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Abstract
Background. Atherosclerosis (AS) is the main cause of myocardial infarction and stroke. Macrophage apop-
tosis in the early stages can attenuate lesions, while in the late stage it is associated with AS plaque rupture.

Objectives. To explore the effects of miR-124-3p regulation of  the p38MAPK signaling pathway via 
the MEKK3 gene on the apoptosis and proliferation of macrophages in mice with coronary AS.

Material and methods. Fifty male apolipoprotein E (ApoE) −/− mice were equally assigned to a normal 
group and a coronary AS group. In the AS group, the mice were given a high-fat diet to establish a coronary AS 
model. The macrophages of the mice were isolated for culture and divided into 7 groups: normal, negative con-
trol (NC), control, miR-124-3p mimic, miR-124-3p inhibitor, si-MEKK3, and miR-124-3p inhibitor+si-MEKK3.

Results. Compared with the normal group, the AS group had lower expression levels of miR-124-3p and 
higher expression levels of MEKK3 and p-p38MAPK in the coronary artery tissue and peritoneal macrophages 
(all p < 0.050). We found that miR-124-3p could negatively regulate MEKK3 expression. Compared with 
the control group, the miR-124-3p mimic group and si-MEKK3 group had greater cell apoptosis rates and 
Bax levels, weaker cell proliferation and invasion abilities, slower cell cycle progression, and lower PCNA 
and Bcl-2 levels (all p < 0.050). This trend was also displayed in the miR-124-3p inhibitor+si-MEKK3 group 
when compared with the miR-124-3p inhibitor group, and in the si-MEKK3 group when compared with 
the miR-124-3p inhibitor+si-MEKK3 group (all p < 0.050).

Conclusions. miR-124-3p overexpression can downregulate MEKK3 expression and inhibit the expression 
of the p38MAPK signaling pathway, thereby inhibiting macrophage proliferation and promoting macrophage 
apoptosis in mice with coronary AS.
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Introduction

Atherosclerosis (AS) is the main cause of myocardial 
infarction and stroke.1 It is believed that both macrophages 
and monocytes play critical roles in AS. The occurrence 
of AS is associated with unstable plaque in which macro-
phages are among the main components.2 Recent stud-
ies have demonstrated that macrophages in the arterial 
plaque can proliferate, while differences exist in macro-
phage apoptosis between the early and late stages of AS.3 
Macrophage apoptosis in early stages can attenuate lesions, 
whereas apoptosis in the late stage is associated with AS 
plaque rupture.4,5

The  mammalian genome contains hundreds of  mi-
croRNAs (miRNAs), a type of non-coding RNA molecule 
of  about 18–25 nucleotides regulating the  expression 
of 30% of human genes.6 MiRNAs can inhibit the tran-
scription and translation of  target proteins, thereby 
affecting cell apoptosis, development and growth.7 Some 
studies have found that miRNA plays an essential part 
in the pathogenesis of AS through regulating multi-targets 
or signaling pathways.8,9 Recent studies have document-
ed that homocysteine can downregulate the expression 
of miR-124-3p in AS, and its mechanism may be related 
to a change in hypermethylation in the promoter region 
of miR-124-3p.10 However, the role of miR-124-3p in AS 
is yet to be clarified.

As  a  mitogen-activated protein kinase (MAPK), 
MEKK3 has a vital role in cardiovascular development 
and can induce nuclear factor kappa-B activation. All eu-
karyotes have various MAPK pathways that control gene 
expression and cellular physiological activities.11 Normal 
MAPKs include extracellular signal-regulated kinase 
(ERK) 1/2, JNK 1/2/3, p38 (α, β, γ, δ), and big MAPK 
(ERK5).12 So far, there has been little research on the role 
of  MEKK3 in  AS. The  p38MAPK pathway, a  member 
of the MAPK superfamily, is a key pathway in regulating 
cell proliferation and death, and can participate in many 
physiological processes. Meanwhile, the correlation be-
tween p38MAPK and MEKK3, another MAPK, cannot be 
neglected, as MEKK3 and MEKK4 are upstream regulators 
of p38 in many cells.13 Previous studies have documented 
that the MAPK pathway participates in cardiomegaly.14,15 
However, the role of the MAPK pathway in the apoptosis 
and proliferation of macrophages in mice with coronary AS 
is unclear. The Targetscan bioinformatics website (www.
targetscan.org) predicted that miR-124-3p can target 
MEKK3, and that miR-124-3p expression is downregulated 
in AS. Therefore, we infer that miR-124-3p may suppress 
the p38MAPK signaling pathway through downregulating 
MEKK3 expression, thereby inhibiting coronary AS and 
promoting the apoptosis of mouse macrophages.

In  the  present study, we  established the  AS model 
in apolipoprotein E  (ApoE) knockout (ApoE −/−) mice 
and cultured mouse macrophages, which were then trans-
fected with a miR-124-3p mimic, a miR-124-3p inhibitor, 

si-MEKK3, and miR-124-3p inhibitor+si-MEKK3, re-
spectively. RAW2647 cell apoptosis, cycle, proliferation, 
and invasion were examined in each group to  investi-
gate whether miR-124-3p can suppress phosphorylation 
of the p38MAPK signaling pathway by downregulating 
MEKK3 expression and finally affect the apoptosis and 
proliferation of macrophages in mice with AS.

Material and methods

Animal subjects

The  study was approved by  the  Ethics Committee 
of Nankai University.

Fifty male ApoE −/− mice at 5 weeks of age were included 
as subjects and were assigned to a normal group and a cor-
onary AS group (AS group), n = 25 mice each. In the AS 
group, the mice were given a high-fat diet including 1% 
cholesterol and 15% lard to establish a coronary AS mod-
el16; the mice in the normal group were given a normal 
diet. The feeding lasted 4 weeks and all the mice had access 
to water ad libitum. After 3 weeks, the coronary artery 
tissue from the AS and normal mice were collected for 
examination.

The mice were sacrificed and 3 mL of phosphate-buff-
ered saline (PBS) was injected into the abdominal cavities. 
A gentle abdominal massage was applied to obtain the buf-
fer from the abdomen. These steps were repeated 3 times. 
Afterward, the buffer was centrifuged (300 × g for 15 min), 
the supernatant was removed and the peritoneal macro-
phages in the precipitation were harvested. The cells were 
cultured in RPMI 1640 (Gibco, Thermo Fisher Scientific, 
Waltham, USA) which contained 10% fetal bovine serum 
(FBS), 50 U/mL of penicillin and 100 μg/mL of streptomy-
cin (all from Gibco) at 37°C in an atmosphere of 5% CO2 
(incubator model: Thermo3111; Jinan Beisheng Medical 
Instruments Co. Ltd, Jinan, China). The medium was re-
newed after 2 days, and the cells were sub-cultured every 
3–4 days. The cells in good condition and at the logarith-
mic phase were selected for transfection.

Cell grouping and transfection

The macrophages at the logarithmic phase from the AS 
mice were harvested and planted in a six-well culture plate 
(1*105/well). Serum-free RPMI 1640 medium without pen-
icillin-streptomycin was used 1 day before transfection. 
The cells were assigned to 6 groups: the control group 
(macrophages from the AS mice), the negative control (NC) 
group (macrophages from the AS mice transfected with 
NC plasmid), the miR-124-3p mimic group (macrophage 
from the AS mice transfected with 4 μg miR-124-3p mimic 
plasmid), the miR-124-3p inhibitor group (macrophages 
from the AS mice transfected with 4 μg miR-124-3p inhib
itor plasmid), the si-MEKK3 group (macrophages from 
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the AS mice transfected with 4 μg of si-MEKK3 plasmid), 
and miR-124-3p inhibitor+si-MEKK3 group (macrophages 
from the AS mice co-transfected with 2 μg miR-124-3p 
inhibitor plasmid and 2 μg si-MEKK3 plasmid). The cells 
from the normal non-AS mice were cultured in a routine 
way without any other treatment.

The vectors used were constructed by Tianjin Saier Bio-
technology Inc. (Tianjin, China) (see above).

Transfection was performed with Lipofectamine 2000 
transfection reagent (Invitrogen, Carlsbad, USA) in accor-
dance with the manufacturer’s protocol. After 6 h of trans-
fection, RPMI 1640 with 10% FBS (Gibco) was used 
as the medium. The cells were harvested for subsequent 
experiments 48 h after transfection.

Dual luciferase reporter assay

The miR-124-3p binding site on MEKK3 was first ana-
lyzed on the www.targetscan.org bioinformatics website, 
followed by a dual luciferase reporter test to validate this 
relationship. MEKK3 dual luciferase reporter gene vec-
tors with and without mutant miR-124-3p binding sites 
were constructed and named MEKK3mut and MEKK3wt, 
respectively. These 2 reporter plasmids were co-transfect-
ed with the NC mimic or miR-124-3p mimic into HEK 
293T cells. Renilla luciferase was used as a control. After 
24 h of transfection, we performed a dual luciferase re-
porter assay. Cells from each group were lysed and then 
centrifuged (4800 × g for 1 min), and the supernatant was 
collected. A commercial dual luciferase reporter assay kit 
(Promega Biotech Co. Ltd., Beijing, China) was used in ac-
cordance with the manufacturer’s instruction for measur-
ing the activity of luciferase. The lysed cells were pipetted 
into Eppendorf tubes and 100 μL of firefly luciferase solu-
tion was added to each 10 μL sample. The activity of firefly 
luciferase was then measured, followed by the addition 
of 100 μL of renilla luciferase solution to detect the activ-
ity of renilla luciferase. The formula is as follows: relative 
luciferase activity = firefly luciferase activity/renilla lucif-
erase activity.8

qRT-PCR

After 48 h of transfection, cells were harvested from each 
group. Total RNAs were extracted using Trizol (16096020 
from Thermo Fisher Scientific; and B1802 from HaiGene 
Bio, Quezon City, Philippines) followed by reverse tran-
scription into cDNAs using TaqMan MicroRNA Assays 
Reverse Transcription Primer (Thermo Fisher Scientific). 
Next, SYBR® Premix ExTaqTM II kit (Xingzhi Biotech, 

Guangzhou, China) was used for quantitative real-time 
polymerase chain reaction (qRT-PCR). Reagents were 
added in the following order: SYBR® Premix ExTaqTM II 
(2×, 25 μL), forward primer (2 μL), reverse primer (2 μL), 
ROX Reference Dye (50×, 1 μL), DNA template (4 μL), and 
double distilled H2O (16 μL). An ABI Prism® 7300 fluo-
rescence quantitative PCR instrument (Shanghai Kunke 
Instrument & Equipment Co., Shanghai, China) was used 
to conduct qRT-PCR with the following running param-
eters: 95°C for 10 min (pre-denaturation), 32 cycles of 95°C 
for 15 s (denaturation) and 60°C for 30 s (annealing) before 
extension at 72°C for 1 min. ΔCt = Ct target gene − Ct GAPDH; 

ΔΔCt = ΔCt study group − ΔCt control group. U6 and GAPDH 
were the internal controls for miR-124-3p and other genes, 
respectively. The relative gene expression of the target gene 
was calculated using the 2−ΔΔCt method. The primers are 
listed in Table 1.

Western blot

After 48 h of transfection and culture, the cells were 
washed 3 times in pre-cooled PBS. The total protein was 
extracted from the cells using RIPA lysis buffer (R0010; So-
larbio Science & Technology Co. Ltd., Beijing, China) con-
taining phenylmethylsulfonyl fluoride (PMSF). The protein 
concentration was measured with a BCA kit (Thermo Fish-
er Scientific), and the deionized water was used for zeroing. 

Table 1. qRT-PCR primer sequence

Gene Primer Sequence

miR-124-3p
forward 5’-GCGAGGATCTGTGAATGCCAAA-3’

reverse 5’-AGGGGCTGCTTGAGTTGTAGTA-3’

MEKK3
forward 5’-TGTACCTGAGCGACAACAGC-3’

reverse 5’-CACTGCTGAGGGGATCTAGC-3’

p38MAPK
forward 5’-CCCGAACGATACCAGAACC-3’

reverse 5’-GCGTGAATGATGGACTGAAA-3’

PCNA
forward 5’-TCACGCCTGTGGTGGTTAC-3’

reverse 5’-GGTCGGCTTCTGAGTTTCC-3’

Bcl-2
forward 5’-AGTACCTGAACCGGCATCTG-3’

reverse 5’-GCTGAGCAGGGTCTTCAGAG-3’

Bax
forward 5’-CGAGCTGATCAGAACCATCA-3’

reverse 5’-GGTCCCGAAGTAGGAGAGGA-3’

U6
forward 5’-GCTTCGGCAGCACATATACTAAAAT-3’

reverse 5’-GCACTCCCGCCACAAAGATG-3’

GAPDH
forward 5’-GGGAAATTCAACGGCACAGT-3’

reverse 5’-AGATGGTGATGGGCTTCCC-3’

MAPK – mitogen-activated protein kinase; GAPDH – glyceraldehyde 
3-phosphate dehydrogenase.

NC: 	 5’-AGCTTTGCGGGAGTCAACCCAGCTTTTTTCAAGAGAAAAGCTGGGTTGACTCCCGCACCGC-3’; 
miRNA-124 mimic: 	 5’-CCGUAAGUGGCGCACGGAAU-3’; 
miR-124 inhibitor: 	 5’-GGCAUUCACCGCGUGCCUUA-3’, 
siRNA: 	 5’-GGAGAGACGAAUUAUAGCATT-3’, 5’-UGCUAUAAUUCGUCUCUCC-3’. 
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The sample was then mixed with sample loading buffer 
and placed in a metal bath at 100°C for 10 min. Afterward, 
a 50 µg protein sample was loaded for 3 h of electrophoresis 
at 70 V constant voltage. The samples were then trans-
ferred to polyvinylidene difluoride (PVDF) membrane 
(ISEQ00010; Millipore Sigma, St. Louis, USA) using wet 
transfer at a constant current of 150 mA. Subsequently, 
the membrane was blocked in skim milk (5%) in TBST 
for 2 h at 4°C before the milk was discarded. The sam-
ples were washed in tris-buffered saline with Tween 20 
(TBST) followed by the addition of polyclonal antibodies 
of rabbit anti-human MEKK3 (ab26321, 1:5000), anti-p-
p38MAPK (ab31828, 1:1000), anti-p38MAPK (ab31828, 
1:5000), anti-PCNA (ab92552, 1:5000), anti-Bax (ab8805, 
1:1000), anti-Bcl-2 (ab32124, 1:1000), and anti-GAPDH 
(ab8226, 1:2000, all from Abcam, Cambridge, UK) for in-
cubation at 4°C overnight. Next, the samples were washed 
3 times in TBST (6 min per wash) and treated for 2 h with 
horseradish peroxidase (HRP) labeled goat anti-rabbit IgG 
antibody (1:5000; Zhongshan Biotech, Beijing, China), 
followed by 3 more six-minute washes in TBST. Subse-
quently, the membrane was placed in TBS. Equal volumes 
of solutions A and B from an Excellent Chemiluminescent 
Substrate (ECL) kit (BB-3501; BestBio, Shanghai, China) 
were mixed, and 200 μL was added to the membrane. Im-
ages were exposed in a gel-imager, photographed with 
an imaging analyzer (Bio-Rad Laboratories Inc, Hercules, 
USA), and analyzed using ImageJ software (National In-
stitutes of Health, Bethesda, USA). The relative protein 
level = the grayscale value of the protein band/the gray-
scale value of the GAPDH protein band.

MTT assay

After 48 h of transfection and culture, the cells were 
digested routinely and harvested for counting. The cells 
were planted in a 96-well plate (3–6*103/well, 100 μL/well), 
and each group had 6 wells. At 24 h, 48 h and 72 h, 20 μL 
of 5 mg/mL MTT solution (Gibco) was added to each well. 
The plate was placed in the dark for 4 h, and then 100 μL 
of DMSO (Sigma-Aldrich, St. Louis, USA) was added into 
each well. The optical density (OD) value at 495 nm in each 
well was detected with a microplate reader (NYW-96M; 
Nuoyawei, Beijing, China). Cell viability curves were plotted 
with their OD value on the y-axis and time on the x-axis.

Flow cytometry

After 48 h of transfection, the cells were washed in PBS 
3 times followed by centrifugation at 300 × g for 20 min. 
Next, the supernatant was discarded and the cell concentra-
tion was controlled to 1*105/mL using PBS. The sample was 
then treated with 1 mL of pre-cooled 75% ethanol (Shang-
hai Coking Co, Shanghai, China) at 4°C for 1 h, before 
being centrifuged at 250 × g for 5 min and washed 3 times 
in PBS. Afterward, 120 μL of RNase A (Thermo Fisher 

Scientific) was added in the dark, and the samples were 
water-bathed at 37°C for 40 min before being stained with 
500 μL of propidium iodide (PI; Sigma-Aldrich) in the dark 
at 4°C for 30 min. The cell cycle was examined with a flow 
cytometer (Beckman Coulter Inc., Brea, USA) at 488 nm.

After 48 h of transfection, the cells were digested with 
EDTA-free pancreatin (Thermo Fisher Scientific) and placed 
in flow cytometry tubes for centrifugation (300 × g for 
30 min). Next, the supernatant was discarded, and the cells 
were washed 3 times in pre-cooled PBS before centrifuga-
tion (300 × g for 20 min). The supernatant was discarded, 
and annexin V-fluorescein isothiocyanate (FITC)/PI dye 
was prepared using HEPES buffer (Thermo Fisher Scien-
tific) annexin V-FITC and PI (50:1:2) according to the in-
structions in a commercial Annexin-V-FITC Cell Apoptosis 
Detection Kit (Sigma-Aldrich). Subsequently, the samples 
were mixed with 100 μL of dye and incubated at room tem-
perature for 15 min before being mixed with HEPES buf-
fer (Thermo Fisher Scientific). A flow cytometer was used 
to detect cell apoptosis. The green fluorescence of annexin 
V-FITC was examined through the FITC channel (FL1), 
while the red fluorescence of PI was examined through 
the PI channel (FL2 or FL3). The excitation and emission 
wavelengths were 488 nm and 530 nm, respectively.

Cell invasion

Transwell chambers (Jrdun Biotechnology Co., Shang-
hai, China) were put in a 96-well plate. The upper cham-
bers were coated with Matrigel (1:8, Sigma-Aldrich) and 
then dried at room temperature. The cells were digested 
with pancreatin (Sigma-Aldrich) and washed 3  times 
in PBS. The cells were then resuspended in RPMI 1640 
medium, and the density was adjusted to 1*105/mL. Cell 
suspension (300 μL) was added to the Matrigel-coated up-
per chambers, and 500 μL of RPMI 1640 medium with 
10% FBS (Gibco) was added to the lower chambers. After 
culturing for 24 h, the transwell chambers were taken, and 
the non-invaded cells in the upper chamber were gently 
scraped off using cotton swabs. Subsequently, the samples 
were fixed with paraformaldehyde (4%) (Beijing Leagene 
Biotechnology Co. Ltd., Beijing, China) for 20 min, stained 
with crystal violet (0.5% Solarbio) and then washed 3 times 
in PBS. Under an inverted microscope, 5 fields were ran-
domly selected for photographing (×200 magnification), 
and the cells passing through the membrane were counted.

Statistical analysis

The SPSS v. 21.0 software (IBM Corp., Armonk, USA) 
was used to analyze the data. Measurement data are ex-
pressed as means ± standard deviation (SD). One-way 
analysis of  variance (ANOVA) was used for multiple 
group comparisons, and Tukey’s post hoc test for pairwise 
comparisons was used between multiple groups. A value 
of p < 0.050 indicated a statistically significant difference.
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Results

Expressions of miR-124-3p, MEKK3 
and p-p38MAPK in the coronary arteries 
of mice

To  investigate the  expressions of  miR-124-3p and 
MEKK3 and the activation of  the p38MAPK signaling 
pathway in the AS and the normal groups, we measured 
the expression levels of miR-124-3p and MEKK3 using 
qRT-PCR, and the phosphorylation of p38MAPK, a factor 
related to the p38MAPK signaling pathway, using western 
blot. Compared with the normal group, the miR-124-3p ex-
pression level was lower in the coronary arteries in the AS 

group (p = 0.001), and the phosphorylation levels of MEKK3 
and p38MAPK were higher in the AS group (p = 0.001 and 
p = 0.0006, respectively). Meanwhile, the basal expression 
level of the p38MAPK protein was similar in the 2 groups 
(p = 0.340) (Fig. 1).

Mir-124-3p can negatively regulate 
the MEKK3 gene

The  bioinformatics website www.microrna.org/mi-
crorna/home.do predicted the existence of a miR-124-3p 
binding site on MEKK3 (Fig. 2A). Figure 2B shows that 
compared with the  groups transfected with the  NC 
mimic, luciferase activity was much lower in the group 

Fig. 1. Expressions of miR-124-3p, MEKK3, p38MAPK, and p-p38MAPK in the normal and AS groups. A. Histogram of miR-124-3p and MEKK3 mRNA 
expression levels in the tissues. B. Protein bands of p38MAPK and p-p38MAPK in the tissues. C. Histogram of protein levels of p38MAPK and p-p38MAPK 
in the tissues

*p < 0.050 vs the normal group; MAPK – mitogen-activated protein kinase; GAPDH – glyceraldehyde 3-phosphate dehydrogenase.

Fig. 2. MiR-124-3p can negatively regulate the MEKK3 gene. A. 3’-UTR 
sequence for the paring of miR-124-3p and MEKK3. B. Luciferase activity

*p < 0.050 vs the NC mimic group.
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co-transfected with Wt-MEKK3 and miR-124-3p mimic 
(p = 0.001). At the same time, luciferase activity remained 
unchanged in the group co-transfected with MEKK3mut 
(p = 0.665). This finding indicates that miR-124-3p can 
negatively regulate the MEKK3 gene.

Mir-124-3p, MEKK3 and p38MAPK 
expressions in each group

In  order to  investigate the  mechanism of  how miR-
1243p mediates the p38MAPK signaling pathway through 
the  MEKK3 gene and exerts effects on  macrophage 
apoptosis and proliferation in  AS mice, we  measured 
the miR-124-3p expression level and mRNA expression 
levels of MEKK3 and p38MAPK using qRT-PCR, and mea-
sured MEKK3 protein expression and the phosphorylation 
of P38MAPK using western blot. As shown in Fig. 3, com-
pared with the normal group, the other groups had lower 
levels of miR-124-3p and higher phosphorylation levels 
of MEKK3 and p38MAPK (all p < 0.0001); meanwhile, 
the basal protein expression level of p38MAPK was similar 
in the normal group and the other groups (p = 0.449). Com-
pared with the control group, the NC group had similar ex-
pression levels of each gene; whereas the expression levels 
of MEKK3 and p-p38MAPK were lower in the miR-124-3p 
mimic, si-MEKK3 and miR-124-3p inhibitor+si-MEKK3 
groups (all p < 0.0001); and the expression levels of MEKK3 
and p-p38MAPK were higher in the miR-124-3p inhibitor 
group (p = 0.001, p = 0.003). The miR-124-3p inhibitor+si-
MEKK3 group had higher expression levels of MEKK3 
and p-p38MAPK than the si-MEKK3 group (p = 0.0005, 
p = 0.0008). Compared with the miR-124-3p inhibitor 
group, the miR-124-3p inhibitor+si-MEKK3 group had 
lower expression levels of MEKK3 and p-p38MAPK (both 
p = 0.0002).

Cell proliferation

The  MTT assay results showed that cell growth in-
creased with time. The normal group had lower OD val-
ues at 24 h and 48 h than the other groups (all p < 0.0001). 
In comparison with the control group, the NC group had 
similar OD values at 24 h and 48 h (p = 0818, p = 0.744), while 
the OD values at 48 h and 72 h were lower in the miR-124-3p 
mimic group, the  si-MEKK3 group and the  miR-
124-inhbitor+si-MEKK3 groups (p = 0.005, p = 0.009), 
and higher in the miR-124-3p inhibitor group (p = 0.018, 
p = 0.032). Meanwhile, the miR-124-3p inhibitor+si-ME-
KK3 group had higher OD values at 48 h and 72 h than 
the si-MEKK3 group (p = 0.030, p = 0.039), and lower OD 
values at 48 h and 72 h than the miR-124-3p inhibitor group 
(p = 0.030, p = 0.039) (Fig. 4).

Fig. 4. Cell proliferation measured using MTT assay

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 
vs the NC group; $p < 0.050 vs the mR-124-3p mimic group; @p < 0.050 
vs the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group; 
OD – optical density.

Fig. 3. MiR-124-3p, MEKK3 and p38MAPK expressions in each group. A. Histogram of miR-124-3p, MEKK3 and p38MAPK mRNA levels. B. Protein bands 
of MEKK3, p38MAPK and p-p38MAPK. C. Histogram of MEKK3, p38MAPK and p-p38MAPK protein levels

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 vs the NC group; $p < 0.050 vs the mR-124-3p mimic group; @p < 0.050 vs 
the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group; MAPK – mitogen-activated protein kinase; GAPDH – glyceraldehyde 3-phosphate 
dehydrogenase.
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Cell cycle

The  flow cytometry results displayed that compared 
to the normal group, the other groups had fewer G1 phase cells 
and more S phase cells (both p < 0.0001). There were no differ-
ences between the control and NC groups in terms of the cell 
ratios at the G1, S and G2 phases (p = 0.982, p = 0.802, p = 0.756). 
Compared with the control group, the miR-124-3p mimic, 
si-MEKK3 and miR-124-3p inhibitor+si-MEKK3 groups 
had more G1 phase cells and fewer S phase cells (p = 0.0002, 
p < 0.0001), whereas the miR-124-3p inhibitor group had fewer 
G1 phase cells and more S phase cells (p = 0.003, p = 0.008). 
Meanwhile, the miR-124-3p inhibitor+si-MEKK3 group had 
fewer G1 cells and more S cells than the si-MEKK3 group 
(p = 0.020, p = 0.002), and more G1 phase cells and fewer 
S phase cells than the miR-124-3p inhibitor group (p = 0.001, 
p = 0.0004) (Fig. 5).

Cell apoptosis

The  flow cytometry results showed that compared 
to  the normal group, the other groups had lower cell 
apoptosis rates (p < 0.0001). There was no difference 
between the control and NC groups in terms of the cell 
apoptosis rate (p = 0.528). Compared with the control 
group, the miR-124-3p mimic, si-MEKK3 and miR-124-3p 
inhibitor+si-MEKK3 groups had higher cell apoptosis 
rates (p < 0.0001), and the miR-124-3p inhibitor group had 
a lower cell apoptosis rate (p = 0.0002). The miR-124-3p 
inhibitor+si-MEKK3 group had a lower cell apoptosis rate 
than the si-MEKK3 group and a higher apoptosis rate 
than the miR-124-3p inhibitor group (both p < 0.0001) 
(Fig. 6).

Fig. 6. Cell apoptosis detected using flow cytometry. A. Cell apoptosis rate. B. Histogram of the cell apoptosis rate

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 vs the NC group; $p < 0.050 vs the mR-124-3p mimic group; @p < 0.050 vs 
the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group; FITC – fluorescein isothiocyanate.

Fig. 5. Cell cycle detected with flow cytometry. A. Cell cycle in each group. B. Histogram of a cell cycle

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 vs the NC group; $p < 0.050 vs the miR-124-3p mimic group; @p < 0.050 vs 
the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group.
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Cell invasion

The  transwell assay results showed that compared 
to the normal group, the other groups had higher num-
bers of invading cells (p < 0.0001). No difference was ob-
served in the number of invading cells between the control 
and NC groups (p = 0.276). Compared with the control 
group, the miR-124-3p mimic, si-MEKK3 and miR-124-3p 
inhibitor+si-MEKK3 groups had fewer invading cells 
(p  <  0.0001), and the  miR-124-3p inhibitor group had 
more invading cells (p = 0.039). Moreover, the miR-124-3p 
inhibitor+si-MEKK3 group had a higher cell apoptosis rate 
than the si-MEKK3 group (p = 0.007) and fewer invad-
ing cells than the miR-124-3p inhibitor group (p = 0.003) 
(Fig. 7).

mRNA and protein expression levels 
of PCNA, Bcl-2 and Bax

To investigate how miR-124-3p affects the apoptosis and 
proliferation of macrophages in mice with AS by mediat-
ing the p38MAPK signaling pathway through the MEKK3 
gene, we measured the mRNA and protein expression lev-
els of proliferation-associated factor PCNA and apoptosis-
associated factors Bcl-2 and Bax using qRT-PCR and west-
ern blot. The results showed that compared to the normal 
group, the other groups had higher mRNA and protein 
expression levels of PCNA and Bcl-2, and lower mRNA and 
protein expression levels of Bax (all p < 0.0001). The expres-
sion levels of each gene in the control and NC groups were 
similar. Compared with the control group, the miR-124-3p 
mimic, si-MEKK3, miR-124-3p inhibitor+si-MEKK3 
groups had lower PCNA and Bcl-2 mRNA and pro-
tein expression levels (PCNA mRNA, p = 0.0004, Bcl-2 

mRNA p < 0.0001, PCNA protein p < 0.0001, Bcl-2 protein 
p < 0.0001), and higher Bax mRNA and protein expres-
sion levels (p = 0.0002, p < 0.0001), while the miR-124-3p 
inhibitor group had greater PCNA and Bcl-2 mRNA and 
protein expression levels (PCNA mRNA p = 0.0005, Bcl-2 
mRNA p = 0.004, PCNA protein p = 0.001, Bcl-2 protein 
p = 0.001), and lower Bax mRNA and protein expression 
levels (p = 0.010, p = 0.002). The miR-124-3p inhibitor+si-
MEKK3 group had higher PCNA and Bcl-2 mRNA and 
protein expression levels (PCNA mRNA p = 0.035, Bcl-2 
mRNA p = 0.004, PCNA protein p = 0.0005, Bcl-2 protein 
p = 0.003), and lower Bax mRNA and protein expression 
levels (p = 0.011, p < 0.0001) than the si-MEKK3 group, and 
lower PCNA and Bcl-2 mRNA and protein expression levels 
(PCNA mRNA p = 0.0002, Bcl-2 mRNA p = 0.001, PCNA 
protein p < 0.0001, Bcl-2 protein p < 0.0001), and higher 
Bax mRNA and protein expression levels (p = 0.0008, 
p = 0.003) than the miR-124-3p inhibitor group (Fig. 8).

Discussion

Macrophage apoptosis takes part in the whole process 
of AS and serves a critical role in the pathogenesis of this 
disease. Macrophage cells are a major component of AS 
plaque. The plaque is likely to be ruptured if it is unstable, 
and once the plaque is ruptured, a thrombus can easily 
form.17 Macrophages play an essential part in all stages 
of AS, including lesion occurrence and expansion, necrosis 
that leads to rupture, the clinical manifestation of AS, and 
even the subsidence of AS.18,19 Different phenotypes can be 
exhibited in macrophages based on the environment and 
the activation of intracellular signaling pathways. As re-
searchers are gaining more understanding about the role 

Fig. 7. Cell invasion measured using transwell assay. A. Image of cell invasion (×200 magnification). B. Histogram of the number of invading cells in each 
group

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 vs the NC group; $p < 0.050 vs the mR-124-3p mimic group; @p < 0.050 vs 
the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group.
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of inflammatory macrophages, molecular therapy is now 
emerging.19,20

In recent years, miR-124-3p downregulation has been 
observed in various types of human diseases, including 
Parkinson’s disease, AS, and nerve damage.21–23 Activa-
tion of the MAPK pathway is a major intracellular event 
in cellular responses to environmental stress. Some stud-
ies have revealed that MEKK3, a MAP3K family member, 
can be strongly expressed in human and mice platelets, 
and the lack of platelet-specific MEKK3 can hinder arte-
rial thrombus formation; moreover, MEKK3 can activate 
ERK1/2 and JNK2 in platelets and cause microthrombus.24 
p38MAPK signaling serves a critical role in regulating 
cell apoptosis and proliferation. Some studies have dem-
onstrated that suppressing p38MAPK phosphorylation 
in cardiomyocyte can reduce oxidative injury, whereas 
p38MAPK phosphorylation in bladder cancer cells can 
promote the occurrence of tumors.25,26 Meanwhile, it has 
also been reported that p38MAPK phosphorylation can 
aggravate inflammation in fibroblasts and increase in-
flammatory activity in the retina.27,28 However, the effect 
of the p38MAPK signaling pathway in AS remains unclear.

Studies have indicated that the expression level of MEKK3 
is elevated in thrombi and that high MEKK3 expression can 
promote phosphorylation of the p38MAPK signaling path-
way via activation of the MAPK pathway, thereby affecting 
chondriosome and cell nuclei.29 In  the  present study, 
we found that miR-124-3p expression was downregulated 
in macrophages and in the tissues of AS mice, while MEKK3 
and the phosphorylation of p38MAPK signaling pathway 
were upregulated. In this study, the MEKK3 interference se-
quence was transfected into the macrophages, and this inter-
ference caused marked decreases in p38MAPK phosphoryla-
tion, expressions of the proliferation-associated factor PCNA 
and the antiproliferative factor Bcl-2, cell proliferation and 
invasion abilities, cell cycle progression, and the interference 
increased the expression of the pro-apoptotic factor Bax and 

the cell apoptosis rate. The results indicated that MEKK3 
interference can suppress the phosphorylation of p38MAPK 
signaling pathway, thereby inhibiting macrophage prolif-
eration and invasion, and promoting macrophage apoptosis 
in mice, which aligned with previous studies.13,29

To  further investigate MEKK3 upstream regulation, 
we checked the www.microrna.org/microrna/home.do bio-
informatics website and found that miR-124-3p can target 
MEKK3. It has also been documented that miR-124-3p 
has inhibitory effects on  various diseases.30 Our dual 
luciferase reporter assay suggested that miR-124-3p can 
negatively regulate MEKK3. We  performed transfec-
tions of miR-124-3p mimic, miR-124-3p inhibitor and 
miR-124-3p inhibitor+si-MEKK3 into mice macrophages 
and found that miR-124-3p overexpression can inhibit 
the proliferation and invasion of macrophages and promote 
their apoptosis, whereas miR-124-3p silencing can achieve 
the opposite effect. Compared with the miR-124-3p inhibi-
tor group, macrophages in the miR-124-3p inhibitor+si-
MEKK3 group had weaker proliferation and invasion 
abilities, higher apoptosis rates and lower p38MAPK phos-
phorylation, suggesting that inhibiting MEKK3 expression 
can partially counteract the effect of miR-124-3p silenc-
ing on macrophage growth, thereby inhibiting the phos-
phorylation of the p38MAPK signaling pathway. These 
results demonstrated that miR-124-3p overexpression 
can inhibit MEKK3 gene expression and the phosphory-
lation of the p38MAPK signaling pathway in the AS mouse 
model, thereby inhibiting macrophage proliferation and 
invasion, and promoting microphage apoptosis.

Conclusions

MiR-124-3p can mediate the p38MAPK signaling path-
way by  targeting the  MEKK3 gene, thereby inhibiting 
macrophage growth. The pathogenesis of AS was further 

Fig. 8. RNA and protein expression levels of PCNA, Bax and Bcl-2. A. Histogram of PCNA, Bax and Bcl-2 mRNA levels. B. Protein bands of PCNA, Bax and Bcl-2. 
C. Histogram of protein levels of PCNA, Bax and Bcl-2 in each group

*p < 0.050 vs the normal group; #p < 0.050 vs the control group; &p < 0.050 vs the NC group; $p < 0.050 vs the miR-124-3p mimic group; @p < 0.050 vs 
the miR-124-3p inhibitor group; Δp < 0.050 vs the si-MEKK3 group.
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elucidated in this study, which can contribute to the theo-
retical basis for treating AS. However, more clinical data 
needs to be included, and the way in which how MEKK3 
participates in the p38MAPK signaling pathway needs 
to  be investigated in  future studies in  order to  verify 
our results and further clarify the relationship between 
miR-124-3p and AS, the inhibitory effect of miR-124-3p 
on MEKK3 and the effect of miR-124-3p in AS.
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