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miR-124 promotes apoptosis and inhibits the proliferation
of vessel endothelial cells through P38/MAPK and
PI3K/AKT pathways, making it a potential mechanism of
vessel endothelial injury in acute myocardial infarction
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Abstract. Due to its rapid onset and high rates of fatality,
acute myocardial infarction (AMI) has long been one of
the most fatal diseases among all types of heart diseases.
Therefore, intensive research efforts have been focused on
understanding AMI's potential pathogenesis to seek effec-
tive treatment options. In the present study, 20 peripheral
blood samples were collected from patients with AMI,
after which reverse transcription-quantitative PCR analysis
revealed that microRNA (miR)-124 levels in the periph-
eral blood of patients with AMI was significantly elevated
compared with that in the control group. In vitro, a model
using pcDNA3.1-miR-124 transfected human umbilical vein
endothelial cells (HUVECsS) indicated that overexpression
of miR-124 could significantly promote the apoptosis and
suppress the proliferation of HUVECs using flow cytometry,
TUNEL assay and Cell Counting Kit-8 assays. Based on the
present findings, RNA samples of HUVECs overexpressing
miR-124 was extracted and sequenced to explore the gene
expression profile after miR-124 overexpression. Gene Set
Enrichment Analysis (GSEA) analysis revealed that the down-
regulated genes were mainly enriched in signaling pathways,
such as PI3K-AKT, whilst the upregulated genes were mainly
enriched in metabolism-related signaling pathways, such as
the metabolism of xenobiotics by cytochrome P450 pathway.
Additionally, Rideogram software was used to determine
the chromosomal localization of the differentially expressed
genes. The results demonstrated that they were distributed on
all chromosomes except for chromosome Y. In addition, char-
acteristic profiles of the differentially expressed genes caused
by miR-124 overexpression were analyzed using Connectivity
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Map. In total, two medicines, anisomycin and sanguinarine,
which function as p38/MAPK signaling agonists that can
inhibit angiogenesis, presented with the highest enrichment
scores. Together with the GSEA results, which indicated that
the differentially expressed genes were mainly enriched in
the angiogenesis-inhibiting PI3K/AKT signaling pathway, the
present study reported that high expression of miR-124 was
negatively associated with patients with AMI, promoting the
apoptosis and suppressing the proliferation of vessel endothe-
lial cells.

Introduction

Among the large number of chronic diseases worldwide,
myocardial infarction is one of the most lethal. According
to statistical data, there were =2 million cases of myocardial
infarction in China in 2015, with 500,000 new cases every
year and a falling trend in the age of patients (1). Therefore,
the pathophysiology of this disease has long been the subject
of intense scientific research. According to their pathogenic
profiles, acute myocardial infarction (AMI) can be roughly
divided into the following types: i) Type 1 myocardial infarc-
tion, which is caused by the interruption of or insufficient
blood supply to the myocardium, mainly due to acute coronary
artery occlusion associated with atherosclerosis or superim-
posed thrombosis (2), ii) type 2 myocardial infarction, which is
normally caused by the metabolic capacity of cardiomyocytes
far exceeding blood supply, where inflammation and fever
increase the metabolic demand of tissues and organs, thereby
increasing the heart rate and ultimately compromising coro-
nary perfusion (3); and iii) myocardial infarctions caused by
cytokine storms, which can inhibit aerobic respiration in the
mitochondria and subsequent acute heart failure (4). In clinical
practice, the main cause of AMI remains to be acute viral or
bacterial infections caused by influenza, pneumonia and acute
bronchitis (5). However, the precise molecular mechanism
underlying AMI remain unclear.

Anincreasing number of studies have reported that miRNAs
can serve important roles in the occurrence of diseases (6,7).
miRNAs belong to a family of post-transcriptional regulators
for gene expression. These small non-coding RNAs, which are
20-25 nucleotides in length, bind to target recognition sites
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(seed sequence) in the 3'-untranslated regions of their mRNA
transcript, leading to mRNA degradation and/or inhibition of
protein translation (8).

A number of studies have demonstrated that the cardio-
vascular system exhibits high expression of miRNAs, which
are related to the occurrence and development of heart failure,
atherosclerosis, arrhythmia and coronary heart disease (9,10).
Additionally, a growing number of miRNAs have been reported
to regulate angiogenesis after AMI. Angiogenesis, which is
the formation of new capillaries from pre-existing vessels, that
occurs in the ischemic area after myocardial infarction (MI)
promotes cardiomyocyte survival and is considered to be
essential to the recovery of patients with MI (11). miR-1 was
discovered to be a potential biomarker for AMI diagnosis and
prognosis, since it was released within 3 h after the onset of
acute chest pain (12).Ithas also been demonstrated that miR-199
and miR-208 exerted similar roles as miR-1 in assisting the
clinical diagnosis of AMI (13). In addition, it has been reported
that increased levels of serum miR-214 is closely related to the
occurrence of cardiomyocyte apoptosis in elderly patients with
AMI (14). Mechanistically, other studies have demonstrated
that manipulating the expression of several miRNAs can exert
direct effects on angiogenesis. Yucel and Sahin (15) reported
that silencing of miR-10b expression could significantly inhibit
the angiogenesis of vessel endothelial cells. In colon cancer,
miR-524-5p has been found to target WNK lysine deficient
protein kinase 1, thereby inhibiting the expression of cell
epidermal growth factor to inhibit cell angiogenesis (16). In
addition, another study revealed that silencing of miR-212/132
expression could significantly reduce the ability of human
vessel endothelial cells to form blood vessels (17).

In the present study, clinical blood samples of patients with
AMI were analyzed to measure the expression of miR-124.
An in vitro cell model using pcDNA3.1-miR-124 transfected
human umbilical vein endothelial cells (HUVECs) was
constructed in the present study. The apoptosis and prolifera-
tion of HUVECs was assessed using flow cytometry, TUNEL
and Cell Counting Kit-8 (CCK-8) assays. Subsequently, the
transcriptome of HUVECs overexpressing miR-124 was
sequenced and analyzed. Exploring the effect of miR-124
overexpression on gene expression in vascular endothelial
cells may provide new avenues for the development of novel
treatment strategies for AMI.

Materials and methods

Patient information. Blood samples were collected from
20 patients (male, 16; female, 4; average age, 60.2+3.7 years)
admitted to the Weihai Central Hospital with myocardial
infarction between March 2016 and June 2017. In addition,
blood samples were collected at the Weihai Central Hospital
from 14 healthy volunteers between March 2016 and
June 2017 (male, 11; female, 3; aged >55 years; average
age, 60.5+3.1 years; no symptoms or history of AMI). Blood
samples were collected from healthy people on admission and
from patients with myocardial infarction 7 days after the symp-
toms of myocardial infarction had been controlled. The study
protocol was approved by the Ethics Committee of Weihai
Central Hospital (no. WKY-2019-012). Informed consent was
provided by all patients, and written permission was obtained

before inclusion. Patients were included in the current study
if they exhibited ST segment elevation myocardial infarc-
tion or non-ST segment elevation myocardial infarction.
Healthy individuals were included in the present study if they
were >55 years of age. Patients with AMI were excluded if
they exhibited: Diabetes mellitus, infectious disease and
autoimmune disease. Healthy patients were excluded if they
exhibited diabetes mellitus, myocardial infarction, and infec-
tious and autoimmune diseases.

Extraction of free RNA from peripheral blood and reverse
transcription-quantitative PCR (RT-qPCR) identification.
Blood was collected in a 5-ml heparin anticoagulation tube
and immediately used to extract free RNA (GSPureTM Blood
RNA Isolation kit, Geneseed; cat. no. E0203). When extracting
miRNA, the ethanol concentration in the cleaning buffer was
increased to 80% to increase the final miRNA concentration.
The RNA was reverse transcribed using a reverse transcription
kit at 37°C for 60 min, followed by termination at 85°C for 5 min
to inactivate the enzymes (Takara Bio, Inc.; cat. no. 638315). In
total, 25% of the RT product was mixed with a pre-formulated
2X SYBR Green PCR mix containing the miR-124 RT-qPCR
primers, which were dissolved to 20 pl with ddH,O (Roche
Diagnostics; cat. no. 06402712001). Amplification was
performed to collect the dissolution curve with the following
thermocycling conditions: 94°C for 5 min; 40 cycles of 94°C
for 2 min, 60°C for 1 min and 72°C for 2 min; last step at 72°C
for 2 min. U6 mRNA was used as an internal reference and
the relative expression of miR-124 was calculated using the
22444 method (18). The primers used for PCR were as follows:
p38 forward, 5'-"AGGGCGATGTGACGTTT-3" and reverse,
5'-CTGGCAGGGTGAAGTTGG-3'; AKT forward, 5-TGG
ACTACCTGCACTCGGAGAA-3' and reverse, 5'-GTGCCG
CAAAAGGTCTTCATGG-3"; PI3K forward, 5'-GAAGCA
CCTGAATAGGCAAGTCG-3" and reverse, 5'-GAGCATCCA
TGAAATCTGGTCGC-3'"; B-actin forward, 5'-AAAGACCTG
TACGCCAACAC-3' and reverse, 5'-GTCATACTCCTGCTT
GCTGAT-3"; miR-124 forward, 5"TAAGGCACGCGGTGA
ATGCC-3' and reverse, 5'-CAGGTCCAGTTTTTTTTTTTTT
TTVN-3'; U6 forward, 5'-GCTTCGGCAGCACATATACTA
AAAT-3" and reverse, 5'-CGCTTCACGAATTTGCGTGTC
AT-3

Cell culture, miR-124 overexpression and RT-gqPCR.HUVECs
were obtained from the American Type Culture Collection.
The cells were cultured in DMEM medium (Hyclone, Cytiva)
containing 10% (v/v) FBS (Gibco; Thermo Fisher Scientific,
Inc.) and 1% penicillin, which were incubated at 37°C in an
atmosphere with 10% CO,.

To construct the pcDNA3.1-miR-124 vector, cDNA
encoding pri-miR-124 (accession no. MI0000443) was arti-
ficially synthesized and cloned into the pcDNA3.1 vector
(Sangon Biotech Co., Ltd.). Samples were then transfected
with 0.5 pug (1 ug/ul) pcDNA3.1-miR-124 or pcDNA3.1
vector into HUVECs using Lipofectamine® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol at 37°C in the presence of 5% CO, for 24 h.
The empty vector pcDNA3.1 was similarly transfected into
HUVEGC:s as negative control (NC group). RNA was extracted
from HUVEC:S by cell lysis with the RNeasy Mini kit (Qiagen
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GmbH; cat. no. 74104) lysis buffer on ice, after washing with
ice-cold PBS. RNA was extracted with a spin column Qiagen
GmbH). Transcriptor First Strand cDNA Synthesis Kit (Roche
Diagnostics) was used to reverse transcribed the isolated
mRNA into complementary DNA at 65°C for 10 min.

The One Step miR cDNA Synthesis kit (cat. no. D1801;
Xinhai Gene Testing Co., Ltd.) was used for the reverse
transcription of miR-124 at 37°C for 60 min.

The expression level of miR-124 was measured by qPCR
performed with SYBR Green Kit (Takara Bio, Inc.). U6
was used as an internal reference, and the relative expres-
sion of miR-124 was calculated using the aforementioned
2-44¢4 method.

HUVEC proliferation and apoptosis assay. The CCK-8
assay (Bimake; cat. no. B34302) was used to evaluate the
changes in HUVEC proliferation after miR-124 overexpres-
sion. Briefly, after transfection with pcDNA3.1-miR-124 or
pcDNA3.1, HUVECs were seeded into a 96-well plate at a
density of 5,000 cells/well, before cell viability was analyzed.
A total of 20 ul CCK-8 reagent was added into each well and
incubated at 37°C for 4 h. The optical density at 450 nm was
read with a microplate reader (Thermo Fisher Scientific, Inc.).
In total, three independent experiments were performed.

For the TUNEL assay, HUVECs were fixed with 4%
paraformaldehyde for 20 min at room temperature. Cells were
washed three times with PBS and stained with 50 ul TUNEL
reaction mixture containing FITC-labelled dUTP and TdT for
1 hat37°C (In situ Cell Death Detection kit, Roche Diagnostics;
cat. no. 11684795910). Each sample was randomly counted in
five fields. The TUNEL index (%) is the average ratio of the
number of TUNEL-positive cells divided by the total number
of cells under bright-field.

Flow cytometry was used to measure the cell apoptosis
status following miR-124 overexpression in HUVECs. The
apoptosis rate was evaluated using Annexin V-FITC/PI
Apoptosis Detection kit (Tianjin Sungene Biotech Co., Ltd;
cat. no. AO2001-02P-G) according to the manufacturer's
protocol. Briefly, after transfection with pcDNA3.1-miR-124
or pcDNA3.1, the cells were collected, washed with PBS and
resuspended in 500 pl binding buffer. Subsequently, 100 ul
1x10%ml cells were incubated at room temperature for 1 h with
5 ul Annexin V-FITC and 5 ul PI in the dark, before analysis
by flow cytometry (BD FACSCanto™; BD Biosciences).
Data were analyzed using FlowJo software (FlowJo LLC;
version no. V10).

Western blot assay. Total proteins from HUVECs were
extracted by lysis with ice-cold RIPA buffer (Pierce;
Thermo Fisher Scientific, Inc.; cat. no. 89900) with protease
inhibitors (Roche Diagnostics; cat. no. 04693159001). The
protein concentration of the sample was determined using a
BCA assay (Thermo Fisher Scientific, Inc.; cat. no. 23225).
Electrophoresis was conducted with equal amount of protein
samples (40 ug) by 10% SDS-PAGE, before being transferred
onto PVDF membranes. The membranes were incubated in
5% fat-free milk in PBST (0.1% Tween-20) at room temperature
for 30 min. Then incubated with primary antibodies against
PI3K (1:1,000; Cell Signaling Technology, Inc.; cat. no. 4249),
AKT (1:1,000; Cell Signaling Technology, Inc.; cat. no. 9272),

P38 (1:1,000; Cell Signaling Technology, Inc.; cat. no. 8690)
and P-actin as a loading control (1:1,000; Sangon Biotech
Co., Ltd.; cat. no. D191047) at 4°C overnight. After washing
3 times with PBS-Tween (0.1% Tween-20), membranes
were incubated with HRP-conjugated goat anti-rabbit IgG
secondary antibodies (1:10,000; Cell Signaling Technology,
Inc.; cat. no. 7074S) at room temperature for 2 h. Protein bands
were visualized using the chemiluminescence kit (Millipore
Sigma; cat. no. WBKLS0500).

Sequencing and bioinformatics analysis. Total RNA was
isolated using RNeasy Mini Kit (Qiagen) according to the manu-
facturer's protocol. RNA with an RNA integrity number >8,
as assessed using the Agilent Technologies 2100 Bioanalyzer
(Agilent Technologies, Inc.), was used to prepare the c-DNA
library using the Hieff NGS® MaxUP II DNA Library Prep
kit for Illumina (Shanghai Yeasen Biotechnology Co., Ltd.;
cat. no. 12300) following the manufacturer's protocols.
Sequencing was performed by Novogene Co., Ltd. using the
HiSeq X Ten system (v 2.5; Illumina, Inc.) for 2x150 cycles
(paired-end read length of 150 bp). The loading DNA
concentration was 300 pM. Concentration of libraries were
determined using the Agilent Technologies 2100 Bioanalyzer
(Agilent Technologies, Inc.). Reads that were contaminated by
adaptors, exhibited a Phred quality score (19) <5 accounting
for >50% of total bases and reads with an N content >10% were
removed using Fastp software (https:/github.com/OpenGene/
fastp; version 0.20.0). Clean reads were mapped to the human
genome (hgl9) using TopHat software (v2.1.0) (20). Kallisto
(version v0.43.0; https://pachterlab.github.io/kallisto) (21)
was used to quantify the reads obtained by sequencing
and the sleuth package (22) in the R language was used for
differential expression analysis (22). PC analysis was carried
out using the plotPCA (23), whereas the heatmap was drawn
according to gene expression using the pheatmap package
(https:/CRAN.R-project.org/package=pheatmap) in the R
language. The ggplot2 package (https://CRAN.R-project.org/
package=ggplot2) was used to draw the volcano plots. Pearson's
correlations were calculated using the R (v3.6) core function.
The threshold for differentially expressed genes was q val<0.1
and abs(log,FC) >0. The RIdeogram package was used to
determine the chromosomal localization of the differentially
expressed genes (24). The CMAP database collects the gene
expression profiles of human cells treated with multiple single
FDA-approved small-molecule drugs. The gseKEGG function
in the clusterprofiler package (25) was used to perform Gene
Set Enrichment Analysis (GSEA) of the Kyoto Encyclopedia
of Genes and Genomes pathway (threshold, g-values <0.05)
and Connectivity Map (CMAP) analysis on the expression
matrix (threshold, P<0.05).

Statistical analysis.Graphpad Prism Software v.8.0 (GraphPad
Software, Inc.) was used for statistical analysis. All experi-
ments were performed in triplicates and data is presented as
the mean + SD. Single comparisons were performed using
paired or unpaired Student's t-test. The statistical significance
data involving = three groups and = two treatments was
assessed by two-way ANOVA with Bonferroni post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.
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Results

Free miR-124 levels in the blood of patients with AMI is signifi-
cantly higher compared with those in healthy individuals. The
peripheral blood of patients with AMI and of healthy controls
was collected. When extracting miRNA, the ethanol concen-
tration in the cleaning buffer was increased to 80% to increase
the final miRNA concentration. As presented in Fig. 1, the
expression level of miR-124 in the samples of the patients
with AMI was significantly higher compared with that in the
healthy control group.

Overexpression of miR-124 can promote the apoptosis of
HUVECs and suppress their proliferation ability. Subsequently,
the effects of miR-124 on the proliferation and apoptosis in
HUVECs were evaluated. First, RT-qPCR was performed on
samples from HUVECs that were transfected with miR-124
overexpression plasmid or empty pcDNA3.1 plasmid. The exper-
imental results indicated that the expression of miR-124 in the
group transfected with the overexpression plasmid was signifi-
cantly higher compared with that in the NC group (Fig. 2A),
suggesting that miR-124 was successfully overexpressed in
HUVECs. The proliferation ability of miR-124-overexpressing
HUVECs was also significantly lower compared with that in
the NC group after 5 days (Fig. 2B). TUNEL assay was subse-
quently used to detect the effect of miR-124 overexpression on
the apoptotic ability of HUVECs. In terms of apoptosis, the
number of TUNEL-positive cells in the miR-124 overexpression
group was significantly higher compared with that in the empty
pcDNA3.1 group (Fig. 2C), suggesting that overexpression of
miR-124 may promote apoptosis in HUVECs. In addition, flow
cytometry was also performed to measure the apoptosis, where
miR-124 overexpression significantly promoted cell apoptosis
compared with that in the NC group (Fig. 2D).

Overexpression of miR-124 can significantly change the
gene expression profile of HUVECs. To investigate the
expression characteristics of genes related to miR-124, RNA
sequencing was performed on the NC and the miR-124
overexpression groups. Principal component analysis was
then performed to determine the effect of miR-124 overex-
pression in HUVEC cells. The results indicated that the two
methods of transfections, miR-124 overexpression and NC,
formed a distinct cluster, in which the expression patterns of
the two groups were different (Fig. 3A). The heatmap was
generated using Pearson's correlation analysis, where differ-
ential gene expression was calculated between samples. The
results demonstrated that similarity within miR-124-over-
expressing groups is higher than the similarity between
miR-124-overexpressing group and empty pcDNA3.1 group
which means that they have distinct expression patterns
(Fig. 3B). The present results indicated that the overexpres-
sion of miR-124 can significantly alter the gene expression
profile of HUVEC.

Screening of differentially expressed genes and their
chromosomal location analysis. When using the Sleuth
package to calculate differentially expressed genes, q val<0.1
and abs(log,FC)>0 were used as the screening conditions.
The results revealed a total of 238 differential genes, of which
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Figure 1. Expression level of miR-124 in blood samples of patients and healthy
individuals as detected by reverse transcription-quantitative PCR. miR-124
levels were significantly higher in patients with acute myocardial infarction
compared with those in the healthy individuals. "P<0.01 (unpaired t-test).
miR, microRNA.

103 genes were downregulated and 135 genes were upregulated
in the miR-124-overexpressing cells (Fig. 4A). In addition, cluster
analysis was performed on these differentially expressed genes.
As shown in Fig. 4B, the differentially expressed genes presented
significantly different expression patterns in the miR-124-over-
expressing and NC groups. For example, the most downregulated
genes were SLC48A1, ALPP and PPL. The most upregulated
genes were IL1A, HMGA?2 and SPOCK1. Chromosomal location
analysis using the RIdeogram package was used to determine
the chromosomal localization of the differentially expressed
genes (Fig. 4C). The differentially expressed genes were found
to be scattered on all chromosomes except the Y chromosome.
Among them, chromosome 1 contained the highest distribution
of genes with 29 (accounting for 12.2%), followed by 22% on
chromosome 12 and 16% on chromosome 19. There were no
differentially expressed genes on chromosome Y, which could
mean that miR-124 overexpression did not mediate any effects
on gene expression on the Y chromosome.

Enrichment analysis and CMAP analysis of differentially
expressed genes. Small-molecule drugs causing gene
expression changes in human cells similar to miR-124 over-
expression were researched using the CM AP database, where
total of 90 small-molecule drugs with statistically significant
similarity were found (Fig. 5SA). This analysis was performed
to screen for drug candidates that could block miR-124 from
causing vascular endothelial cell damage. Among the three
drugs with enrichment scores >0.9, anisomycin and sanguin-
arine are reported to be agonists of the p38/MAPK signaling
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Figure 2. Effect of miR-124 overexpression on human umbilical vein endothelial cell proliferation and apoptosis. (A) Expression of miR-124 in human umbil-
ical vein endothelial cells overexpressing miR-124 or an NC (pcDNA3.1 vector) as detected by reverse transcription-quantitative PCR "P<0.05 (paired t-test).
(B) Effect of miR-124 overexpression on cell proliferation. “““P<0.0001 (paired t-test) vs. NC(pcDNA3.1 vector) on day 5. (C) Effect of miR-124 overexpres-
sion on cell apoptosis by TUNEL assay. “P<0.05 (paired t-test). (D) Effect of miR-124 overexpression on cell apoptosis by flow cytometry analysis. ““P<0.05

(paired t-test). NC, negative control; miR, microRNA.

pathway and could inhibit angiogenesis, an unfavorable
factor for the recurrence of myocardial infarction (26). This
suggested that the results of CM AP were relatively accurate.
The present analysis also suggested that the three drugs
with the lowest enrichment score, CP-645525-01, rifabutin
and quinostatin, had the potential to promote angiogenesis
and to reduce the risk of myocardial infarction recurrence
(Fig. 5A). GSEA was performed to further investigate the
inhibitory effect of miR-124 on angiogenesis. As presented
in Fig. 5B, 17 pathways (qvalue <0.05) were obtained, which
were associated with the decrease of HUVEC proliferation
after miR-124 overexpression. Among them, the pathway that
included the most related genes was the PI3K-AKT signaling
pathway. The peak in the GSEA results of the PI3K-AKT
signaling pathway shifted left, with NES=1.78, suggesting

that most of the genes in the PI3K-AKT signaling pathway
were downregulated. Meanwhile, the upregulated genes were
mainly enriched in various metabolism-related signaling
pathways, including the metabolism of xenobiotics via the
cytochrome P450 pathway.

miR-124 can influence the p38/MAPK and PISK/AKT
pathways. RT-qPCR and western blotting assays were
performed to explore the expression change of key compo-
nents of the p38/MAPK and PI3K/AKT pathways caused by
miR-124 overexpression in HUVECs. As presented in Fig. 6,
PI3K, AKT and p38 expression levels significantly decreased
on both mRNA and protein levels compared with that in
the NC group. The present results suggest that miR-124 can
influence the p38/MAPK and PI3K/AKT pathways.
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Discussion

In the present study, the effects of miR-124 overexpression
on gene expression in HUVECs were explored. Previous
studies on the role of miR-124 suggest that it can regulate
cardiomyocyte apoptosis and myocardial infarction (27).
Furthermore, it was shown that peripheral blood miR-124
can be used to predict AMI (28). In AMI, the regenera-
tive capacity of blood vessels is an important indicator for
evaluating myocardial recovery (29,30). Previous studies
found miR-124 to be mainly expressed in the human brain,
suggesting that its functions are considered to be related
to neural differentiation (31,32). A previous study demon-
strated that miR-124 could target the nuclear receptor
subfamily 3 group C member 2 gene and regulate the
renin-angiotensin-aldosterone system, which is mainly asso-
ciated with the regulation of blood pressure (33). In addition,
it was demonstrated that miR-124 expression is associated
with impaired cardiac function (27). For this reason, clinical
samples were obtained to detect the expression of miR-124
in patients with AMI in the present study, which revealed
that miR-124 expression in patients with AMI was signifi-
cantly higher compared with that in the healthy control
group. Therefore, the present results strongly indicated that
miR-124 function is related to AMI pathophysiology.

The present study also found that miR-124 overexpression
markedly altered gene expression in HUVECs. Compared
with those in the NC group, there were =238 differentially
expressed genes; which were relatively enriched in the
PI3K/AKT signaling pathway. AKT serves an important
role in regulating postnatal cardiac development, myocardial
angiogenesis and cell death in cardiac myocytes (34). In a
clinical setting, PI3K/AKT signaling activators are frequently
used as therapeutic options for clinical improvement of cardiac
related diseases (35). By contrast, an increasing number of
biological macromolecules, such as 17 beta-estradiol (36) and

TO901317 (37), have been found to activate the PI3K/AKT
signaling pathway. It was previously reported that high
mobility group box protein 1 could protect the heart from isch-
emia-reperfusion injury by the PI3K/AKT pathway-mediated
upregulation of VEGF expression (38). There are a number
of other similar reports in which there is a close correlation
between the expression of PI3K/AKT and the heart-related
disease (39-42).

The restoration of myocardial blood supply is an impor-
tant therapeutic strategy for AMI recovery (39). Therefore,
the extent of angiogenesis mediated by vascular endothelial
cells has become an important indicator for evaluating the
prognosis of AMI (43). The PI3K/AKT signaling pathway is
an important anti-apoptotic signaling pathway, for example,
in colorectal, gastric and breast cancer as well as others (44).
Blocking the PI3K/AKT/mTOR signaling pathway can not
only induce cell cycle arrest, apoptosis and autophagy, but
can also inhibit prostate tumor cell angiogenesis (45). In this
regard, a number of organic and biological agents have been
reported to regulate angiogenesis through the expression
of genes in this signaling pathway. Celastrol can inhibit the
angiogenic ability of glioma by inhibiting the expression and
activation of hypoxia inducible factor-la, PI3K, AKT and
mTOR, thereby inhibiting angiogenesis (46). Additionally,
miR-9 can regulate the PI3K/AKT signaling pathway by
targeting the transient receptor potential cation channel
subfamily M member 7 gene to promote the angiogenesis of
endothelial progenitor cells (47). miR-221 can also regulate
the function of endothelial cells, including HUVECsS, through
the PI3K/AKT signaling pathway (48). Overexpression of
miR-221 can significantly improve the angiogenic ability of
HUVEGCs, whilst the inhibition of miR-221 directly increased
the apoptosis rate of HUVECs (48). Low-level laser therapy
has also been shown to increase the phosphorylation levels of
PI3K, AKT and mTOR proteins, where weakening or blocking
the PI3K signaling pathway could significantly reduce the
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Figure 4. Analysis of differentially expressed genes (A) Volcano plot of the differentially expressed genes in human umbilical vein endothelial cells overex-
pressing miR-124 or a NC based on their expression fold change [thresholds, q val<0.1 and abs(log2FC)>0]. (B) Heatmap and hierarchical clustering analysis
of the differentially expressed genes. In samples that were not classified in advance, hierarchical cluster analysis revealed a different hierarchical clustering
algorithm. (C) Distribution of differentially expressed genes associated with miR-124 overexpression on each chromosome. Chromosome distribution indi-
cated that upregulated and downregulated mRNAs were spread on different chromosomal locations. Brown represents upregulated genes in microRNA
124-overexpression samples. Blue represents downregulated genes in microRNA 124-overexpression samples. R_H-124-A, R_H-124-B, R_H-124-C repre-
sent microRNA 124-overexpression samples; R_H-CN-A, R_H-CN-B, R_H-CN-C represent negative control samples R represents the use of R language for
data analysis, H represents HUVEC cells, and A, B and C represent three different repeated samples. CN, negative control.

proliferation, migration and angiogenesis of HUVECs (49). In
the present study, similar functions of miR-124 on PI3K/AKT
pathways were identified in HUVECs. Therefore, in future
studies, the role of the miR-124/PI3K/AKT axis in HUVEC
angiogenesis warrants further study.

Although the present study provided evidence for the
association between high miR-124 levels in peripheral blood
and the occurrence of AMI, the potential mechanism in which
miR-124 can regulate the PI3K/AKT signaling pathway and
affect the proliferation of vascular endothelial cells remain
unclear. Therefore, present results need to be interpreted with
caution.

The current study constructed a connectivity map database
between small molecules and pathways, and analyzed the
topological properties of this map. Anisomycin and sanguina-
rine had the highest positive scores, meaning that Anisomycin

and sanguinarine may suppress angiogenesis by inhibiting
the PI3K/AKT signaling pathway, which was consistent
with the results of previous reports indicating that they may
be inhibitors of p38 MAPK activation (26,50). Additionally,
rifabutin and quinostatin had the lowest scores, indicating that
quinostatin is an inhibitor of the PI3K (51), while rifabutin
is a wide spectrum antibiotic that is particularly effective on
atypical and rifampicin-resistant mycobacteria (52). However,
their potential roles in promoting angiogenesis and reducing
the risk of myocardial infarction recurrence requires further
study.

In addition, the present study has some limitations. A
small cohort of patients was included, rendering the power
of confidence insufficient. In future studies, the size of the
cohort will need to be expanded. The present study also did
not consider the blood pressure, a setting of diabetes, drug
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Figure 5. Drugs sensitivity analysis and GSEA enrichment. (A) Connectivity map analysis suggested that metformin generated a gene expression pattern
concordant with HSF1 inactivation. Perturbagens inducing and reversing the biological state encoded in the query signature were assigned negative enrich-
ment scores, respectively. The vertical line represents enrichment scores analysed by the cmap database (53). (B) Results of the GSEA reporting the most
significant Kyoto Encyclopedia of Genes and Genomes pathways. (threshold values, NES >1, NES <-1 and FDR <0.05). GSEA, Gene Set Enrichment Analysis.

NES, normalized enrichment score; FDR, false discovery rate.
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Figure 6. Effects of miR-124 overexpression on the expression of p38, PI3K and AKT in human umbilical vein endothelial cells. (A) The mRNA levels of p38,
PI3K and AKT after miR-124 overexpression was measured by reverse transcription-quantitative PCR. “P<0.01 and “*P<0.001 (paired t-test). (B) The protein
expression levels of p38, PI3K and AKT after miR-124 overexpression was measured by western blotting. miR, microRNA; NC, negative control.

history or a history of other related diseases. Therefore, it is
not possible to completely rule out that the observed differen-
tial expression of miR-124 in the blood samples was caused by
the confounding factors aforementioned. Therefore, in future

studies, stratified analysis will be conducted based on these
potential confounding factors to determine the role of the
miR-124/PI3K/AKT signaling pathway axis in angiogenesis to
improve the recovery of patients with AMI.
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