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Abstract. 5-lipoxygenase-activating protein (FLAP), encoded 
by the arachidonate 5-lipoxygenase-activating protein 
(ALOX5AP) gene, can adjust the biogenesis of proinflamma-
tory leukotrienes to increase the adhesion and permeability 
of the vascular internal wall. Moreover, it participates in 
the process of atherosclerosis and is closely associated with 
ischemic stroke (IS). Accumulating evidence has shown that 
the expression levels of the ALOX5AP gene are upregulated 
in patients with IS. However, the mechanism of ALOX5AP 
action in IS remain elusive. The present study hypothesized 
that epigenetic regulation, including DNA methylation and 
microRNA (miR/miRNA) regulation, affects the expression 
levels of the ALOX5AP gene. Therefore, 200 patients with a 
first diagnosis of acute IS and 200 healthy control subjects 
were enrolled in the present study. Initially, the mRNA expres-
sion levels of the ALOX5AP gene were examined by reverse 
transcription-quantitative PCR. It was found that the mRNA 
levels of ALOX5AP gene in the IS group were significantly 
higher compared with controls (P<0.05). Subsequently, the 
methylation status of 17 CpG sites located in the promoter 
region of ALOX5AP was assessed by MethyTarget sequencing. 

However, the levels of methylation exhibited no significant 
differences between IS and control groups (P>0.05). Moreover, 
the expression levels of miR-335 and miR-495 were examined 
as two potential miRNAs targeting the ALOX5AP gene. The 
expression levels of miR-335 and miR-495 in the IS group were 
significantly lower compared with the control group (P<0.05). 
Finally, the luciferase assay results indicated that the luciferase 
activity of the experimental group following co-transfection 
of miRNA mimic and wild-type reporter gene plasmid was 
significantly lower compared with the other experimental 
groups (P<0.05), suggesting that miR-335 and miR-495 could 
specifically bind to the 3'-untranslated region of the ALOX5AP 
gene, thereby downregulating its expression. The present study 
provided preliminary evidence demonstrating that epigenetic 
regulation affects the expression of the ALOX5AP gene in 
patients with IS.

Introduction

Ischemic stroke (IS) is a neurological disease caused by stenosis 
or obstruction of the cerebral artery. The main clinical mani-
festations of this condition are ischemia, anoxia or necrosis in 
the cerebral tissue of the perfused area (1). The acute phase of 
IS is characterized by a high degree of immune-inflammatory 
activation that is accompanied by increased plasma levels of 
cytokines, adhesion molecules and selectins (2). The immune 
response to acute IS is a major pathophysiological factor that 
is locally initiated in occluded and hypoperfused vessels and 
proceeds in the ischemic brain parenchyma (3). Moreover, a 
higher frequency of proinflammatory genes in subjects with 
IS may explain the immune-inflammatory activation of the 
acute phase of stroke (4). 5-lipoxygenase activating protein/ 
5-lipoxygenase (FLAP/5-LO) is a key inflammatory mediator 
of the metabolic pathway, playing an important role in the 
biogenesis of leukotriene (LT) (5-7). FLAP, encoded by the 
arachidonate 5-lipoxygenase-activating protein (ALOX5AP) 
gene, can adjust the biogenesis of LT, activating neutrophils 
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and monocytes to increase the adhesion and permeability of 
the internal vascular wall, contributing to atherosclerosis (8).

Ström et al (9) reported that knockout of the ALOX5AP 
gene in mice was associated with decreased LT production and 
amelioration of stroke damage. Xu et al (10) identified the corre-
lation between ALOX5AP overexpression and the development 
of hypertensive stroke in rats. Domingues-Montanari et al (11) 
previously reported that the mRNA expression levels of 
ALOX5AP in IS cases were significantly higher compared 
with in control subjects. However, the specific regulation that 
led to these higher expression levels of ALOX5AP in IS cases 
was not clearly detailed.

DNA methylation and microRNA (miR/miRNA) regula-
tion are two important forms of epigenetic regulation (12,13). 
DNA methylation mainly takes place at the cytosine base of a 
CpG dinucleotide in differentiated mammalian cells. Higher 
DNA methylation levels of the gene promoter region typically 
result in transcriptional silencing (14). In addition, miRNAs 
can either prevent the translation or promote the degradation 
of mRNA by binding to its 3'-untranslated region (3'-UTR). 
Accumulating evidence has revealed that miRNAs may act 
as essential mediators of posttranscriptional gene silencing 
during the development of IS (15). However, it is not clear 
whether some specific miRNAs affect the expression of the 
ALOX5AP gene in the peripheral blood of patients with IS. 
Consequently, miRanda (http://www.microrna.org/microrna/
home.do) was used to predict miRNAs targeting the ALOX5AP 
gene in the current study, and two potential miRNAs, miR-335 
and mir-495 were identified, which may mediate the develop-
ment of IS by the involvement of inflammatory responses in 
the arterial wall.

Therefore, in the present study, the effects of the epigenetic 
mechanisms such as DNA methylation and miRNA regulation, 
on the expression levels of the ALOX5AP gene in peripheral 
blood samples of patients with IS were investigated. Initially, 
higher expression levels of the ALOX5AP gene in patients with 
IS were identified by reverse transcription-quantitative PCR 
(RT-qPCR). Subsequently, the effects of DNA methylation 
on the expression of the ALOX5AP gene were investigated in 
peripheral blood samples of patients with IS. Finally, in vitro 
luciferase assays were performed to estimate the effects of 
miR-335 and miR-495 on ALOX5AP gene expression.

Materials and methods

Study populations. The study protocols were approved by 
the Ethics Committee on Human Research of Zhengzhou 
University (affiliated to both hospitals in the present study) 
and written informed consent was obtained from each 
participant. A total of 150 IS patients were recruited at the 
Department of Neurology in the First Affiliated Hospital 
of Henan University of Chinese Medicine and at the First 
People Hospital of Zhengzhou (Zhengzhou, China) from 
March 2017 to March 2018 (95 males and 55 females; mean 
age, 60.76±12.83 years). These subjects were included in the 
initial study. A total of 50 patients with IS (30 males and 
20 females; mean age, 62.42±13.04 years) were recruited from 
April 2017 to July 2018 in the second cohort. IS was diagnosed 
by the diagnostic criteria of IS revised in the 4th session of 
the National Conference on Cerebrovascular Disease (16). 

Brain imaging was performed by computed tomography and/
or magnetic resonance imaging. Ancillary diagnostic inves-
tigations and standardized blood tests were also performed. 
Patients with cerebral hemorrhage, atrial fibrillation, 
hyperthyroidism, cardio embolic stroke, venous thrombosis, 
peripheral vascular diseases, liver disorders or kidney diseases 
were excluded from the study. All patients were initial stroke 
cases. Fasting blood samples from the patients were collected 
within 24 h following stroke symptom onset.

The control groups consisted of 150 (population 1: 80 males 
and 70 females; mean age, 60.83±13.44 years) and 50 (popula-
tion 2: 28 males and 22 females; mean age, 58.00±13.41 years) 
subjects selected from the same demographic area. These 
subjects were well matched with the patients according to 
age and sex. Individuals who had cancer, cerebrovascular, 
cardiovascular, hepatic and renal diseases were excluded. All 
participants were from the Henan Han population.

Detection of ALOX5AP expression levels. Total RNA was 
extracted from peripheral blood using the RNA Prep Pure 
Blood kit (Tiangen Biotech Co., Ltd.) according to the manu-
facturer's recommendations and quantified using NanoDrop™ 
2000 (Thermo Fisher Scientific, Inc.). Total RNA (300 ng for 
each participant) was reverse transcribed into cDNA using the 
Fast King RT kit (Tiangen Biotech Co., Ltd.) according to the 
manufacturer's recommendations. RT-qPCR amplification was 
performed with the SYBR Green PCR Master Mix kit (Takara 
Bio, Inc.). The following primer pairs were used for the qPCR: 
ALOX5AP forward, 5'-CCTGAAGCAAACATGGATCA-3', 
and reverse, 5'-GCTCCACTTTATGGGCAAAG-3' and 
β-actin forward, 5'-TGGCACCCAGCACAATGAA-3' and 
reverse, 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3'. The 
reaction was performed on the 7500 Fast Real-time PCR 
system (Thermo Fisher Scientific, Inc.) with the following 
program: Initial denaturation at 95˚C for 30 sec; 40 cycles of 
95˚C for 3 sec, 60˚C for 30 sec and 95˚C for 15 sec; and disso-
lution curve at 60˚C for 30 sec and at 95˚C for 15 sec. β-actin 
was used as the internal reference gene. Relative expression 
levels were calculated using the 2-∆∆Cq method (17).

Detection of miR-335 and miR-495 expression levels. miRNAs 
in peripheral blood plasma were extracted using the miRcute 
Serum/Plasma miRNA Isolation kit (Tiangen Biotech Co., 
Ltd.) according to the manufacturer's instructions. A total 
of 10 fmol external control (Tiangen Biotech Co., Ltd.) was 
added into 200 µl plasma prior to extraction of plasma 
miRNAs. Subsequently, miRNAs were reverse transcribed 
into cDNA using the miRcute Plus miRNA First-Strand 
cDNA Synthesis kit (Tiangen Biotech Co., Ltd.) according 
to the manufacturer's instructions. miRanda (http://www.
microrna.org/microrna/home.do) was used to predict miRNAs 
targeting the ALOX5AP gene. The primers of the miRNAs 
were designed and synthesized by Tiangen Biotech Co., 
Ltd. And the sequences were as follows: miR-335 (Forward: 
5'-ACACTCCAGCTGGGTCAAGAGCAATAACGAAA-3', 
Reverse: 5'-CTCAACTGGTGTCGTGGA-3'); miR-495 
(Forward: 5'-GCGAAACAAACATGGTGC-3', Reverse: 
5'-GCAGGGTCCGAGGTATTC-3'); the synthetic C. Elegans 
oligonucleotide, cel-miR-39 was used as external control 
(5'-UCACCGGGUGUAAAUCAGCUUG-3').
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RT-qPCR amplification was performed using the miRcute 
Plus miRNA qPCR Detection kit (Tiangen Biotech Co., Ltd.). 
The PCR reaction was performed using the 7500 Fast Real-
time PCR System (Thermo Fisher Scientific, Inc.) with the 
following program: Initial denaturation at 95˚C for 15 min, 
followed by five cycles of 94˚C for 20 sec, 65˚C for 30 sec 
and 72˚C for 34 sec without collecting fluorescent signals and 
40 cycles of 94˚C for 20 sec and 60˚C for 34 sec during which 
fluorescent signals were collected. The dissolution curve was 
drawn at 60˚C for 30 sec and at 95˚C for 15 sec. The relative 
expression levels were calculated using the 2-∆∆Cq method.

Prediction of miRNA that targets ALOX5AP. The miRanda 
(http://www.microrna.org/microrna/home.do) database was 
used to predict the miRNA that targets ALOX5AP. To evaluate 
binding stability and conservation, the potential miRNAs that 
may bind to ALOX5AP were selected based on the mirSVR 
and PhastCons scores assigned by the computational target 
prediction algorithm using MiRanda software. mirSVR repre-
sented the thermodynamic score (≤-0.1). The lower the score, 
the stronger the miRNA-mRNA binding stability. Phastcons 
represented the conservative score. The higher the score, the 
greater the miRNA-mRNA binding possibility. Based on these 
two scores, the miRNAs most likely to target ALOX5AP were 
selected.

DNA methylation. DNA methylation analyses were performed 
on 17 CpG sites located in the promoter of the ALOX5AP gene. 
Genomic DNA from peripheral blood samples was extracted 
using the TIANamp Blood DNA kit (Tiangen Biotech Co., 
Ltd.) according to the manufacturer's instructions and quan-
tified with NanoDrop 2000 (Thermo Fisher Scientific, Inc.). 
Bisulfite conversion of DNA was manipulated with the EZ 
DNA Methylation-Gold kit (Zymo Research Corp.) according 
to the manufacturer's recommendations. Subsequently, 
RT-qPCR was performed in a 20-µl amplification reaction 
system including 2 µl DNA sample, 1X reaction buffer (Takara 
Bio, Inc.), 2 mM Mg2+, 0.2 mM dNTP, 0.1 µM of each primer 
and 1 unit of HotStarTaq polymerase (Takara Bio, Inc.). The 
cycling program was as follows: 95˚C for 2 min; 11 cycles of 
94˚C for 20 sec, 63-0.5˚C per cycle for 40 sec, 72˚C for 1 min 
and 24 cycles of 94˚C for 20 sec, 65˚C for 30 sec, 72˚C for 
1 min; 72˚C for 2 min. Subsequently, the samples were mixed 
with a specific tag sequence. A total of 20 µl mixture was 
prepared for each reaction including 1X reaction buffer (Q5; 
New England BioLabs, Inc.), 0.3 mM dNTP, 0.25 µM forward 
primer, 0.25 µM index primer, 1 unit of Q5TM DNA poly-
merase (New England BioLabs, Inc.) and 1 µl diluted template. 
The following temperature conditions were used: 98˚C for 
30 sec; 11 cycles of 98˚C for 10 sec, 65˚C for 30 sec, 72˚C for 
30 sec and 72˚C for 5 min. Subsequently, the samples were 
loaded onto the Illumina NextSeq 500 (Illumina, Inc.) in order 
to analyze the results. Sequencing was run using the 2x300 bp 
paired-end mode, with an average target area sequencing 
depth of >200X in all samples. The quality-control analysis 
of sequence reads was performed using FastQC software 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 
Illumina sequence files were converted into FASTQ format. 
All reads and the reference sequences of the target region were 
compared by NCBI Blast (https://blast.ncbi.nlm.nih.gov/Blast.

cgi). Reads that covered 90% of the target sequence or 90% 
bases that could completely cover the target region were clas-
sified as effective reads.

Methylation and Haplotype analysis. CpG islands were 
detected using CpGplot software (http://emboss.bioinfor-
matics.nl/cgi-bin/emboss/cpgplot). The CpG island with the 
most CpG sites was selected from the ALOX5AP gene promoter 
region for subsequent DNA methylation sequencing. The 
CpG8 site in the promoter region of the ALOX5AP gene, also 
known as the rs4073259 site, is considered to be a CpG-SNP. 
This was genotyped, and the methylation levels of individuals 
with different genotypes at this site were compared at different 
CpG sites.

Dual luciferase assay. The wild-type (WT) or mutant 
3'-UTRs of ALOX5AP containing the predicted miR-
335-5p or miR-495-3p binding sites were synthesized and 
cloned into the pmirGLO vectors according to the manu-
facturer's instructions (Genepharm, Inc.). miR-335 mimics 
(5'-UCAAGAGCAAUAACGAAAAAUGUAUUUUU 
CGUUAUUGCUCUUGAUU-3';  20 µM), miR-335 
inhibitor (5'-ACAUUUUUCGUUAUUGCUCUUGA-3'; 
20 µM),  miR- 495 mimics (5'-AAACAAACAUG 
G U G C A C U U C U U G A A G U G C A C C A U G U U 
U G U U U U U -3 ' ;  2 0  µM ),  m i R- 49 5  i n h i b i t o r 
(5 ' - A A G A A G U G C A C C A U G U U U G U U U - 3 ' ; 
20 µM), negative control (NC) mimics (forward, 
5'-UUCUCCGAACGUGUCACGUTT-3' and reverse, 
5'-ACGUGACACGUUCGGAGAATT-3'; 20 µM) and inhibitor 
control (5'-CAGUACUUUUGUGUAGUACAA-3'; 20 µM) 
were also synthesized (Genepharm, Inc.). Luciferase reporter 
assays were performed using 293T cells purchased from 
ATCC, which were cultured in DMEM (Invitrogen; Thermo 
Fisher Scientific, Inc.) supplemented with 10% FBS (Hyclone; 
Cytiva) at 37˚C in a humidified incubator containing 5% CO2. 
293T cells were plated at a density of 2x105 cells/well in a 
24-well plate and co-transfected with plasmid (4 µl, 1 µg/µl) 
and miRNA mimics (3 µl, 20 nM), mimic negative control 
(3 µl, 20 nM), inhibitor (3 µl, 20 nM) and inhibitor control (3 µl, 
20 nM). The transfection was performed using 2 µl simplefect 
transfection reagent (Polyplus; PolyPlus-transfection, Inc 
according to the manufacturer's recommendations and the 
cells were cultured for 48 h. To confirm whether ALOX5AP 
was the direct target of miR-335 and miR-495, the 3'-UTR 
of ALOX5AP was synthesized and cloned into the luciferase 
reporter plasmid to construct dual luciferase reporter gene 
plasmids including the miR-ALOX5AP 3'-UTR-wildtype 
and miR-ALOX5AP 3'-UTR mutant. The dual luciferase 
reporter gene plasmids were co-transfected into 293T cells 
with miR-335 or miR-335 NC or miR-495 or miR-495 NC, 
with a blank group being transfected with the dual luciferase 
reporter gene plasmids alone. Luciferase activity was assayed 
using the Dual-Luciferase Reporter Assay system (Promega 
Corporation). Firefly luciferase expression levels were adjusted 
with reference to Renilla luciferase activity. Three independent 
experiments were performed for each reporter.

Cell transfection. miRNA mimics, mimic NC, inhibitor and 
inhibitor control were obtained from GenePharma, Inc. For 
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the different transfection groups, 293T cells were seeded into 
a 6-well plate at a density of 5x105 cells/well. After culture for 
24 h, cells were first transfected with 5 µl miRNA mimics, 
inhibitor or corresponding mimics NC or inhibitor NC at 
room temperature. The transfection was performed using 
the RiboFECT CP transfection reagent (Guangzhou RiboBio 
Co., Ltd.) according to the manufacturer's protocol. At 48 h 
post-transfection, the cells were harvested for subsequent 
experiments. The overexpression/knockdown efficiency was 
determined by RT-qPCR.

Statistical analysis. All statistical analyses were performed 
using SPSS 21.0 (IBM Corp.). Quantitative variables were 
expressed as the mean ± SD and analyzed using Student's 
t-test. Pearson's χ2 test was used to assess the differences 
between qualitative variables. Statistical analyses of the 
methylation levels and mRNA expression levels among 
different genotypes were performed using one-way ANOVA 
with Bonferroni's correction. The correlation between 
ALOX5AP mRNA expression level and methylation level 
was calculated using Pearson's correlation analysis. Unpaired 
Student's T-test and the Mann-Whitney U test were used 
for haplotype analysis of CpG loci of the ALOX5AP gene 

promoter region between ischemic stroke cases and controls. 
P<0.05 was considered to indicate a statistically significant 
difference. Study power of sample sizes was evaluated using 
PASS 15.0 software (NCSS, LLC), with the results showing 
a power >70%.

Results

Clinical characteristics of subjects. The clinical characteris-
tics of the study populations are shown in Table Ⅰ. The levels 
of total cholesterol and homocysteine in IS cases were signifi-
cantly higher compared with in controls (P<0.05). IS cases 
exhibited higher percentage of diabetes and hypertension in 
the two populations (P<0.05).

mRNA expression levels of ALOX5AP in IS cases and controls. 
The results of mRNA expression levels of ALOX5AP are 
shown in Fig. 1. The mRNA expression levels of ALOX5AP 
in the IS cases (1.49±1.21) were significantly higher compared 
with in controls (1.13±0.53; (P<0.05). The mRNA expression 
levels of IS cases (males, 1.48±1.29; females, 1.51±1.08) were 
significantly higher compared with in the control subjects 
(males, 1.14±0.55; females, 1.11±0.52; P<0.05).

Figure 1. mRNA expression levels of the ALOX5AP gene. (A) mRNA expression levels of the ALOX5AP gene between the IS and control groups. (B) mRNA 
expression levels of the ALOX5AP gene between the IS and control groups in different sexes. *P<0.05. IS, ischemic stroke; ALOX5AP; arachidonate 
5-lipoxygenase-activating protein.

Table I. Characteristics of two study populations.

 Population 1 Population 2
 ------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------
Characteristics IS cases (n=150) Controls (n=150) P-value IS cases (n=50) Controls (n=50) P-value

Sex (male/female) 95/55 80/70 0.079 30/20 28/22 0.685
Age (mean ± SD, years) 60.76±12.83 60.83±13.44 0.961 62.42±13.04 58.80±13.66 0.178
Total cholesterol (mmol/l) 4.81±0.78 4.52±1.10 0.007a 4.78±0.84 4.36±1.04 0.030a

Total triglyceride (mmol/l) 1.66±0.77 1.49±0.77 0.057 1.60±0.83 1.58±1.01 0.902
Homocysteine (µmol/l) 17.95±8.80 14.71±4.02 <0.001a 19.05±7.88 15.59±7.34 0.025a

Diabetes (n, %) 30 (20.0%) 13 (8.6%) 0.005a 27 (54.0%) 11 (22.0%) 0.001a

Hypertension (n, %) 79 (52.7%) 21 (14.0%) <0.001a 39 (78.0%) 26 (52.0%) 0.006a

aP<0.05. IS, ischemic stroke; SD, standard deviation.
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Bioinformatics screening of CpG island region of 
ALOX5AP. The methylation status of the 17 CpG sites 
located in the promoter region of ALOX5AP was assessed. 
The sequence of the CpG Island is shown in Fig. 2A, with 
the CpG8 site being a CpG-single nucleotide polymorphism 
(SNP) site.

Comparison of methylation levels between IS cases and 
control subjects. The levels of DNA methylation of the 
ALOX5AP gene are shown in Fig. 2B. The results indicated 
that hypermethylation levels were noted in both IS cases and 
control subjects. No significant differences were noted in 
IS cases and control subjects with regard to the mean DNA 
methylation levels in the ALOX5AP promoter region (controls, 
93.62±1.94; IS, 93.19±1.97). The mean methylation level 
between males and females demonstrated no significant differ-
ence (Fig. S1). A Pearson correlation analysis of the mRNA 
expression of ALOX5AP and the methylation level of 150 
patients with IS was performed. The results revealed that the 
methylation levels of the ALOX5AP promoter were inversely 

correlated with ALOX5AP expression in IS patients (r=-0.175; 
P=0.032; Fig. S1).

Figure 2. Epigenetic regulation of the ALOX5AP gene. (A) The base sequence of one CpG island of the ALOX5AP gene promoter. (B) DNA methylation cluster 
analysis map in the IS and control groups. (C) DNA methylation levels at 17 CpG loci of the ALOX5AP promoter region in IS cases and controls. *P<0.05. IS, 
ischemic stroke; ALOX5AP; arachidonate 5-lipoxygenase-activating protein.

Figure 3. Prediction of miRs targeting the ALOX5AP gene. miR, microRNA; ALOX5AP; arachidonate 5-lipoxygenase-activating protein.

Table II. Haplotype analysis of CpG loci of the ALOX5AP gene 
promoter region between ischemic stroke cases and controls.

   P-value P-value
No. Target Haplotype (t-test) (U test)

1 ALOX5AP ccccctctccccccccc 0.041458a 0.01790895a

2 ALOX5AP ccccccccccccccccc  0.05102 0.03765977a

3 ALOX5AP  ccccccctcctcccccc  0.0160988a  0.03038263a

4 ALOX5AP  ccccccctcccccctcc 0.062201 0.02451332a

5 ALOX5AP ccccccccccctccccc 0.0182789a 0.05970357
6 ALOX5AP ctccccctccccccccc 0.04632a 0.01672627a

7 ALOX5AP  tcccccctccccccccc 0.0035237a 0.0083393a

aP<0.05. ALOX5AP; arachidonate 5-lipoxygenase-activating protein.
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Comparison of methylation levels at 17 CpG loci between 
IS cases and control subjects. The DNA methylation levels 
of 17 CpG loci of the ALOX5AP gene were measured by 
MethyTarget sequencing (Fig. 2C). A total of 16 CpG loci 
were hypermethylated compared to those of the CpG8 
site. Differential DNA methylation was noted on the CpG8 
(controls, 42.70±32.56; IS, 37.00±33.67) and CpG12 (controls, 
95.37±0.93; IS, 95.62±0.71) sites between patients with IS and 
control subjects (P<0.05).

Methylation haplotype analysis of the CpG island region. 
Haplotype analysis was applied to determine whether the 

haplotypes of the CpG island were significantly different 
between IS cases and control subjects. As shown in Table Ⅱ, 
seven haplotypes were noted, which exhibited significantly 
higher frequency in the IS case group compared with the 
control subject group (P<0.05).

Post-transcriptional regulation of the ALOX5AP gene by 
miRNAs as predicted by bioinformatic analysis. miRanda 
(http://www.microrna.org/microrna/home.do), mirSVR 
scores and PhastCons scores were used to screen miR-335 
and miR-495 as two miRNAs that could potentially target 
ALOX5AP (Fig. 3).

Figure 4. Expression levels of miR-335 and miR-495 in the IS and control groups. Relative expression levels of (A) miR-335 and (B) miR-495 in the IS and 
control groups. *P<0.05. IS, ischemic stroke; miR, microRNA

Figure 5. miR-335 and miR-495 binds to the 3'-UTR region of the ALOX5AP gene. (A and B) Relative luciferase activity of cells co-transfected with miR-335 
mimic, miR-335 inhibitor and miR-335-ALOX5AP-WT-pmirGLO. (A) Relative luciferase activity in 293T co-transfected with miR-335 mimics/NC and 
wild-type/mutant-type ALOX5AP pmirGLO. (B) Relative luciferase activity in 293T co-transfected with miR-335 inhibitor/NC and wild-type/mutant-type 
ALOX5AP pmirGLO. (C) Relative luciferase activity in 293T co-transfected with miR-495 mimics/NC and wild-type/mutant-type ALOX5AP pmirGLO. 
(D) Results of the dual-luciferase assay in 293T cells co-transfected with miR-495 inhibitor and wild-type/mutant-type ALOX5AP pmirGLO. *P<0.05. miR, 
microRNA; WT, wild-type; MUT, mutant; NC, negative control.
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Comparison of the expression levels of miR-335 and miR-495 
in peripheral blood plasma. The expression levels of miR-335 
and miR-495 are shown in Fig. 4. The IS cases exhibited 
significantly lower expression levels of miR-335 (1.49±1.84 vs. 
2.32±2.28; P=0.047) and miR-495 (1.05±0.93 vs. 1.69±2.01; 
P=0.043) compared with control subjects .

miR-335 and miR-495 binds to the 3'-UTR region of the 
ALOX5AP gene. The results indicated that the relative lucif-
erase activity of 293T cells transfected with miR-335 mimics 
and miR-335-ALOX5AP-WT-pmirGLO was decreased in 
comparison with cells transfected with NC mimics and miR-
335-ALOX5AP-WT-pmirGLO (Fig. 5A), while there were 
no differences between miR-335 mimics and NC mimics 
transfected cells in the mutation group (Fig. 5B). Similarly, 
the relative luciferase activity of 293T cells transfected with 
miR-495 mimics and miR-495-ALOX5AP-WT-pmirGLO 
was decreased compared with the cells transfected with NC 
mimics and miR-495-ALOX5AP-WT-pmirGLO (Fig. 5C), 
while there were no differences between miR-495 mimics and 
NC mimics transfected cells in the mutation group (Fig. 5D).

Effects of miR-335 and miR-495 on ALOX5AP expression 
in 293T cells. 293T cells were first transfected with miR-335 
mimics, miR-495 mimics, miR-335 inhibitor, miR-495 
inhibitor, corresponding mimics NC or inhibitor NC. The 
overexpression/knockdown efficiency was determined by 
RT-qPCR. The results demonstrated that transfection of 
miR-335 mimics or miR-495 mimics led to a significant 
increase in the expression levels of miR-335 (2.423±0.466 
vs. 1.005±0.072; P=0.039) or miR-495 (1.893±0.164 vs. 
1.005±0.072; P=0.005), respectively, compared with controls. 
Meanwhile, transfection of miR-335 inhibitor (0.626±0.102 
vs. 1.005±0.072; P=0.038) or miR-495 inhibitor (0.715±0.048 
vs. 1.006±0.080; P=0.036) resulted in a significant decrease 
in miR-335 or miR-495 expression, respectively, compared 
with corresponding negative controls (Fig. 6). Compared with 
the control group, ALOX5AP expression in 293T cells was 

significantly reduced (miR-335, 0.612±0.100 vs. 1.004±0.059, 
P=0.028; miR495, 0.6208±0.111 vs. 1.004±0.059, P=0.038; 
Fig. 7).

Discussion

In the present study, a case-control study was designed to 
investigate the epigenetic regulation mechanisms, including 
DNA methylation and miRNA regulation, on the expression 
levels of the ALOX5AP gene in patients with IS. In 2005, 
Moore et al (18) detected the gene expression levels of mono-
cytes in peripheral blood samples of 20 patients with IS and 
20 control subjects using oligonucleotide microarray technolo-
gies. The results indicated significant changes in the expression 
levels of several genes in monocytes and the differences in 
gene expression levels were consistent with the central nervous 
system (CNS) response of IS subjects. In 2007, Sharp et al (19) 
confirmed that the expression levels of genes in white blood 
cells (WBCs) and monocytes in peripheral blood samples of 
patients with IS were altered. Baird (20) discovered that WBCs 

Figure 6. Effects of miR transfection on expression of miR-335 or miR-495 in 293T cells. (A) In 293T cells, miR-335 expression significantly increased by 
transfection with miR-335 mimics, but decreased by miR-335 inhibitor compared with corresponding negative controls. (B) In 293T cells, miR-495 expression 
was significantly increased by transfection with miR-495 mimics but decreased by miR-495 inhibitor compared with corresponding negative controls. *P<0.05 
and **P<0.01. miR, microRNA; NC, negative control.

Figure 7. Relative expression of ALOX5AP in 293T cells transfected with 
miR-335 mimics or miR-495 mimics. *P<0.05. miR, microRNA; ALOX5AP; 
arachidonate 5-lipoxygenase-activating protein.



BIE et al:  EPIGENETIC REGULATION OF THE ALOX5AP GENE IN PATIENTS WITH ISCHEMIC STROKE8

could migrate and infiltrate to the infarction and subsequently 
induce inflammatory response and specific changes in gene 
expression levels of patients with stroke. This study utilized 
peripheral blood samples of patients with stroke and provided 
information on the CNS microenvironment of the examined 
subjects (21). In the present study, RT-qPCR was used to 
detect the mRNA expression levels of the ALOX5AP gene in 
the peripheral blood of 150 patients with IS and 150 control 
subjects. The results indicated that the expression levels of 
the ALOX5AP gene in the IS group were significantly higher 
compared with in the control subjects. The mRNA expression 
levels of IS cases in different sexes were higher compared with 
the control subjects. In 2010, Domingues-Montanari et al (11) 
demonstrated a difference in the expression levels of the 
ALOX5AP gene between IS and the control groups (P=0.003), 
which was consistent with the present findings. The ALOX5AP 
gene product, FLAP, has been implicated in the regulation of 
LTs and is recognized as an important signaling molecule in a 
variety of inflammatory responses. It is also implicated in the 
progression of atherosclerosis. Increased FLAP activity leads 
to the accumulation of LTs on fatty deposits of the arterial 
wall (22). The subsequent breakdown of these deposits by the 
immune system may subsequently lead to the development of 
atherosclerosis and may confer an increased risk of stroke. 
Hence, the present study inferred that the increasing expres-
sion of the ALOX5AP gene increased FLAP production in 
patients with IS; FLAP combined with 5-LO upregulated the 
biosynthesis of LT to promote the occurrence of inflammatory 
reactions, participate in atherosclerosis and eventually lead to 
IS (23). However, the specific mechanism of the regulation of 
the ALOX5AP gene expression of IS patients remains unclear.

In order to investigate the differences in the expression 
levels of ALOX5AP in IS, MethyTarget sequencing was used 
to detect the methylation levels of the promoter region of 
150 patients with IS and of 150 healthy control subjects. The 
results indicated that the hypermethylation levels were present 
in both IS cases and control subjects. The overall methyla-
tion levels between the two groups did not reveal significant 
differences. The DNA methylation levels of 17 CpG loci of 
the ALOX5AP gene were compared between the IS and the 
control groups and the data demonstrated that the remaining 
16 CpG loci were hypermethylated, with the exception of the 
CpG8 site. Differential DNA methylation was noted on the 
CpG8 and CpG12 sites between patients with IS and control 
subjects. A total of seven methylation haplotypes were noted 
with high frequency in the IS group. Significant differences 
were noted between the IS and the control groups. A Pearson 
correlation analysis of the mRNA expression of ALOX5AP and 
methylation level of 150 patients with IS was performed. The 
results indicated that the methylation levels of the ALOX5AP 
promoter correlated inversely with ALOX5AP expression in IS 
subjects (r=-0.175, P=0.032; Fig. S1). However, the hypermeth-
ylation of the promoter region of the ALOX5AP gene could 
not inhibit the expression levels of the gene. The introduction 
or removal of CpG dinucleotides, which are possible sites of 
DNA methylation, has been suggested as a potential epigen-
etic mechanism by which SNPs can affect gene function (24). 
Of note, the methylation levels of CpG8 were significantly 
different from other sites due to the generation of a CpG site. 
In a previous study conducted by our group, IS-associated 

CpG-SNP rs4073259 correlated with differential DNA 
methylation, presenting the phenomenon of allele-specific 
methylation which may elucidate the phenotypic effects of 
certain genetic variants (25).

In 2013, Cao et al (26) demonstrated that the hypermethyl-
ation of the promoter region of the phospholipid-transporting 
ATPase ABCA1 gene was more frequent in males than 
in female subjects. In 2015, Lin et al (27) discovered that 
the methylation levels of the estrogen receptor-α gene were 
significantly lower in female patients with IS compared with 
control subjects, probably due to a potential protective mecha-
nism against neurological damage in females. Therefore, the 
average DNA methylation levels of the ALOX5AP gene were 
analyzed according to sex and no significant differences were 
noted (Fig. S2). The results of the present study were different 
from those reported in the study by Lin et al (27), possibly 
due to population differences, phenotypic heterogeneity and a 
small sample size.

Bioinformatics analysis predicted that two miRNAs, 
miR-335 and miR-495, are most likely to target the ALOX5AP 
gene and downregulate its expression. Initially, the expression 
levels of miR-335 and miR-495 were analyzed in the plasma of 
50 patients with IS and in the 50 corresponding control subjects. 
The results indicated that the expression levels of miR-335 and 
miR-495 in the IS group were significantly lower compared 
with the control subjects. Therefore, it was hypothesized that 
binding of miR-335 and miR-495 to the 3'-UTR region of the 
ALOX5AP gene may inhibit the expression levels of this gene. 
To confirm this hypothesis, a WT and mutant reporter gene 
plasmid was constructed containing miR-335 and miR-495 
seed regions. The luciferase activity of the different groups 
was assessed and the potential of miR-335 and miR-495 to 
target the ALOX5AP gene was examined by co-transfection of 
miRNA mimics, mimic negative control, inhibitor, inhibitor 
negative control and recombinant plasmids. The results indi-
cated that the luciferase activity of the experimental group 
with co-transfected miRNA mimic and WT reporter gene 
plasmid was significantly lower compared with the other 
experimental groups, suggesting that miR-335 and miR-495 
could specifically bind to the 3'-UTR of the ALOX5AP gene, 
thereby downregulating its expression.

In summary, the present study demonstrated that the mRNA 
expression levels of ALOX5AP were significantly higher in 
the IS cases compared with in control subjects. However, 
the methylation levels of the ALOX5AP promoter correlated 
inversely with ALOX5AP expression in IS cases. miR-335 and 
miR-495 are lowly expressed in the peripheral blood plasma 
of IS patients, act on the 3'-UTR region of ALOX5AP gene 
by negatively regulating its post-transcriptional expression, 
leading to the increased expression of ALOX5AP gene in 
the IS group. The differential regulation mechanism of the 
gene expression is an extremely complex process involving 
various factors. The specific differentiation mechanism of the 
ALOX5AP gene expression in IS requires further studies.

The present study includes several limitations. Firstly, the 
expression levels of the FLAP protein were not explored in 
patients with IS and control subjects. Secondly, no significant 
differences were noted in the overall methylation levels of the 
promoter region of the ALOX5AP gene between IS cases and 
control subjects. Thirdly, a potential selection bias may have 
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been present since the cases and controls were recruited from 
the same hospitals.
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