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Abstract. Acute myocardial infarction is one of the leading 
causes of death worldwide. Although timely reperfusion could 
attenuate myocardial ischemia injury and reduce mortality, it 
causes severe secondary injury to the myocardium known as 
myocardial ischemia/reperfusion injury (MIRI) with unmet 
clinical needs. Emodin has a protective effect on MIRI in 
rodents. However, the precise mechanism underlying its phar‑
macological effect remains poorly understood. Accordingly, 
the present study used mRNA and microRNA (miRNA) 
sequencing based on MIRI mouse models to determine the 
mechanism involved. Emodin was found to prevent MIRI and 
attenuate the inflammation of myocardium in the MIRI model. 
In addition, by using an interdisciplinary approach, the present 
study uncovered that emodin suppressed the runt‑related 
transcription factor 1 (RUNX1), which is a transcription factor 
of miR‑142‑3p, in either MIRI or the hypoxia/reoxygenation 
injury model. Furthermore, miR‑142‑3p can negatively 
regulate dopamine receptor D2 (DRD2), which acted as an 
anti‑inflammatory factor to suppress NF‑κB‑dependent inflam‑
mation and prevent MIRI. These results were demonstrated 
by both cellular hypoxia/reoxygenation and mouse MIRI 
models. Overall, the present study provided an unrevealed 
molecular mechanism for emodin function. Emodin could 
inhibit NF‑κB‑triggered inflammation in MIRI by regulating 

the RUNX1/miR‑142‑3p/DRD2 pathway. Therefore, the 
RUNX1/miR‑142‑3p/DRD2 pathway presented a novel target 
for MIRI treatment, and the application of emodin in clinical 
practice may improve the treatment of MIRI.

Introduction

Cardiovascular disease is one of the deadliest diseases world‑
wide and acute myocardial infarction has become one of the 
leading causes of death (1‑4). Timely blood reperfusion to the 
ischemic heart tissue can limit the size of myocardial infarction 
and reduce mortality. Nevertheless, this treatment can further 
induce serious secondary injury to the myocardium known as 
myocardial ischemia/reperfusion injury (MIRI) (5‑7). MIRI 
has complex pathological mechanisms, such as mitochondrial 
disorders, calcium overload and the production of reactive 
oxygen (8‑10). Inflammation plays an important role in the 
pathophysiology of MIRI (11,12). MIRI activates the immu‑
nity‑inflammation responses and increases the production of 
inflammasomes, leading to inflammatory cell infiltration and 
increased cytokine release in the heart (11,13,14). Likewise, 
hypoxia/reoxygenation (H/R), a model of MIRI, leads to the 
excessive release of inflammatory factors TNF‑α and IL‑6 
from cardiac myoblast H9c2 cells and causes excessive death 
of H9c2 cells (15,16). Therefore, the pharmacological inhibi‑
tion of cardiomyocyte inflammation can effectively protect the 
myocardium against MIRI.

Emodin, as an anthraquinone derivative extracted from 
traditional Chinese medicine rhubarb, possesses anti‑inflam‑
mation, immune regulation and antioxidant properties (17,18). 
Emodin attenuates MIRI in rodents via various cellular 
functions and signaling pathways, but the precise mechanism 
underlying the attenuation of MIRI by emodin by modulating 
the inflammation response remains unknown (19,20).

A type of small non‑coding RNA known as microRNA 
(miRNA/miR) negatively regulates gene expression during 
post‑transcriptional processes by binding to the target 
mRNAs  (21). MiRNAs are instrumental in the develop‑
ment of cardiac diseases, including MIRI (22). For instance, 
miR‑384‑5p alleviates MIRI in rats via the inhibition of the 
expression of Beclin‑1 to suppress autophagy (23). miR‑322 
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prevents MIRI by attenuating FBXW7‑caused oxidative 
stress (24). However, whether emodin can attenuate inflam‑
mation in MIRI by regulating miRNAs and its upstream 
transcription factors remains unknown.

In the present study, it was further confirmed that emodin 
pretreatment could relieve ischemia/reperfusion (I/R) injury 
and inflammatory responses of mice myocardium. By using 
RNA sequencing combined with reverse transcription‑quan‑
titative PCR (RT‑qPCR) and western blotting, emodin 
was shown to inhibit the expression of transcription factor 
RUNX1 and thus downregulated the transcriptional level of 
miR‑142‑3p in MIRI. The expression of RUNX1/miR‑142‑3p 
was confirmed both in vivo or in vitro. The present study's 
findings support an undiscovered model, whereby emodin 
inhibited RUNX1/miR‑142‑3p pathway and thus upregulated 
DRD2, which acts as an anti‑inflammatory mediator that 
suppresses the NF‑κB‑dependent inflammation and prevents 
MIRI.

Materials and methods

Animals. A total of 80 male ICR mice (6‑8‑weeks old, 
weighing 25±3 g) were obtained from Beijing Vital River 
Laboratory Animal Technology Co., Ltd. and housed in a 
temperature‑controlled animal room (23±1˚C), with relative 
humidity between 50‑60% and daylight between 8:00‑19:00. 
Food and water were freely accessible for the mice. Each group 
contained 5‑6 mice in every independent experiment and a 
total of 80 mice were used in the project. All animal experi‑
ments were approved by the Animal Care and Use Committee 
of The Affiliated Hospital of Qingdao University (approval 
no. QYFYWZLL26907; approval date, March 20, 2021). Mice 
used in experiments were euthanized 24 h after establishing an 
MIRI model by intraperitoneal administration of an overdose 
of pentobarbital sodium (200 mg/kg), and the heart samples 
were harvested. After establishing the MIRI model, mouse 
health was monitored every other hour, including the ability 
to breathe normally, eat normally and move freely. Some of 
the mice were euthanized prior to the experimental endpoint if 
they went into dyspnea, lethargy, shock or decreased activity.

Experimental protocol for construction of MIRI model. ICR 
mice were randomly divided into three groups, namely: Sham 
group (control), MIRI group and emodin (MedChemExpress) 
treatment group (MIRI + emodin). Mice were intragastrically 
administrated with 10 mg/kg emodin or saline (vehicle) once a 
day for 7 consecutive days (day 1‑7) before inducing the MIRI 
model. The MIRI model was performed 1 h after the last 
emodin treatment on day seven. To establish the MIRI model, 
the mice were anesthetized by intraperitoneal administration 
of 2% pentobarbital sodium (50 mg/kg) and were ventilated 
by using a rodent respirator. The thoracic cavity was opened, 
and the pericardium was cut open to expose the heart. The left 
anterior descending branch (LAD) of the coronary artery was 
ligated 2‑mm away from its origin with surgical sutures for 
60 min. A successful ligation was confirmed by the change 
of myocardial color from red to grayish white. The mice in 
the sham group were also anesthetized, and a suture was just 
passed under the LAD without obstruction. After a 60 min 
ligation of the LAD, myocardial blood flow was restored for 

24 h to induce I/R injury before the heart was harvested for 
subsequent analysis.

Determination of area at risk (AAR) and infarct area. For 
the measurement of AAR and infarct area, 24 h after MIRI, 
the heart samples of the mice were perfused with Evans blue 
(1%) and subsequently incubated with 2.0% triphenyltetrazo‑
lium chloride (TTC) at 37˚C for 20 min. The non‑ischemic 
myocardium was stained blue with Evans Blue. AAR was 
stained red by TTC, and the infarct area appeared pale after 
staining. The left ventricle (LV), AAR and infarct areas were 
determined using Image J 1.42q software (National Institutes 
of Health). The percentages of infarct area/AAR and AAR/LV 
were defined as the dead and ischemia level of myocardium, 
respectively.

Western blotting. The mice cardiac tissues (60‑80 mg) or rat 
cardiac myoblast H9c2 cells were lysed in RIPA buffer (Thermo 
Fisher Scientific, Inc.). The supernatant was quantified with 
Pierce BCA protein assay reagent kit (Thermo Fisher Scientific, 
Inc.). Total protein (20 µg per sample) was loaded and sepa‑
rated in 10% or 12% SDS‑PAGE, and transferred to a PVDF 
membrane (MilliporeSigma). After blocking in TBST (0.1% 
Tween‑20) containing 5% fat‑free milk at room temperature for 
1 h, the membrane was incubated with primary anti‑RUNX1 
(1:1,000; cat. no. ab229482; Abcam), anti‑DRD2 (1:500; cat. 
no. bs‑20730R; BIOSS), anti‑phosphorylated (p‑)P65 subunit 
of NF‑κB (1:1,000; cat. no. ab76302; Abcam), anti‑NF‑κB P65 
subunit (1:1,000; cat. no. bs‑20355R; BIOSS), anti‑TNF‑α (1:500; 
cat. no. bs‑2081R; BIOSS), anti‑IL‑6 (1:500; cat. no. ab259341; 
Abcam) or anti‑β‑tubulin (1:1,000; cat. no. ab18207; Abcam) 
antibodies respectively, overnight at 4˚C. After washing 
three times in TBST, the membranes were incubated with 
HRP‑conjugated goat anti‑rabbit secondary antibody (1:10,000; 
cat. no. ab191866; Abcam) for 1.5 h at room temperature. Protein 
band signals were detected using ECL program (Thermo Fisher 
Scientific, Inc.) under chemiluminescence detector (Bio‑Rad 
Laboratories). The expression of target protein was normalized 
to β‑tubulin using Image Lab Software (Bio‑Rad Laboratories).

Hematoxylin-eosin (H&E) and Masson staining. 
Paraformaldehyde (4%) was used to immobilize myocardial 
tissue samples at 4˚C for 24 h. Subsequently, samples were 
dehydrated with gradient ethanol (70‑100%) for 30 min before 
treating with 50 and 100% xylene, respectively, at room 
temperature for 1.5 h for transparency. After embedding in 
paraffin, the processed tissues were cut into 5‑µm thick slices. 
After deparaffinization in an incubator (60˚C; 2 h), followed 
by incubation twice with 100% xylene for 20 min and rehydra‑
tion in descending alcohol (100‑70%) at room temperature, the 
slices were stained with Masson's Trichrome Stain kit (Beijing 
Solarbio Science & Technology Co., Ltd.) or H&E (Beijing 
Solarbio Science & Technology Co., Ltd.) according to the 
products' instructions. The results were observed under a light 
microscope (Eclipse TS100; Nikon Corporation) and images 
were captured.

Immunohistochemistry. The 5‑µm thick paraffin slices of 
myocardium were deparaffinized in an incubator (60˚C; 2 h) 
and rehydrated in a descending alcohol series before washing 
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with distilled water. After antigen recovery, 3% H2O2 was 
used to eliminate the activity of endogenous peroxidase. The 
processed slices were blocked with 5% BSA for 30 min at 
room temperature before incubation with anti‑TNF‑α (1:200; 
cat. no. ab205587; Abcam) in a sealed wet box at 4˚C overnight, 
and then incubated with HRP‑conjugated anti‑rabbit secondary 
antibody (1:2,000; ab191866; Abcam) at room temperature for 
1 h. After incubation with diaminobenzidine reagents (cat. 
no. DA1016; Beijing Solarbio Science & Technology Co., 
Ltd.) for color detection, the slices were counterstained with 
hematoxylin at room temperature for 3 min and images were 
captured under a light microscope (Eclipse TS100; Nikon 
Corporation).

Creatine kinase (CK), CK‑MB and lactate dehydrogenase 
(LDH) assay. The expression levels of creatine kinase, CK‑MB 
and lactate dehydrogenase in the serum of the mice were 
measured using Creatine Kinase Assay kit (cat. no. BC1145, 
Beijing Solarbio Science & Technology Co., Ltd.), CK‑MB 
Elisa kit (cat. no. SEKM‑0152; Beijing Solarbio Science & 
Technology Co., Ltd.) and LDH Activity Detection kit (cat. 
no. BC0685, Beijing Solarbio Science & Technology Co., 
Ltd.), respectively.

Cell culture and establishment of H/R model. Rat cardiac 
myoblast H9c2 cells were obtained from the Cell Bank of the 
Chinese Academy of Sciences and cultured with Dulbecco's 
modified Eagle medium (Gibco; Thermo Fisher Scientific, 
Inc.) with 10% fetal bovine serum (Gibco; Thermo Fisher 
Scientific, Inc.) and 100 U/ml streptomycin and penicillin 
(Gibco; Thermo Fisher Scientific, Inc.) in normal gas mixture 
(95% air and 5% CO2) at 37˚C. The H9c2 cells were incubated 
in gas mixture containing 94% N2, 5% CO2 and 1% O2 for 
3 h to induce hypoxia injury before removing to a normoxic 
incubator for another 3 h to maintain reoxygenation (19,25).

Cell transfection. Lipofectamine® 3000 (Invitrogen) was 
used in transfection. Negative control (NC) mimic (cat. 
no.  miR1N0000001‑1‑5) and miR‑142‑3p mimic (cat. 
no.  miR10000155‑1‑5) were obtained from Guangzhou 
RiboBio Co., Ltd. NC mimic or miR mimic at a final concen‑
tration of 50 nM were transfected to a H9c2 cell‑seeded 6‑well 
plate at 37˚C for 4 h. The complementary DNAs (cDNAs) 
of RUNX1 and DRD2 were subcloned to pcDNA3.1 vector 
(Invitrogen: Thermo Fisher Scientific, Inc.), and 2 µg/well of 
these cDNAs were transfected into a H9c2 cell‑seeded 6‑well 
plate at 37˚C for 4 h. The control (without H/R injury) and H/R 
groups were transfected with pcDNA3.1 vector as the negative 
control. Subsequent experiments were performed 48 h after 
transfection.

Inhibition of miR‑142‑3p and overexpression of DRD2 in vivo. 
The mmu‑miR‑142‑3p antagomir (miR‑142‑3p anti‑ago; cat. 
no. miR‑311620131514‑4‑5) and negative control antagomir 
(NC anti‑ago; cat. no. miR3N0000001‑4‑5) were purchased 
from Guangzhou RiboBio Co., Ltd., and administered by 
tail vein injection with 5 nmol three times (once every two 
days). The MIRI models were established after 20 days from 
the first injection. To determine the effect of DRD2 in MIRI, 
recombinant adeno‑associated virus (AAV) expressing DRD2 

(AAV‑DRD2) was purchased from Hanbio Biotechnology 
Co., Ltd. and administered once via a 50‑µl tail vein injection, 
while the control and MIRI groups were injected with AAV 
control (AAV‑Ctrl; Hanbio Biotechnology Co., Ltd.). The 
MIRI models were established 20 days after the injection.

RT‑qPCR analysis. Total RNAs were extracted from myocar‑
dium or H9c2 cells using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.). A total of 1  µg of extracted total 
RNA was reverse‑transcribed to cDNAs by using a Reverse 
Transcription kit (Takara Bio, Inc.) according to the manu‑
facturer's instructions. Primers were obtained from Sangon 
Biotech Co., Ltd. RT‑qPCR was performed using SYBR® 
Green Master Mix (Takara Bio. Inc.) in a 20 µl reaction system 
containing specific primers, and primer sequences are listed 
in Table SI. The mRNA levels of target genes were detected 
using the CFX96 real time PCR detection system (Bio‑Rad 
Laboratories). For miR‑142‑3p (sequence: 5'‑UGU​AGU​GUU​
UCC​UAC​UUU​AUG​GA‑3') analysis, the stem‑loop reverse 
transcription primer sequence was 5'‑GTC​GTA​TCC​AGT​GCA​
GGG​TCC​GAG​GTA​TTC​GCA​CTG​GAT​ACG​ACT​CCA​TA‑3', 
and the qPCR forward primer was 5'‑TGT​AGT​GTT​TCC​TAC​
TT‑3' and the reverse primer was 5'‑GTG​CAG​GGT​CCG​AGG​
T‑3'. The thermocycling conditions used for RT‑qPCR were as 
follows: Cycle at 94˚C for 5 min, followed by 40 cycles (10 sec 
at 94˚C for denaturation, 15 sec at 60˚C for annealing and 
20 sec at 72˚C for extension) and a final elongation at 72˚C 
for 5 min. The relative expression levels of miRNA and genes 
were normalized to that of internal control U6 and GAPDH, 
respectively, and analyzed by using 2‑∆∆Cq method (26).

RNA purification. Total RNAs were extracted from the mice 
hearts of MIRI and MIRI + emodin groups by using TRIzol® 
reagent (cat. no.  15596026; Invitrogen; Thermo Fisher 
Scientific, Inc.) at 24 h after performing MIRI. RNA samples 
were stored in dry ice and submitted to Shanghai Personal 
Biotechnology Co., Ltd. for high‑throughput sequencing. 
Quality control for the RNA samples was carried out by 
using an Agilent 2100 Bioanalyzer with Agilent RNA 6000 
Nano Kit (Agilent Technologies, Inc.). RNA samples with 
the standard of total RNAs >8 µg, concentration >250 ng/µl, 
the ratio of 28S/18S >1.5 and the RNA integrity number 
>8 were selected for establishment of mRNA and miRNA 
libraries.

Library preparation and RNA sequencing. The mRNAs were 
separated from the total RNAs using the olig‑dT method, 
and cut into 200 bp fragments by Mg2+ randomly. Fragments 
were reverse transcribed to cDNAs, which were purified and 
end modified before being connected to adapters. The cDNA 
fragments of 200‑300 bp were chosen for PCR amplification 
and library construction. RNAs (18‑30 nt) were separated 
from total RNAs, and selected for construction for microRNA 
sequencing library. The final library was amplified with 
phi29 DNA polymerases (Thermo Fisher Scientific, Inc.) to 
make a DNA nanoball (DNB) which had >300 copies of one 
molecule. DNBs were loaded into the patterned nanoarray and 
single end 150 base reads were generated on the DNBSEQ‑T7 
sequencing platform (MGI; BGI Group). Quality control 
of raw reads was performed using the SOAPnuke software 
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(BGI Group). The following reads were filtered: i) The reads 
containing the adaptor, ii) the reads whose N content was >5%, 
and iii) low‑quality reads (reads with bases having a quality 
score <10 as the proportion of total bases in the reads that were 
>20% as low‑quality reads). The filtered clean reads obtained 
from each sample were packed in the form of FASTQ, with 
an average size of 6.62 Gb. Hierarchical Indexing for Spliced 
Alignment of Transcripts (HISTAT) was used to map 
RNA‑sequencing reads to the reference genome. Firstly, the 
HISTAT global FM index was used to anchor the position of 
partial sequences in each read on the genome, and then the 
partial genome indexes of these alignment positions was used 
to align the remaining sequences of each read to extend the 
alignment area. Differentially expressed genes were analyzed 
with Bioconductor DESeq2 version 1.12.3 (https://www.
rdocumentation.org/packages/DESeq2). The criteria for 
determining differentially expressed miRNAs and transcrip‑
tion factors are the log2 fold‑change (log2FC) >2 or <‑2 with 
a q value <0.05 and the log2FC >1 or <‑1 with q value <0.05, 
respectively.

Prediction of potential transcription factors (TFs) and 
target genes of miRNAs. Based on the differentially 
expressed miRNAs, the upstream TFs were predicted using 
TransmiR v2.0 database (http://www.cuilab.cn/transmir), an 
easy‑accessible public tool, which integrates experimentally 
verified TF‑miRNA regulatory relationships from the publica‑
tions (27). In addition, the downstream target genes of miRNAs 
were also predicted using miRWalk database (http://mirwalk.
umm.uni‑heidelberg.de/), which is freely available and pres‑
ents validated and predicted information on miRNA‑target 
interaction (28).

ELISA. The cytokines released from the myocardium were 
measured by using TNF‑α (cat. no. ab208348; Abcam) and 
IL‑6 (cat. no. ab222503; Abcam) ELISA kits. Assays were 
performed according to the manufacturer's instructions. The 
absorbance at 450 nm was measured using a Sunrise micro‑
plate reader (Tecan Group, Ltd.).

Statistical analysis. The data were collected from at least 
three independent experiments and statistical analysis was 
performed using one‑way analysis of variance (ANOVA) 
followed by Tukey's multiple comparisons test in GraphPad 
Prism 7.0 (GraphPad Software, Inc.). All data were expressed 
as the mean ± standard deviation. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Emodin protects against MIRI in mice. To investigate the 
underlying molecular mechanism for natural emodin attenua‑
tion of MIRI, emodin was intragastrically administrated to the 
mice for 7 consecutive days before inducing the MIRI model. 
As shown in Fig. 1A, Evans Blue/TTC staining showed that 
I/R resulted in myocardial infarction. By contrast, pretreat‑
ment with emodin markedly attenuated the size of myocardial 
infarction induced by I/R, and the productions of LDH, CK and 
CK‑MB were subsequently significantly suppressed compared 
with the MIRI group (Fig.  1B). Moreover, the alleviative 

effect was confirmed using histopathological staining. H&E 
staining images displayed that the cardiomyocytes in the 
MIRI group were disordered and swollen, and the sarco‑
lemma was disrupted compared with the control (sham) group 
(Fig. 1C). Pretreatment with emodin markedly reversed these 
pathological changes. The Masson staining results showed that 
the myocardial collagen fiber deposition (stained blue) in the 
MIRI group increased, and emodin pretreatment markedly 
reduced the collagen deposition (Fig. 1C).

Next, the regulative action of emodin on the process 
of inf lammatory responses after MIRI was tested. 
Immunohistochemical staining displayed an upregulated 
expression of TNF‑α in the myocardial sections after I/R 
injury compared with the control group (Fig. 1D), and emodin 
pretreatment suppressed the expression of TNF‑α. The TNF‑α 
and IL‑6 secretions from myocardium evoked by I/R injury 
were also significantly reduced in the emodin pretreatment 
group (Fig. 1E). Therefore, the inhibition of inflammation 
response by emodin prevented MIRI.

Emodin suppresses the RUNX1/miR‑142‑3p pathway in 
either MIRI or hypoxia/reoxygenation injury. To determine 
the molecular mechanism underlying inhibition of inflamma‑
tion during MIRI by emodin, myocardium from MIRI and 
MIRI + emodin groups were collected and RNA transcripts and 
microRNA sequencing were performed using the DNBSEQ‑T7 
sequencing platform. The sequencing data were normalized 
to the MIRI group. As shown in Table SII, 34 differentially 
expressed miRNAs were screened out. To determine the key 
transcription factors (TFs) that regulated the expression of 
these differentially expressed miRNAs, the TransmiR v2.0 
database was used to match the regulatory networks between 
the differentially expressed TFs and miRNAs. A total of four 
pairs of differentially expressed regulatory networks between 
TFs and miRNAs were matched (Table SIII), among which 
only two pairs displayed consistent trends of downregula‑
tion. For an unprejudiced analysis, the RUNX1/miR‑142‑3p 
pathway with the most obvious change was uncovered as the 
candidate for the modulation of MIRI‑induced inflammation 
by emodin (Table SIII).

The present study examined whether the level of miR‑142‑3p 
could be regulated by the transcription factor RUNX1 in the 
pathological process of MIRI. The mRNA expression levels of 
transcription factor RUNX1 were significantly increased after 
H/R injury in H9c2 cells or MIRI (Fig. 2A and B). RUNX1 
protein levels were also detected using western blotting and 
showed a consistent trend with the mRNA level (Fig. 2C‑F). 
As expected, the expression of miR‑142‑3p was also signifi‑
cantly increased after H/R injury in H9c2 cells or MIRI 
(Fig. 3A and B). These results further identified that RUNX1 
acted as a transcription factor, and that it also promoted the 
expression of miR‑142‑3p in cardiomyocytes.

Next, the inhibitory effect of emodin on the 
RUNX1/miR‑142‑3p pathway was verified. Pretreatment with 
emodin attenuated the expression levels of either RUNX1 or 
miR‑142‑3p in both the myocardium with I/R injury and in H9c2 
cells with H/R compared with the model groups (Figs. 2 and 3). 
These results supported that the RUNX1/miR‑142‑3p pathway 
was downregulated in emodin‑pretreated groups based on 
bioinformatical analysis (Table SIII). Therefore, the overactive 
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RUNX1/miR‑142‑3p pathway was involved in the inflam‑
matory process of MIRI, and emodin could suppress the 
RUNX1/miR‑142‑3p pathway.

MiR‑142‑3p negatively regulates the expression of DRD2. 
With few exceptions, miRNAs theoretically negatively regu‑
late the expression of their targeted mRNAs (29). To identify 
the downstream mRNAs targeted by miR‑142‑3p, two subsets 
of genes were defined, among which subset one represents 
predicted targets for miR‑142‑3p by using the miRWalk 
database and subset two represents upregulated differen‑
tially expressed genes (log2FC >2 with q value <0.05) in the 
emodin‑treated group based on transcriptome sequencing. The 
12 overlapped genes between subset one and two are defined 
as the potential targets for miR‑142‑3p (Table SIV).

To further validate the key gene targeted by miR‑142‑3p, the 
present study used RT‑qPCR to detect the expression of these 
12 potential genes in H9c2 cells overexpressing miR‑142‑3p 
mimic. As shown in Fig. S1, transfection with miR‑142‑3p 
mimic in H9c2 cells for 48 h caused a significant increase 
in the expression of miR‑142‑3p compared with the negative 
control mimic group. The mRNA levels of KCNA2, TNIP3 
and DRD2 in the miR‑142‑3p mimic‑overexpressed group 

were significantly downregulated compared with the NC 
mimic group, among which DRD2 showed the most obvious 
downregulation (Fig. 4A). Accordingly, DRD2 was chosen as 
a candidate. To further confirm this, a miR‑142‑3p antagomir 
(miR anti‑ago) was used to reduce miR‑142‑3p levels in mice 
myocardium (Fig. S1B), and the protein expression was detected 
using western blotting. As expected, the protein level of DRD2 
was significantly increased in the miR‑142‑3p antagomir 
(anti‑ago) pretreated myocardium after I/R injury compared 
with the MIRI group (Fig. 4B and C). Besides, the protein level 
of DRD2 also significantly increased in the emodin‑treated 
H9c2 cells with H/R injury compared with the untreated group 
(Fig. 4D and E). These data further confirmed that emodin 
treatment attenuated the level of miR‑142‑3p, which nega‑
tively regulated the expression of DRD2. The protein level of 
DRD2 was significantly increased in the emodin‑pretreated 
myocardium after I/R injury compared with the MIRI group 
(Fig. 4F and G). Therefore, emodin upregulated DRD2 after 
MIRI by downregulating miR‑142‑3p.

RUNX1/miR‑142‑3p/DRD2 pathway can regulate the 
NF‑κB‑mediated inflammatory response in H9c2 cells with 
H/R injury. Next, RUNX1, miR‑142‑3p mimic and DRD2 

Figure 1. Emodin relieves MIRI in mice. (A) Representative Evans Blue/triphenyltetrazolium chloride staining images of myocardial sections from the indi‑
cated groups (scale bar, 1 mm). (B) Summary for the mean release levels of LDH, CK and CK‑MB from the serums of mice after MIRI with or without emodin 
pretreatment. (C) Representative H&E (upper panels) and Masson (lower panels) staining images of myocardial sections after MIRI with or without emodin 
pretreatment (scale bar, 100 µm). (D) Immunohistochemical staining for detecting the expression level of TNF‑α in myocardial sections (scale bar, 100 µm). 
(E) Summary of the secretion of TNF‑α and IL‑6 from the heart tissues evoked by MIRI or treatment with emodin. n=5 mice for each group. **P<0.01. MIRI, 
myocardial ischemia/reperfusion injury; H&E/HE, hematoxylin and eosin; LDH, lactate dehydrogenase; CK, creatine kinase; Ctrl, control.
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Figure 2. Emodin attenuates the expression level of transcription factor RUNX1 induced by either H/R injury or MIRI. (A) RUNX1 gene expression in H9c2 
cells with H/R injury or emodin treatment was determined using RT‑qPCR. n=5. (B) The mRNA level of RUNX1 in myocardium with MIRI or emodin 
treatment was measured using RT‑qPCR. n=5. (C) RUNX1 protein was detected by western blotting in H9c2 cells with H/R injury or emodin treatment. 
(D) Summary for the protein expression level of RUNX1 based on (C). n=3. (E) RUNX1 protein expression in myocardium with MIRI or emodin treatment 
was detected by western blotting. Three bands represent three independent samples. (F) Summary for the protein expression level of RUNX1 based on (E). 
n=3. **P<0.01. RUNX1, runt‑related transcription factor 1; H/R, hypoxia/reoxygenation; MIRI, myocardial ischemia/reperfusion injury; RT‑qPCR, reverse 
transcription‑quantitative PCR; Ctrl, control.

Figure 3. Emodin treatment suppresses MIRI, and H/R injury induced the expression of miR‑142‑3p. (A) The level of miR‑142‑3p in myocardium with MIRI 
or emodin treatment was determined using RT‑qPCR. n=5. (B) RT‑qPCR for determination of the expression level of miR‑142‑3p in H9c2 cells under H/R 
injury or emodin treatment conditions. **P<0.01. miRNA, microRNA; MIRI, myocardial ischemia/reperfusion injury; H/R, hypoxia/reoxygenation; RT‑qPCR, 
reverse transcription‑quantitative PCR; Ctrl, control.
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were overexpressed in H9c2 cells and their roles were evalu‑
ated in the modulation of inflammation (Fig. S2). As shown 
in Fig. 5A and B, the production of cytokine TNF‑α in the 
RUNX1 overexpression group and IL‑6 in the RUNX1 and 
miR‑142‑3p mimic overexpression groups from H9c2 cells 
after H/R injury were significantly increased compared with 
the H/R injury group. In addition, the p‑P65 subunit of NF‑κB 
was upregulated in these two groups compared with the H/R 
injury group (Fig. 5C). Conversely, the DRD2 overexpression 
group showed a significantly reduced production of TNF‑α 
and IL‑6 compared with the H/R group (Fig. 5A and B), and 
the p‑P65 subunit of NF‑κB was also downregulated (Fig. 5C). 
Therefore, RUNX1 and miR‑142‑3p acted as pro‑inflammatory 
factors, and DRD2 acted as an anti‑inflammatory factor to 
regulate the NF‑κB‑mediated inflammatory responses.

Either the inhibition of miR‑142‑3p or overexpression of 
DRD2 attenuates NF‑κB‑mediated inflammatory response 
in MIRI model of mice. Next, miR‑142‑3p anti‑ago or 
adeno‑associated virus (AAV) carrying DRD2 (AAV‑DRD2) 

were used to further validate the roles of miR‑142‑3p and 
DRD2 in modulating the inflammation in vivo after MIRI. 
As shown in Fig. S3, tail vein injection with AAV‑DRD2 
caused a significant increase of DRD2 in mice cardiac tissues 
20 days after the first injection compared with the AAV 
control (AAV‑Ctrl) injection group. The secretions of TNF‑α 
and IL‑6 from the myocardium were significantly inhibited 
in the anti‑ago‑pretreated and AAV‑DRD2‑overexpressed 
groups after MIRI compared with the MIRI group 
(Fig. 6A and B). AAV‑DRD2‑overexpression also resulted 
in a significant decrease in p‑P65 protein, and the anti‑ago 
treatment showed a downregulated trend (Fig. 6C and D). 
Therefore, the inhibition of miR‑142‑3p or activation of 
DRD2 suppresses the NF‑κB‑mediated inf lammatory 
process. Taken all together, the present study presented a 
novel model, in which the inhibition of the expression of 
RUNX1 and miR‑142‑3p by emodin lead to the upregula‑
tion of DRD2 which acted as an anti‑inflammatory factor to 
suppress NF‑κB‑dependent inflammation and prevent MIRI 
(Fig. 6E).

Figure 4. miR‑142‑3p negatively regulates the expression of DRD2. (A) Reverse transcription‑quantitative PCR for the identification of the downstream target 
gene of miR‑142‑3p by overexpressing miR‑142‑3p mimic in H9c2 cells. n=4. (B) The DRD2 protein levels were detected by western blotting in cardiac tissues 
with MIRI or miR‑142‑3p antagomir (anti‑ago) treatment. (C) Summary for the protein expression of DRD2 based on (B), n=3. (D) DRD2 protein levels 
were detected by western blotting in H9c2 cells with H/R injury or emodin treatment. (E) Summary for the protein expression of DRD2 based on (D), n=3. 
(F) DRD2 protein levels were measured using western blotting in cardiac tissues with MIRI or emodin treatment. Three bands represent three independent 
samples. (G) Summary for the protein expression of DRD2 based on (F), n=3. *P<0.05, **P<0.01. NC, negative control; MIRI, myocardial ischemia/reperfusion 
injury; anti‑ago, antagomir; DRD2, dopamine receptor D2; Ctrl, control; miR, microRNA; H/R, hypoxia/reoxygenation.
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Discussion

The present study aimed to investigate the link between 
emodin treatment and inflammation responses during MIRI. 
Results showed that emodin suppressed the expression of 

RUNX1/miR‑142‑3p in cardiomyocytes and contributed 
to an increased level of DRD2. Then, DRD2 inhibited the 
phosphorylation of NF‑κB, thus reducing the production of 
inflammatory cytokines TNF‑α and IL‑6 (Fig. 6E). These 
findings not only described a novel molecular basis underlying 

Figure 5. RUNX1/miR‑142‑3p/DRD2 pathway regulates the NF‑κB‑dependent inflammatory responses in H9c2 cells with H/R injury. (A) The NF‑κB depen‑
dent inflammatory response was regulated by overexpression of RUNX1, miR‑142‑3p mimic and DRD2 in H9c2 cells with H/R injury and detected using 
western blotting. (B) Bar diagram showing the protein expression levels of RUNX1, DRD2, P65, TNF‑α and IL‑6 based on (A). n=3. (C) Bar diagram showing 
the protein expression of functional p‑P65 subunit of NF‑κB based on (A). n=3. *P<0.05, **P<0.01. H/R, hypoxia/reoxygenation; DRD2, dopamine receptor D2; 
p‑, phosphorylated‑; miR, microRNA; Ctrl, control.

Figure 6. Inhibition of miR‑142‑3p or overexpression of DRD2 suppresses NF‑κB‑mediated inflammation in MIRI model of mice. The secretions of inflamma‑
tory cytokines (A) IL‑6 and (B) TNF‑α in cardiac tissues with MIRI of mice were measured by ELISA under the conditions of pretreatment with miR‑142‑3p 
antagomir (anti‑ago) or overexpression of AAV‑DRD2. n=4. (C) P65 and p‑P65 were detected using western blotting to determine the activity of NF‑κB. 
(D) Bar diagram showing the protein expression of p‑P65 based on (C). n=3. (E) The schematic model for the anti‑inflammation action of emodin in MIRI 
model of mice. **P<0.01. DRD2, dopamine receptor D2; MIRI, myocardial ischemia/reperfusion injury; anti‑ago, antagomir; AAV, adeno‑associated virus; 
p‑, phosphorylated‑; Ctrl, control; miR, microRNA.
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the action of emodin attenuation of MIRI, but also suggested 
that the pharmacological inhibition of RUNX1/miR‑142‑3p 
or activation of DRD2 may lead to a therapeutic potential for 
MIRI.

A number of cytokines and chemokines are released 
from the myocardium after I/R injury, leading to either 
apoptosis or cell death (30,31). NF‑κB regulates the tran‑
scription of various pro‑inflammatory genes implicated in 
disease processes  (32). Emodin exerts anti‑inflammatory 
action by inhibiting the transcription factor NF‑κB (33,34). 
For example, emodin displays its anti‑arthritic action by 
inhibiting the NF‑κB pathway and pro‑inflammatory factors 
in an arthritic model of mice induced by collagen (35,36). 
Besides, emodin can relieve corneal injury and improve the 
corneal structure by inhibiting the activation of NF‑κB and 
c‑JunN‑terminal kinase (37,38). Although emodin inhibits the 
NF‑κB‑dependent inf﻿﻿lammation in MIRI, the link between 
emodin and NF‑κB is poorly reported  (39). By using an 
unprejudiced analysis through RNA sequencing combination 
with qPCR and western blotting, the present study identi‑
fied the downregulated transcription factor RUNX1 as the 
downstream target regulated by emodin. The present study 
further verified that RUNX1 controlled the expression of 
miR‑142‑3p and may serve as the initial effector to modulate 
emodin‑mediated anti‑inflammatory action in cardiomyo‑
cytes. RUNX1‑overexpression can directly enhance the 
inflammatory responses in H9c2 cells. This finding is 
consistent with the observation that the downregulation 
of RUNX1 prevents cardiac remodeling (40,41). Therefore 
RUNX1, as a proinflammatory factor, participates in MIRI 
and the inhibition of RUNX1 may present a novel therapeutic 
strategy for MIRI. In the present study, the RUNX1‑triggered 
miR‑142‑3p/DRD2 pathway was further confirmed in MIRI 
models and H9c2 cells with the H/R model. These findings 
complement the gap of signaling pathways between emodin 
and NF‑κB, and suggest that the RUNX1/miR‑142‑3p/DRD2 
pathway acts as a novel therapeutic target for MIRI and 
emodin may provide a therapeutic potential for MIRI.

The toxicity of emodin has been previously assessed (42). 
According to the United States National Toxicology Program 
(CAS no. 518‑82‑1), emodin at daily oral doses of 15, 35 or 
70 mg/kg for 12 months does not affect the survival, body 
weight and food consumption of mice (43). Emodin at an oral 
dose of 100 mg/day has been investigated in a clinical trial 
(trial no. NCT00801268) for autosomal dominant polycystic 
kidney disease in the USA. A type of Chinese herb tablet, 
Sanhuangpian (Chinese FDA approval no. Zhunzi Z37021116) 
containing main active ingredient, emodin 12 mg, has been 
approved in China for inflammatory diseases. Therefore, the 
application of emodin in clinical practice may improve the 
treatment of MIRI.

MiRNAs, as small non‑coding RNAs, modulate the 
transcription level of various genes that are implicated in 
the determination of apoptosis, necrosis, inflammation and 
fibrosis  (44‑46). The role of miRNAs in MIRI has been 
extensively studied throughout the last decade. Early changes 
(increase or decrease) of miRNAs occur in the myocar‑
dium in response to MIRI (47‑49). The pharmacological or 
genetic regulation of these miRNAs can govern the patho‑
logical process of MIRI; therefore, miRNAs are regarded as 

therapeutic targets for heart diseases (47,50‑52). In the present 
study, the miR‑142‑3p level decreased in response to emodin 
and further confirmed it as a pro‑inflammatory factor in MIRI. 
Therefore, the specific inhibition of miR‑142‑3p could provide 
an alternative therapeutic strategy for MIRI. The mRNA 
of DRD2 as a target of miR‑142‑3p was also verified in the 
present study.

DRD2 is an anti‑inflammatory critical component that 
controls innate immunity in the central nervous system (53). 
This is consistent with the present study's findings that either 
inhibition of miR‑142‑3p by specific antagomir or reduction 
of the transcription of miR‑142‑3p by the emodin/RUNX1 
pathway could increase DRD2 expression levels in mice 
myocardium. In addition, DRD2‑overexpression in H9c2 
cells or myocardium of mice significantly reduced the levels 
of TNF‑α, IL‑6 and phosphorylated NF‑κB. Although it 
cannot be excluded that emodin and miR‑142‑3p may directly 
regulate the NF‑κB cytoplasmic binding or activity, these 
results at least partially show that upregulation of DRD2 
by the emodin/RUNX1/miR‑142‑3p axis could suppress the 
NF‑κB‑mediated inflammatory responses.

In summary, the present study not only presented a novel 
molecular basis for protection against MIRI by emodin, but 
also suggested that the pharmacological modulation of the 
RUNX1/miR‑142‑3p/DRD2 pathway to suppress inflamma‑
tory responses of cardiomyocytes may be beneficial for the 
treatment of MIRI or other related heart diseases. Moreover, 
emodin may provide a potential therapeutic approach for 
MIRI.
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