14001a; Roche, Basel, 
Switzerland); bicinchoninic acid assay (BCA) kit (P0011; Beyotime 
Biotechnology, Wuhan, China); anti-glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) antibody (5174s, 1:1000; Cell Signaling 
Technology, Danvers, MA, USA); anti-Cyt-3 antibody (11940s, 
1:1000, Cell Signaling Technology); anti-cleaved caspase-3 anti-
body (9661s, 1:1000, Cell Signaling Technology); anti-tumour ne-
crosis factor alpha (TNF-α) antibody (11948s, 1:200; Cell Signaling 
Technology); anti-interleukin (IL)-6 antibody (12912s, 1:200; Cell 
Signaling Technology); anti-IL-1β antibody (12703s, 1:1000; Cell 
Signaling Technology); polyvinylidene fluoride (PVDF) membrane 
(Millipore, Billerica, MA, USA); ELISA kits for IL-1β, TNF-α and IL-6 
(Wuhan Moshake, Wuhan, China); Nitrite kit (Nanjing Jiancheng 
Bioengineering Institute); DeadEnd Fluorometric TUNEL System 
kit (Promega); triphenyltetrazolium chloride solution (B011072A; 
Chengdu Best Reagent Co., Ltd., Chengdu, Sichuan, China; pH = 7.4); 
SEV (Y0001046-1EA), glutaraldehyde (G5882), acetone (650501) 
and TritonX-100 (T9284) all from Sigma-Aldrich; PBS (C10010500BT; 
Gibco, Gaithersburg, MD, USA); haematoxylin-eosin (G1120; 
Solarbio, Beijing, China); azo blue solution (DK0001; Solarbio); etha-
nol (Beijing Chemical Works, Beijing, China); uranyl acetate-lead 
citrate (GZ02618; Electron Microscopy China, Nanjing, Jiangsu, 
China); lysis buffer (P0013B), paraformaldehyde (P0099), TdT re-
action solution (D7076) and 4′,6-diamidino-2-phenylindole (DAPI) 
(C1002) all from Beyotime Biotechnology; Horseradish Peroxidase 
(HRP)-labelled secondary antibody (Santa Cruz Biotechnology, CA, 
USA); 10% SDS-PAGE (Shanghai Willget Biotech, Shanghai, China); 
magnetic beads conjunct with anti-immunoglobulin G (IgG) (BMSR; 
BioMag, Wuxi, Jiangsu, China); and enhanced chemiluminescence 
(ECL) reagents (WBULS0100, Millipore, MIT, USA).

2.3 | Rat models of myocardial I/R injury

Myocardial I/R injury was induced in 180 adult male Sprague Dawley 
(SD) rats (Vital River Laboratory Animal Technology Co., Ltd., 
Beijing, China) aged 7-8 weeks and weighing (250 ± 50) g. In brief, 
the rats were fasted for 12 hours with free access to water and then 
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anaesthetized by intraperitoneal injection of 50  mg/kg 3% pento-
barbital sodium. The rat heart was exposed under sterile conditions 
through a left thoracotomy in the fourth intercostal space. Ischaemia 
was achieved by ligation of the left anterior descending coronary 
artery (LAD) and confirmed by sinus tachycardia (ST) segment eleva-
tion in the electrocardiogram. After a 30-minute period of occlusion 
of LAD, a 120-minute period reperfusion was performed. Sham-
operated rats (n = 20) underwent a similar surgical procedure with-
out LAD ligation. The criteria for successful preparation of the I/R 
model were as follows: under ischaemic conditions, myocardial tis-
sues were seen as pale and cyanotic along with obvious ST segment 
elevation or higher T wave as observed by Electrocardiogram (ECG), 
whereas after reperfusion, the myocardial tissues in the ischaemic 
region turned red, while the elevation of ST segment that occurred 
under ischaemic conditions decreased by more than 50%.

2.4 | SEV exposure and knockdown of cardiac miR-
21 and DCX expression in vivo

Among 200 rats to be I/R modelled, 20 rats received intramyo-
cardial injections of 2 μg normal saline five times, 24 hours before 
I/R modelling (named I/R group); 60 rats were exposed to 1%SEV, 
2%SEV and 4%SEV, respectively, for 5  minutes during reperfu-
sion (named 1%SEV, 2%SEV and 4%SEV groups); 20 rats received 
intramyocardial injection of 2  μg miR-203 antagomir15 five times, 
24 hours before I/R modelling (named miR-203 antagomir group); 
20 rats received intramyocardial injection of 2 μg antagomir-NC five 
times, 24 hours before I/R modelling (named antagomir-NC group); 
20 rats received intramyocardial injection of 2 μg miR-203 antago-
mir five times, 24 hours before I/R modelling and were exposed to 
4%SEV for 5  minutes during reperfusion (named SEV  +  miR-203 
antagomir group); 20 rats received intramyocardial injection of 
2 μg lentiviral vector expressing shRNA targeting DCX five times, 
24 hours before I/R modelling (named sh-DCX group); 20 rats re-
ceived intramyocardial injection of 2 μg lentiviral vector expressing 
scrambled shRNA five times, 24 hours before I/R modelling (named 
sh-NC group); and 20 rats received intramyocardial injection of 2 μg 
lentiviral vector expressing shRNA targeting DCX and 2 μg miR-203 
antagomir both five times, 24 hours before I/R modelling.

2.5 | Hemodynamic measurement

After 4 hours of reperfusion, rats were anaesthetized by intraperi-
toneal injections of 3% pentobarbital sodium and then connected to 
a ventilator. The left common carotid artery was isolated, inserted 
into the left ventricle and connected to a pressure transducer. The 
left ventricular systolic pressure (LVSP) and left ventricular end-di-
astolic pressure (LVEDP) were each measured by a carrier amplifier. 
Thereafter, the maximum rate of left ventricular pressure rise [LVdp. 
(dtmax)−1] and the maximum rate of left ventricular pressure drop 
[LVdp. (dtmin)−1] were calculated using a differentiator.

2.6 | Serum myocardial enzymogram determination

After hemodynamic measurement, 2  mL of blood was collected 
from the abdominal aorta. After 30  minutes of concentration at 
room temperature, the blood was centrifuged at 2515 g at 4°C for 
15 minutes. The supernatant serum was collected, and creatine ki-
nase isoenzyme (CK-MB) and lactate dehydrogenase (LDH) activity 
was each measured using an automatic biochemical analyzer (Model 
170A; Hitachi, Tokyo, Japan), while cardiac troponin T (cTn-T) was 
detected using an ELISA kit.

2.7 | Enzyme-linked immunosorbent assay

The blood obtained from rat myocardial tissues was allowed to 
stand at room temperature and stored at 4°C overnight. The clear 
serum of the supernatant was collected through centrifugation at 
3500× g, and frozen at −80°C. The levels of IL-1β, IL-6 and TNF-α 
in serum were measured using murine IL-1β, IL-6 and TNF-α ELISA 
kits (Wuhan MSKBio Co., Ltd., Wuhan, Hubei, China), respectively, 
in accordance with manufacturer's protocol. In addition, cells were 
cultured for 24 hours, and the cell culture medium was centrifuged 
at 1000× g for 10 minutes at room temperature to collect the cell 
supernatant. IL-1β, TNF-α and IL-6 in the cell culture medium were 
measured as above and standard curves were plotted.

2.8 | Triphenyltetrazolium chloride staining

Six rats from each experimental group were euthanatized, and 
the hearts were excised. After perfusion of normal saline through 
the carotid artery, the heart was injected with 0.5  mL of 1.5% 
azo blue solution. The heart tissue sections (1-mm thick) were ob-
tained and incubated in 2% triphenyltetrazolium chloride (TTC) 
solution at 37°C for 30 minutes to discriminate non-infarct and 
infarct areas, where myocardium in the ischaemic and non-infarct 
risk zone was stained in red while infarct myocardium was greyish 
white. After isolation of the ischaemic and infarct myocardium, 
the wet weights of each were measured using an electronic scale, 
and computations were made using the formulae: Area-at-risk/
left ventricle (AAR/LV) × 100% = myocardial ischaemic area, and 
infarct area/AAR (IA/AAR) × 100% = myocardial infarct area.

2.9 | Rat cardiac tissue specimen collection, 
haematoxylin-eosin staining and transmission 
electron microscope (JOEL1010) observation

The fourth rat from each experimental group received intraperi-
toneal injections of 120 to 150mg/kg 3% pentobarbital sodium 
and underwent thoracotomy followed by LAD ligation. The rats 
then received 1  mL 1% patent blue injection through the inter-
nal jugular vein, and their hearts were excised and fixed with 4% 
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paraformaldehyde for 24  hours. The heart paraffin-embedded 
and prepared into 5 μm sections by cryosection using an ultrami-
crotome (Olympus, Shinjuku, Japan). Paraffin-embedded sections 
from six rats of each group were haematoxylin-eosin stained and 
cryosectioned for transmission electron microscope (JOEL1010) 
observation.

2.10 | Nitrite assay

The nitrite in the supernatant was used as an indicator of nitric oxide 
(NO) production and determined using an oxidized nitrite kit accord-
ing to the manufacturer's instructions. In brief, the supernatant was 
sequentially mixed with an equal volume of Griess reagent I and 
Griess reagent II, followed by measurement of the optical density 
(OD) value at 540 nm using a Smart-Spec Plus spectrophotometer 
(Bio-Rad, Hercules, CA, USA), and the standard curve was plotted 
with 0 - 100 μm nitrite sodium. The sodium nitrite concentration was 
calculated based on the OD values at 540 nm.

2.11 | Determination of mitochondrial SOD 
activity and reduced GSH and MDA content

The rat myocardial tissues were added with 1  mL of PBS, and 
supernatant was obtained by centrifugation at 12  000×  g for 
10 minutes at 4°C. Malondialdehyde, SOD and GSH activities in 
the myocardial tissues were measured using MDA, SOD and GSH 
assay kits (Nanjing Jiancheng Bioengineering Institute), respec-
tively. Cells in the logarithmic growth phase were seeded into a 
6-well plate at a density of 2 × 106 cells/mL, with 2 mL of culture 
medium in each well. After 48 hours of culture, the culture me-
dium was discarded, and the above-mentioned assay kits were 
used to assess the concentration of SOD, MDA and GSH, respec-
tively, in the cells.

2.12 | RNA-binding protein 
immunoprecipitation assay

The myocardial cell line H9C2 (Sigma-Aldrich, St. Louis, MO, 
USA) was lysed using lysis buffer (25  mmol/L Tris-HCl pH  =  7.4, 
150 mmol/L NaCl, 0.5% Nonidet P-40, 2 mmol/L ethylenediamine-
tetraacetic acid, 1 mmol/L NaF and 0.5 mmol/L dithiothreitol) con-
taining RNasin and protease inhibitor. Centrifugation was performed 
at 12  000×  g for 30  minutes, and the supernatant was collected. 
Then, anti-human Ago-2 magnetic beads were added, followed by 
anti-IgG magnetic added as control. Incubation was done at 4°C for 
4 hours, and the beads were washed three times with wash buffer 
(50 mmol/L Tris-HCl, 300 mmol/L NaCl pH = 7.4, 1 mmol/L MgCl2, 
0.1% Nonidet P-40). RNA was extracted from the magnetic beads 
using TRIzol, and the expression levels of miR-203 and DCX were 

measured using reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR).

2.13 | TUNEL staining

In brief, the cells were fixed with 4% paraformaldehyde at 4°C for 
25 minutes, ruptured with 0.2% Triton X-100 for 5 minutes and bal-
anced with 100 μL equilibrium solution per well at room tempera-
ture for 5-10 minutes. The TdT reaction solution was prepared once 
the cells were balanced. The components in each well included 
45 μL equilibration buffer, 5 μL nucleotide mixture and 1 μL TdT. 
Then, the equilibrium solution was aspirated, 50  μL of TdT reac-
tion solution was added to each well, and the reaction was carried 
out at 37°C for 1 hour. Thereafter, 50 μL of 2× standard sodium 
citrate was added to terminate the reaction, and the mixture was 
allowed to stand at room temperature for 15 minutes in the dark. 
Then, 6-diamidino-2-phenylindole (1 μL/mL) was added and incu-
bated with cells at room temperature for 15 minutes in the dark, 
followed by addition of anti-fade solution (Cat#57461; Molecular 
Probe, Eugene, OR, USA). Cells in different fields of view were 
photographed under a fluorescence microscope (IX71-F22FL/DIC; 
Olympus) at 488 and 405 nm, respectively, with at least 200 cells 
present in each field. Five fields were randomly selected for each 
sample, and the number of cells was counted for apoptosis detec-
tion, followed by statistical analysis.

2.14 | Dual-luciferase reporter gene assay

A miR-203-mRNA prediction analysis was performed using a web-
based resource (https://cm.jeffe​rson.edu/rna22/​Inter​activ​e/). 
Thereafter, artificially synthesized DCX 3ʹUTR gene fragment con-
taining miR-203 binding sites was constructed into pMIR-reporter. 
The complementary sequence mutant (MUT) site of the seed se-
quence was designed on the DCX wild-type (WT) and constructed 

TA B L E  1   Primer sequence for RT-qPCR

Name Primer sequence

miR-203 F: GGGGTGAAATGTTTAGGAC

R: CAGTGCGTGTCGTGGAGT

DCX F: AGCCAAGAGCCCTGGTCCTAT

R: TGGAGGTTCCGTTTGCTGAGT

U6 F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT

GAPDH F: GCACCGTCAAGGCTGAGAAC

R: GGATCTCGCTCCTGGAAGATG

Abbreviations: DCX, doublecortin; F, forward; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; miR-203, microRNA-203; R, reverse; RT-
qPCR, reverse transcription-quantitative polymerase chain reaction.

https://cm.jefferson.edu/rna22/Interactive/
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into the pMIR-reporter. The desired luciferase reporter plasmids WT 
and MUT were cotransfected into rat H9C2 cardiomyocytes with 
miR-203 mimic, respectively. After 48  hours of transfection, the 
cells were harvested and lysed, and luciferase activity was measured 
using a Dual-Luciferase Reporter Assay System.

2.15 | Reverse transcription-quantitative 
polymerase chain reaction

Total RNA was extracted using a TRIzol kit and reverse transcribed 
into cDNA using a TaqMan MicroRNA Assays Reverse Transcription 

F I G U R E  1   Sevoflurane (SEV) activates microRNA-203 (miR-203) and suppresses the apoptotic rate and infarct size in rat with myocardial 
ischaemia-reperfusion (I/R) injury. Sham-operated rats were used as controls, and I/R rats were treated with 1% SEV, 2% SEV or 4% 
SEV or untreated. A, Representative histological morphology of myocardial tissues observed by haematoxylin-eosin staining (×200). B, 
Representative ultrastructure of myocardial tissues observed by transmission electron microscope (×3000). C, Representative image of 
myocardial apoptosis determined by TUNEL staining (×400) and apoptotic rates. D, Infarct area observed by triphenyltetrazolium chloride 
staining and infarct volume. E, The expression of miR-203 in rat myocardial tissues determined by reverse transcription-quantitative 
polymerase chain reaction, normalized to U6. *P < 0.05 vs rats receiving sham operation; #P < 0.05 vs rats with myocardial I/R injury by one-
way ANOVA, followed by Tukey's post hoc tests. Results were shown as mean ± SD from three technical replicates (n = 6-8)
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Primer, according to standard instructions. 5 μL of the cDNA prod-
ucts was used as the template for PCR amplification. The PCR re-
action volume was 25 μL: 5 μL of reverse transcription products, 
13 μL of 2× QuantiTect SYBR Green RT-PCR Master Mix, 0.5 μL 
of upstream primer and downstream primer (10 μmol/μL) each and 
6 μL of DNAase-free water. The reaction conditions were as fol-
lows: 95°C for 5 minutes (one cycle), 95°C for 20 seconds, 60°C 
for 1 minute and 72°C for 30 seconds (40 cycle). The U6 gene was 
considered as an internal reference for miR-203, and GAPDH was 
used as an internal reference for the other genes. The primers are 
depicted in Table  1. The relative expression levels of the target 
genes were calculated using the 2−ΔΔCT method.

2.16 | Western blot analysis

Rat hearts from each group were collected immediately following 
myocardial I/R, added with lysis buffer, shaken on a vortex and 
centrifuged at 6037 g for 30 minutes at 4°C to remove tissues or 
cell debris. The supernatant was obtained and the total protein 
concentration was measured using a BCA kit. Thereafter, 50  μg 
of proteins was dissolved in 2× sodium dodecyl sulphate (SDS) 
loading buffer and boiled at 100°CC for 5 minutes. Each sample 
was then subjected to 10% SDS-polyacrylamide gel electrophore-
sis and the proteins were transferred to PVDF membranes by the 
wet transfer method. The membrane was blocked with 5% skim 
milk powder at room temperature for 1 hour and then probed with 
diluted primary antibodies to GAPDH (1:1000), Cyt-3 (1:1000), 
cleaved caspase-3 (1:1000), TNF-α (1:200), IL-6 (1:200) and IL-1β 
(1:1000). The membrane was then re-probed with horseradish 
peroxidase-labelled secondary antibody for 1 hour. An ECL fluo-
rescence detection kit was employed for colour development, 
and imaging was performed using a gel imager. The proteins were 
photographed using a Bio-Rad Image Analysis System (BIO-RAD, 
Hercules, CA, USA) and analysed with Quantity One v4.6.2 soft-
ware. The relative protein level was defined as the grey value of 
the corresponding protein band/the grey value of the GAPDH pro-
tein band.

2.17 | Statistical analysis

The Statistic Package for Social Science 21.0 statistical software 
(IBM Corp, Armonk, NY, USA) was used for performing statistical 
analysis. Measurement data were expressed as mean ± SD. For un-
paired data with normal distribution and homogeneity of variance, 
comparisons between two groups were analysed by independent 
sample t test and comparisons between multiple groups were per-
formed using one-way ANOVA with Tukey's post hoc tests. A value 
of P < 0.05 was considered statistically significant.

3  | RESULTS

3.1 | SEV up-regulated miR-203 to improve the 
histological morphology and reduce apoptotic rate 
and infarct area, in rats with myocardial I/R injury

In order to study the effects of SEV on myocardial I/R injury, a rat 
model of myocardial I/R injury was developed on SD rats and SEV 
treatment was provided. Haematoxylin-eosin staining demonstrated 
that myocardial fibrosis disorder, degeneration, rupture and myo-
cardial cell oedema were severe in rats with myocardial I/R injury. 
However, after SEV treatment, the myocardial fibres were arranged 
more neatly and myocardial cell oedema was found reduced in a dose-
dependent manner (Figure 1A). As shown in Figure 1B, the myocardial 
tissues were irregularly dissolved, the mitochondrial vacuoles were 
swollen, and disordered arrangement was noted in I/R rats. After I/R 
rats were treated with SEV, the myocardial sarcomeres were seen as 
relatively clearer, the dissolved myofilaments were reduced, and the 
mitochondrial microcavitation was found attenuated in a dose-de-
pendent manner (Figure 1B). Moreover, I/R treatment led to markedly 
elevated apoptotic rate (Figure 1C) and increased the infarct size of 
myocardial tissues (Figure 1D) in rats, which was decreased upon SEV 
treatment in a dose-dependent manner. Reverse transcription-quan-
titative polymerase chain reaction was performed to assess whether 
SEV could up-regulate miR-203 in rats with myocardial I/R injury. It 
was observed that miR-203 expression decreased remarkably in rats 

Group LVSP (mm Hg) LVEDP (mm Hg)

+dp/dtmax −dp/dtmin

(Kmm Hg/s) (Kmm Hg/s)

Sham 76.28 ± 6.48 8.38 ± 0.68 1.96 ± 0.21 −1.33 ± 0.13

I/R 50.63 ± 4.38* 22.58 ± 2.15* 0.83 ± 0.06* −0.58 ± 0.04*

1% SEV 57.36 ± 4.03#  20.58 ± 1.94#  0.96 ± 0.09#  −0.69 ± 0.07# 

2% SEV 61.58 ± 6.25#  18.38 ± 1.69#  0.91 ± 0.08#  −0.77 ± 0.06# 

4% SEV 71.06 ± 7.26#  17.18 ± 1.58#  1.68 ± 0.15#  −0.91 ± 0.09# 

Note: Results were shown as mean ± SD from three technical repeats (n = 6-8).
Abbreviations: I/R, ischaemia-reperfusion; LVEDP, left ventricular end-diastolic pressure; LVSP, left 
ventricular systolic pressure; SEV, sevoflurane.
*P < 0.05 vs sham-operated rats. 
#P < 0.05 vs I/R rats. 

TA B L E  2   Effect of SEV on 
hemodynamics of rats with myocardial I/R 
injury
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F I G U R E  2   Oxidative stress and inflammation in rats with myocardial ischaemia-reperfusion (I/R) injury are repressed by sevoflurane 
(SEV) exposure before modelling in a dose-dependent manner. Sham-operated rats were used as controls, and I/R rats were treated with 
1% SEV, 2% SEV or 4% SEV or untreated. A, Expression of malondialdehyde (MDA), glutathione (GSH) and superoxide dismutase (SOD) in 
rat myocardial tissues determined by ELISA. B, Nitric oxide level in rat serum determined by Nitrite assay. C, Expression of tumour necrosis 
factor alpha (TNF-α), interleukin (IL)-6 and IL-1β in rat serum determined by ELISA. D-F, Expression of creatine kinase isoenzyme (CK-MB), 
lactate dehydrogenase (LDH) and cTn-T in rat serum determined by ELISA. G, Representative Western blots and their quantification of Cyt-c 
and cleaved caspase-3, normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). *P < 0.05 vs sham-operated rats; #P < 0.05 vs 
I/R rats by one-way ANOVA, followed by Tukey's post hoc tests. Results were shown as mean ± SD from three technical replicates (n = 6-8)
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with myocardial I/R injury and increased in I/R rats treated with SEV, 
and the effect of SEV appeared dose-dependent (Figure 1E). These 
results indicated that SEV could up-regulate miR-203 to decrease the 
apoptotic rate and infarct size in rats with myocardial I/R injury.

3.2 | Up-regulation of miR-203 by SEV improved 
oxidative stress and inflammatory response in rats 
with myocardial I/R injury

Hemodynamic assessment of the rats with myocardial I/R injury il-
lustrated that LVSP, +dp/dtmax and −dp/dtmin were decreased while 
LVEDP was increased markedly, which was reversed upon treatment 
with SEV (Table 2). We next determined the levels of oxidative stress 
markers (MDA, NO, GSH and SOD) in the rat myocardial tissues, and 
pro-inflammatory factors (TNF-α, IL-6 and IL-1β) and myocardial en-
zymes (CK-MB, LDH and cTn-T) in rat serum. As shown in Figure 2A-
F, following I/R model establishment, the levels of MDA, NO, TNF-α, 
IL-6, IL-1β, CK-MB, LDH and cTn-T were elevated, but GSH and SOD 
levels declined, which was reversed by SEV exposure in a dose-de-
pendent manner. In addition, Western blot analysis revealed that the 
expression of apoptosis-related factors (Cyt-c and cleaved caspase-3) 
in myocardial tissues of I/R rats was higher than that in sham-operated 
rats, and SEV reversed these trends in I/R rats in a dose-dependent 
manner (Figure 2G). Collectively, these data showed that SEV could 
improve oxidative stress and inflammation in rats with myocardial I/R 
injury in a dose-dependent manner, with rats treated with 4% SEV 
showing the most obvious changes. Therefore, in subsequent experi-
ments, 4% SEV was used as the experimental condition.

3.3 | Up-regulation of miR-203 by SEV protected 
rats against myocardial I/R injury

To further investigate whether SEV affected myocardial oxidative 
stress and inflammation by up-regulating miR-203, RT-qPCR was 
used to determine the inhibitory effects of miR-203 antagomir 
on miR-203. The results indicated that miR-203 expression in the 
I/R rats was enhanced by SEV treatment, which was abrogated 
by miR-203 antagomir. Moreover, miR-203 expression levels in 
I/R rats were decreased by miR-203 antagomir (Figure 3A). LVSP, 
+dp/dtmax and −dp/dtmin were found increased while LVEDP was 

reduced in I/R rats treated with SEV, and the opposite trends 
were noted in I/R rats treated with miR-203 antagomir. Also, miR-
203 antagomir negated the effects of SEV on LVSP, +dp/dtmax, 
−dp/dtmin and LVEDP (Table 3). The expression of oxidative stress 
markers (MDA, NO, GSH and SOD) in rat myocardial tissues and 
pro-inflammatory factors (TNF-α, IL-6 and IL-1β) and myocardial 
enzymes (CK-MB, LDH and cTn-T) in rat serum was measured and 
as demonstrated in Figure  3B-G, MDA, NO, TNF-α, IL-6, IL-1β, 
CK-MB, LDH and cTn-T levels in I/R rats were reduced by SEV 
but GSH and SOD levels were elevated, while treatment miR-203 
antagomir led to the opposite effects and treatment with miR-
203 antagomir counteracted the effects of SEV. The TUNEL assay 
showed that the apoptotic rate in the myocardial tissues of I/R 
rats was markedly reduced upon exposure SEV but increased in 
response to miR-203 antagomir. As compared to I/R rats treated 
with SEV alone, the combination treatment with SEV + miR-203 
antagomir augmented the apoptosis in the myocardial tissues of 
I/R rats (Figure 3H). Furthermore, Western blot analysis showed 
that the expression levels of Cyt-c and cleaved caspase-3 in the 
myocardial tissues of I/R rats treated with SEV were reduced no-
tably, but enhanced in the myocardial tissues of I/R rats treated 
with miR-203 antagomir. Treatment with miR-203 antagomir nor-
malized the effects of SEV on Cyt-c and cleaved caspase-3 expres-
sion (Figure 3I). The results of TTC staining indicated decreased 
infarct size of myocardial tissues in I/R rats treated by SEV, which 
was abrogated by miR-203 antagomir treatment, while the infarct 
size of myocardial tissues in I/R rats was increased upon miR-203 
antagomir treatment (Figure  3J). Taken together, these findings 
demonstrated that SEV alleviated myocardial I/R injury by reduc-
ing oxidative stress, inflammation, apoptosis and infarct size in 
rats through the up-regulation of miR-203.

3.4 | Doublecortin was targeted by miR-203

To investigate the downstream regulatory mechanisms of miR-203, 
bioinformatic analysis was first performed using a web-based bioinfor-
matic software (https://cm.jeffe​rson.edu/rna22/). The results indicated 
that miR-203 sequence contained a binding site for DCX (Figure 4A) 
and thus suggested that DCX was possibly directly regulated by miR-
203. To validate this hypothesis, a dual-luciferase reporter gene assay 
was conducted, and luciferase activity of pMIR-reporter containing 

F I G U R E  3   Myocardial ischaemia-reperfusion (I/R) injury in rats is ameliorated by sevoflurane (SEV) through up-regulation of 
microRNA-203 (miR-203). I/R rats were treated with SEV, antagomir-negative control (NC), miR-203 antagomir or SEV + miR-203 antagomir 
or untreated. A, Expression of miR-203 in rat myocardial tissues determined by reverse transcription-quantitative polymerase chain 
reaction normalized to U6. B, Expression of malondialdehyde (MDA), glutathione (GSH) and superoxide dismutase (SOD) in rat myocardial 
tissues measured by ELISA. C, Nitric oxide level in rat serum determined by Nitrite assay. D, Levels of tumour necrosis factor alpha (TNF-α), 
interleukin (IL)-6 and IL-1β in rat serum measured by ELISA. E, Level of creatine kinase isoenzyme (CK-MB) in rat serum determined by 
ELISA. F, Level of lactate dehydrogenase (LDH) in rat serum measured by ELISA. G, Level of cTn-T in rat serum determined by ELISA. H, 
Representative myocardial apoptosis determined by TUNEL staining (×400) and apoptotic rates. I, Representative Western blots and their 
quantification of Cyt-c and cleaved caspase-3 in rat myocardial tissues, normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
J, Infarct size determined by triphenyltetrazolium chloride staining and infarct volume. *P < 0.05 vs I/R rats; #P < 0.05 vs I/R rats treated by 
SEV by one-way ANOVA, followed by Tukey's post hoc tests. Results were shown as mean ± SD from three technical replicates (n = 6-8)

https://cm.jefferson.edu/rna22/
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Group

LVSP LVEDP +dp/dtmax −dp/dtmin

(mm Hg) (mm Hg) (Kmm Hg/s) (Kmm Hg/s)

I/R 67.38 ± 5.48 31.58 ± 2.69 0.95 ± 0.08 −0.42 ± 0.03

SEV 87.48 ± 7.58* 14.52 ± 1.62* 1.89 ± 0.01* −0.99 ± 0.11*

antagomir-NC 62.58 ± 6.98#  28.79 ± 2.63#  0.77 ± 0.06#  −0.64 ± 0.04# 

miR-203 
antagomir

50.68 ± 4.38#  48.37 ± 3.85#  0.41 ± 0.02#  −0.35 ± 0.01# 

SEV + miR-203 
antagomir

70.28 ± 6.84#  18.48 ± 1.27#  1.53 ± 0.01#  −0.85 ± 0.07# 

Note: Results were shown as mean ± SD from three technical repeats (n = 6-8).
Abbreviations: I/R, ischaemia-reperfusion; LVEDP, left ventricular end-diastolic pressure; LVSP, left 
ventricular systolic pressure; NC, negative control; SEV, sevoflurane.
*P < 0.05 vs I/R rats. 
#P < 0.05 vs I/R rats treated by SEV. 

TA B L E  3   Effects of SEV on the 
hemodynamics in rats with myocardial I/R 
injury through miR-203

F I G U R E  4   MicroRNA-203 (miR-203) targets and down-regulates doublecortin (DCX). A, The binding site between miR-203 and DCX 
predicted by bioinformatics analysis using RNA22. B, The interaction between miR-203 and DCX verified by dual-luciferase reporter gene 
assay. C, The binding of miR-203 and DCX to Ago2 each, detected by RNA-binding protein immunoprecipitation assay. D, DCX expression 
in myocardial tissues of ischaemia-reperfusion (I/R) rats determined by reverse transcription-quantitative polymerase chain reaction, 
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). E, DCX mRNA expression in myocardial tissues of I/R rats treated 
with miR-203 inhibitor determined by reverse transcription-quantitative polymerase chain reaction, normalized to GAPDH. F, DCX protein 
expression in myocardial tissues of I/R rats treated with miR-203 inhibitor, normalized to GAPDH, determined by Western blot analysis. 
*P < 0.05 vs the treatment of inhibitor-negative control (NC); #P < 0.05 vs sham-operated rats by one-way ANOVA, followed by Tukey's post 
hoc tests. Results were shown as mean ± SD from three technical replicates (n = 6-8)
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F I G U R E  5   Myocardial ischaemia-reperfusion (I/R) injury in rats is ameliorated by microRNA-203 (miR-203) through down-regulation 
of doublecortin (DCX). I/R rats were treated with sh-negative control (NC), sh-DCX or sh-DCX + miR-203 antagomir. A, DCX expression in 
myocardial tissues of I/R rats determined by reverse transcription-quantitative polymerase chain reaction normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). B, Levels of malondialdehyde (MDA), glutathione (GSH) and superoxide dismutase (SOD) in myocardial 
tissues of I/R rats measured by ELISA. C, Nitric oxide level in rat serum determined by nitrite assay. D, Levels of tumour necrosis factor alpha 
(TNF-α), interleukin (IL)-6 and IL-1β in rat serum measured by ELISA. E, Level of creatine kinase isoenzyme (CK-MB) in rat serum determined 
by ELISA. F, Level of LDH in rat serum measured by ELISA. G, Level of cTn-T in rat serum determined by ELISA. H, Representative myocardial 
apoptosis determined by TUNEL staining (×400) and apoptotic rates. I, Representative Western blots and their quantification of Cyt-c 
and cleaved caspase-3 in myocardial tissues of I/R rats, normalized to GAPDH. J, Infarct size determined by triphenyltetrazolium chloride 
staining and infarct volume. *P < 0.05 vs I/R rats treated with sh-NC, #P < 0.05 vs I/R rats treated with sh-DCX by one-way ANOVA, 
followed by Tukey's post hoc tests. Results were shown as mean ± SD from three technical replicates (n = 6-8)
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DCX 3ʹUTR WT was found reduced upon cotransfection with miR-203 
mimic (Figure 4B). The RNA-binding protein immunoprecipitation assay 
revealed that miR-203 and DCX were immunoprecipitated at higher 

levels by Ago2, relative to IgG, which was in agreement with the results 
of bioinformatic analysis and the dual-luciferase reporter gene assay 
(Figure 4C). Doublecortin expression in the myocardial tissues of I/R 
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rats was determined using RT-qPCR, and the results showed DCX was 
significantly highly expressed in I/R rats as compared to sham-operated 
rats (Figure 4D). In addition, DCX mRNA and protein expression lev-
els in myocardial tissues were elevated upon treatment with miR-203 
inhibitor (Figure 4E, F). Together, these results indicated that miR-203 
was capable of negatively targeting DCX.

3.5 | MicroRNA-203 protected rats against 
myocardial I/R injury by inhibiting DCX

To investigate whether miR-203 affected myocardial oxidative stress 
and inflammation by down-regulating DCX, I/R rats were treated 
with sh-DCX and miR-203 antagomir. Reverse transcription-quan-
titative polymerase chain reaction results showed that DCX expres-
sion in myocardial tissues of I/R rats was diminished upon treatment 
with sh-DCX, which was restored by miR-203 antagomir treatment 
(Figure 5A). Furthermore, DCX silencing increased LVSP, +dp/dtmax 
and −dp/dtmin and decreased LVEDP in I/R rats, which was reversed 
upon treatment with miR-203 antagomir (Table 4). Next, the expres-
sion levels of oxidative stress markers (MDA, NO, GSH and SOD) 
in rat myocardial tissues, and pro-inflammatory factors (TNF-α, IL-6 
and IL-1β) and myocardial enzymes (CK-MB, LDH and cTn-T) in rat 
serum were investigated, and as depicted in Figure 5B-G, the lev-
els of MDA, NO, TNF-α, IL-6, IL-1β, CK-MB, LDH and cTn-T were 
reduced while GSH and SOD levels increased upon treatment with 
sh-DCX, which was countered by further treatment with miR-203 
antagomir (Figure 5B-G). The TUNEL assay showed that the apop-
totic rate in the myocardial tissues of I/R rats was reduced mark-
edly by sh-DCX, which was countered by additional treatment with 
miR-203 antagomir (Figure  5H). In addition, Western blot analysis 
showed a notable reduction in expression levels of Cyt-c and cleaved 
caspase-3 in the myocardial tissues of I/R rats treated with sh-DCX, 
which was reversed by miR-203 antagomir treatment (Figure 5I). The 
results of TTC staining indicated a decreased infarct size in I/R rats 
treated with sh-DCX, which was normalized by miR-203 antagomir 
treatment (Figure 5J). These results together indicated that miR-203 
alleviated myocardial I/R injury by relieving oxidative stress, inflam-
mation, apoptosis and infarct size in rats through the down-regula-
tion of DCX.

4  | DISCUSSION

Myocardial I/R injury is capable of inducing cardiovascular damage 
and constitutes the primary pathological presentation in coronary 
artery disease; thus, it comprises major cause of morbidity and mor-
tality related to coronary occlusion.16 Increasing evidence supports 
a protective role of SEV in myocardial I/R injury.17,18 The current 
study was designed to investigate specific molecular mechanisms 
underlying SEV-mediated protection in myocardial I/R injury. Our 
results demonstrated that SEV positively regulated miR-203 to re-
duce DCX expression, thereby repressing oxidative stress, inflam-
mation, apoptosis and infarct area, ultimately alleviating myocardial 
I/R injury in rats.

Primarily, the levels of MDA, NO, TNF-α, IL-6, IL-1β, CK-MB, 
LDH, cTn-T, Cyt-c and cleaved caspase-3 decreased while GSH and 
SOD increased in rats with myocardial I/R injury upon SEV treat-
ment. These results indicated that SEV was capable of suppress-
ing oxidative stress, inflammation, apoptotic rate and infarct area, 
all of which attenuated myocardial I/R injury, in broad agreement 
with the previous finding that SEV is protective against myocardial 
I/R injury.4 Also, SEV post-conditioning treatment has been noted 
to alleviate hypoxia-reoxygenation injury in cardiomyocytes.19 
Malondialdehyde, SOD and GSH are vital biomarkers of oxidative 
stress20-22 and their levels can be considered to reflect the degree 
of myocardial I/R injury. Similar to our approach, a previous study 
considered elevated GSH and SOD with decreased MDA as reflec-
tive of myocardial I/R injury amelioration by an extract of Potentilla 
anserina L.23 Nitric oxide (NO) is an important secondary messenger 
interplaying with reactive oxygen species and plays significant role 
in mediating oxidative stress.24,25 In particular, NO has been noted 
as a contributor to myocardial I/R injury.26 The down-regulation of 
TNF-α, IL-1β and IL-6 has been found to exert an anti-inflammatory 
effect on the development of myocardial infarction.27 In addition, 
decreased levels of CK-MB, LDH and cTn-T have also been identi-
fied as markers of improvement of myocardial ischaemia.28 The 
down-regulation of Cyt-c and cleaved caspase-3 has been previously 
noted to indicate an inhibition of cell apoptosis and mark the alle-
viation of myocardial I/R injury.29 Aligned with our findings, previ-
ous reports have indicated that SEV reduces IL-6, TNF-α, MDA, NO, 
CK-MB, cTn-T and cleaved caspase-3 expression and enhances SOD 

Group

LVSP LVEDP +dp/dtmax −dp/dtmin

(mm Hg) (mm Hg) (Kmm Hg/s) (KmmHg/s)

sh-NC 51.48 ± 4.83 29.58 ± 3.01 0.61 ± 0.05 −0.51 ± 0.06

sh-DCX 79.43 ± 6.59* 14.38 ± 1.32* 1.89 ± 1.38* −1.15 ± 0.14*

sh-DCX + miR-
203 antagomir

64.36 ± 6.52#  26.48 ± 2.41#  1.32 ± 1.12#  −0.76 ± 0.08# 

Note: Results were shown as mean ± SD from three technical repeats (n = 6-8).
Abbreviations: DCX, doublecortin; I/R, ischaemia-reperfusion; LVEDP, left ventricular end-diastolic 
pressure; LVSP, left ventricular systolic pressure; NC, negative control.
*P < 0.05 vs I/R rats treated with sh-NC. 
#P < 0.05 vs I/R rats treated with sh-DCX. 

TA B L E  4   Effects of miR-203 on the 
hemodynamics in rats with myocardial I/R 
injury through DCX
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expression in I/R injury.30,31 Together, these data indicate that SEV 
is promising candidate in the management of myocardial I/R injury 
owing to its robust cardiac protective function.

We next showed that miR-203 was poorly expressed in the 
myocardial tissues of rats with myocardial I/R injury and was 
up-regulated by SEV treatment. miRNAs have been documented 
as valuable biomarkers of myocardial injury.32 MicroRNA-203 
up-regulation has been reported to suppress cardiomyocyte in-
flammation and myocardial I/R injury and found to be down-reg-
ulated by lncRNA MALAT1.9 MicroRNA-203 is also suggested as 
potential regulator of neuroinflammation and brain injury.33 In a 
similar finding, miR-203 was found up-regulated by SEV treatment 
in breast cancer cells and thus suggested as a promising target 
for breast cancer treatment.10 Subsequently, we showed miR-203 
suppressed the expression of DCX, which eventually ameliorated 
myocardial I/R injury. Doublecortin has been shown as a key 
player in improving cerebral ischaemia.13 In a related finding, DCX 
was found down-regulated by another miR, miR-181a in primary 
neuronal stem cells, which further led to improvement of forebrain 
ischaemia.34 Our data demonstrated that miR-203 alleviated myo-
cardial I/R injury by relieving oxidative stress, inflammation, apop-
tosis and infarct size in rats through the down-regulation of DCX. 
Doublecortin elevation has also been implicated in brain inflam-
mation and the resultant short-term memory impairment in rats,35 
while miR-203 has been implicated in the alleviation of inflamma-
tion, oxidative stress and apoptosis in rats with lung injuries.36 
Together with the current evidence, DCX silencing induced by 
miR-203 may be considered as a potential approach for myocardial 
I/R injury management. The study must be considered in the light 
of its limitations. Here, we performed intramyocardial injection of 
miR-203 antagomir to achieve specific knockdown of myocardial 
miR-203. However, intraperitoneal injection and caudal vein injec-
tion of miR-203 antagomir can also be used for the purpose of 
miR-203 knockdown. Comparative knockdown effects produced 
by intramyocardial injection, intraperitoneal injection and caudal 
vein injection of miR-203 antagomir have not been addressed and 
should be investigated in future research. Moreover, comprehen-
sive molecular mechanisms of SEV-mediated effects in myocardial 
I/R injury merit detailed investigation.

Overall, the present study demonstrated that the elevation of 
miR-203 by SEV repressed DCX to improve oxidative stress and in-
flammation, ultimately alleviating myocardial I/R injury in rats. This 
study validated the cardiac protective effect of SEV, which may be a 
promising clinically viable agent for myocardial I/R injury treatment.
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