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Objective. /e compatibility of Alisma and Atractylodes (AA) has been estimated to exhibit antiatherosclerotic effects, but the
mechanism remains unclear. /is study aimed to identify the role of AA in oxidized low-density lipoprotein (ox-LDL)-induced
vascular smooth muscle cell (VSMC) behaviours and to explore the effects of microRNAs (miRNAs).Methods. A scratch wound-
healing assay was used to detect the migration of VSMCs, and immunocytochemistry and western blotting for SM22ɑ were used
to evaluate phenotypic transformation. Bromodeoxyuridine (BrdU) immunocytochemistry and flow cytometry were applied to
detect the proliferation of VSMCs. miRNAmicroarray profiling was performed using Lianchuan biological small RNA sequencing
analysis. VSMCs were transfected with the miR-128-5p mimic and inhibitor, and the migration, phenotypic modulation, and
proliferation of VSMCs were investigated. /e 3′UTR-binding sequence site of miR-128-5p on the p21 gene was predicted and
assessed by luciferase assays. Result. AA and the extracellular regulated protein kinase 1/2 (ERK1/2) blocker U0126 markedly
inhibited migration, elevated smooth muscle 22α (SM22α) expression, repressed VSMC proliferation, elevated miR-466f-3p and
miR-425-3p expression, and suppressed miR-27a-5p andmiR-128-5p expression in ox-LDL-induced VSMCs. miR-128-5p targets
the tissue inhibitor of metalloproteinases (TIMPs), silent information regulator 2 (SIRT2), peroxisome proliferator-activated
receptor (PPAR), and p21 genes, which are linked to the behaviours of VSMCs. /e miR-128-5p mimic promoted the migration
and proliferation of VSMCs and suppressed p21, p27, and SM22ɑ expression. /e inhibitor increased p21, p27, and SM22ɑ
expression and repressed the migration, phenotypic transformation, and proliferation of VSMCs. miR-128-5p directly targeted
the 3′UTR-binding sequences of the p21 gene, negatively regulated p21 expression, and supported the proliferation of VSMCs.
Conclusion. Our research showed that the migration, phenotypic transformation, and proliferation of ox-LDL-induced VSMCs
were repressed by AA through inhibiting miR-128-5p by targeting the p21 gene, which may provide an effective option for the
treatment of atherosclerosis.

1. Introduction

Atherosclerosis (AS), the main pathological process of ar-
terial lesions, is the cause of the majority of cardiovascular
and cerebrovascular diseases. It has been shown that in-
flammation caused by oxidized low-density lipoprotein (ox-
LDL) contributes to the occurrence and development of AS

[1], which can promote vascular smoothmuscle cell (VSMC)
migration, proliferation, and transformation from a con-
tractile to a synthetic phenotype [2–6]. A large number of
cytokines, extracellular matrix (ECM), and matrix metal-
loproteinases (MMPs) are synthesized and secreted by
synthetic VSMCs during the progression of AS [7, 8]. /e
migration, phenotypic transformation, and proliferation of
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VSMCs lead to vascular wall remodeling, which is mediated
by activation of extracellular regulated protein kinases 1/2
(ERK1/2) signalling [9].

MicroRNAs (miRNAs) are small noncoding sequences
involved in the negative regulation of gene expression. A
series of cellular pathophysiological mechanisms involved in
AS (e.g., differentiation, proliferation, and signalling path-
ways) are under the control of miRNAs. miRNAs are rec-
ognized as important regulators of lipid metabolism,
inflammatory mediators, and VSMC behaviours in the
progression of AS [10]. Several studies have shown that
miRNAs play multiple roles in the phenotypic transfor-
mation, migration, and proliferation of VSMCs by inhibiting
ERK1/2 activation [11, 12], partly by regulating the tissue
inhibitor of metalloproteinases (TIMPs)-MMPs and p21-
cyclins interactions [13–18].

Alisma and Atractylodes (AA) is a classic traditional
Chinese medicinal formula that first appeared in the
“Synopsis of Prescriptions of the Golden Chamber.” AA
exhibits multiple pharmacological actions [19–22]. It has
been reported that Alisma orientale has a protective effect on
acute lung injury through an anti-inflammatory effect by
repressing the NF-kappa B pathway [20]. /e extract of
Alisma orientale exerted a protective effect on nonalcoholic
fatty liver disease and palmitate-induced cellular injury
[21, 22], suggesting that it could be a potential treatment for
abnormal lipid metabolism syndrome. Several studies have
shown that AA represses lipid deposition in macrophage-
derived foam cells [23]. Alisol A 24-acetate, an active extract
derived from Alisma orientale, inhibited migration and
repressed the transformation from a contractile to a syn-
thetic phenotype in ox-LDL-treated VSMCs by inhibiting
ERK1/2 signalling [9]. However, little is known about the
mechanisms of AA on VSMC migration, phenotypic
transformation, and proliferation. /is study aimed to in-
vestigate the impact of AA on ox-LDL-induced VSMCs and
explore the underlying mechanisms of miRNAs.

2. Materials and Methods

2.1.Ethical StatementandAnimals. All Sprague Dawley (SD)
rats, provided by Fujian University of Traditional Chinese
Medicine (Fujian, China), were treated following the Sug-
gested Guidelines for the Care and Use of Laboratory An-
imals 2006 administered by the Ministry of Science and
Technology, China. /is study was approved by the Animal
Care and Use Committee of the Fujian University of Tra-
ditional Chinese Medicine (permission number: 2015–016).
All rats were housed in facilities and provided food and
water ad libitum.

2.2. Preparation of AA-Containing Serum. AA-containing
serum was prepared according to a previous study [23]. In
brief, the rats were assigned to 2 groups and then given AA
and 0.9% NaCl by oral gavage at 4mL twice daily for 7 d.
/en, blood samples were collected from the rat abdominal
aorta following induction of anaesthesia with diazepam/
ketamine (1 :1) (1mL/1000 g), and serum was separated by

centrifugation at 3000 r·min−1 at 4°C for 10min. After the
bacteria were filtered with a microporous membrane, the
serum was inactivated in a 56°C water bath for 30min and
then stored at −20°C for the study.

2.3. VSMC Isolation and Culture. VSMCs were prepared
from rats as described previously [9]. VSMCs were removed
from the rat thoracic aorta and cultivated with Dulbecco’s
modified Eagle’s medium (DMEM)/F12 (GIBCO, Life
Technologies, USA) and 20% foetal bovine serum (GIBCO,
Life Technologies, USA) containing penicillin and strepto-
mycin solution (1 :1) (GIBCO, Life Technologies, USA) at
37°C with 5% CO2. VSMCs grown to 85%–90% confluence
were forced into quiescence by FBS-free serum starvation for
24 h. /en, VSMCs were assigned to four groups. Control
group: VSMCs were cultured in DMEM/F12 with 20%
normal rat serum; ox-LDL group: VSMCs were cultured
with 20% normal rat serum and 50mg·L-1 ox-LDL (Peking
Union-Biology Co, Ltd., Beijing, China); AA group: VSMCs
were cultured in DMEM/F12 supplemented with 20% AA
and 50mg·L-1 ox-LDL; and U0126 group: VSMCs were
treated with 10 μmol·L-1 U0126 (Sigma-Aldrich, Inc., St.
Louis, MO, USA) and 50mg·L-1 ox-LDL.

2.4. VSMC Migration Assay. VSMC migration was assayed
by a scratch wound healing assay. Well-functioning VSMCs
(1.0×105 cells/well) at 60–70% confluence were incubated in
a 6-well dish and starved with DMEM/F12 containing 0.5%
FBS for 12 h. A linear scratch wound was made at the centre
of the cell monolayer with a 200 µL pipette tip and washed
twice with PBS. VSMCs in the assigned groups were treated
as described above in DMEM/F12 with 20% FBS. Cells were
cultured for 24 h at 37°C with 5% CO2, and then the images
of scratches were observed using a Leica DM IL LED
inverted microscope (Wetzlar, Germany) and LAS Inter-
active Measurement imaging analysis software (Leica
Microsystems, Mannheim, Germany).

2.5. Detection of Phenotypic Transformation in VSMCs.
Immunofluorescence assays were used to detect the ex-
pression of the VSMC phenotypic marker smooth muscle
22α (SM22α). Logarithmic-phase VSMCs (1× 105 cells/
well) were incubated onto a cover glass in 6-well plates.
VSMCs in the assigned groups were treated for 24 h as
described above. VSMCs were fixed in 4% paraformalde-
hyde for 15min, rinsed with PBS, passed through 0.3%
Triton X-100 for 15min, blocked with goat serum for
30min, cocultured with anti-rabbit SM22α monoclonal
antibody (1 : 200; Proteintech, USA), rinsed with PBS, in-
cubated with secondary antibody (1 : 200; Proteintech, USA)
and DAPI dye solution (100 ng·mL-1, BOSTER Biological
Technology, China), drained from the dye solution, and
observed under a fluorescence microscope. Five fields of
vision were randomly photographed from each well plate
and comprehensively analysed using imaging processing
software (Image-Pro Plus v6.0, Media Cybernetics,
Bethesda, MD, USA).
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2.6. Secretion of MMP-2 and MMP-9 Detected by ELISA.
/e secretion of MMP-2 and MMP-9 in VSMCs was de-
tected by ELISA. /e cells were treated for 24 h as described
above, and the culture supernatants were harvested.
According to themanufacturer’s instructions, the expression
of MMP-9 and MMP-2 was measured in the cell culture
supernatant using a Sandwich ELISA kit (BOSTER Bio-
logical Technology, China).

2.7.VSMCProliferationAssay. BrdU immunocytochemistry
and flow cytometry were used tomeasure the proliferation of
VSMCs. VSMCs (1× 105 cells/well) were seeded onto 6-well
plates and incubated in DMEM/F12 supplemented with 20%
FBS for 24 h. Quiescent VSMCs at 60–70% confluence in
DMEM/F12 with 0.5% FBS were grouped as described above
and cultivated with BrdU (30μmol/L) for 24h following the
instructions of the FITC-BrdU cell proliferation assay kit
(BOSTER Biological Technology, China) and detected by flow
cytometry at a 488nm excitation wavelength and 520nm
emission wavelength. BrdU expression was assessed by im-
munocytochemical staining following the manufacturer’s in-
structions. Five fields of vision were randomly photographed
from each well plate and comprehensively analysed using
image-processing software (Image-Pro Plus v 6.0, Media Cy-
bernetics, Bethesda,MD,USA)./e positive cells were detected
by BrdU manifesting pale-yellow or deep-tan staining, while
negative cells exhibited nonspecific background staining.

2.8. miRNA Microarray Assay and miRNA Target Gene
Interactions. Total RNA was extracted from VSMCs.
miRNA microarray profiling was performed using Lian-
chuan Biological Small RNA Sequencing Analysis (Lian-
chuan Bio, China) according to the manufacturer’s
recommended protocol. Small RNA sequencing library
preparation was performed using the TruSeq Small RNA
Sample Prep Kit (Illumina, San Diego, USA). After the li-
brary preparation work was completed, the constructed li-
brary was sequenced using Illumina HiSeq 2000/2500, and
the sequencing read length was 1× 50 bp. /e potential
target genes of miRNAs were searched with the TargetScan
7.2 database and miRDB. /e target gene interactions of
miRNAs were determined according to the database.

2.9. Transfection of VSMCs with miR-128-5p Mimic and
Inhibitors. VSMCs were kept completely synchronous with
serum starvation for 24 h before transfection. VSMCs
(2–3×105 cells/well) at 60%–70% confluence were treated
for 24 h as described above and transfected with 50 nM miR-
128-5p mimic, miR-128-5p inhibitor, mimic-negative control
(NC), or inhibitor NC using siRNA-Mate plus (GenePharma,
Shanghai, China) according to the manufacturer’s pro-
tocol. /e miR-128-5p mimic, inhibitor, mimic NC,
and inhibitor NC were designed and synthesized by
GenePharma (Shanghai, China). /e sequences were as
follows: 5′-UCAGUGCUACGGCCCCGUU-3′ (miR-128-
5p mimic); 5′-UUCUCCGAACGUGUCACGUTT-3′ (miR-
128-5p mimic NC); 5′-UCUCAGUGCUACGGCCCCG-3′

(miR-128-5p inhibitors); and 5′-CAGUACUUUUGU-
GUAGUACAA-3′ (miR-128-5p inhibitors NC). Total RNA
was isolated from VSMCs after transfection using TRIzol
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
manual. miRNA expression was detected by qRT-PCR with a
One Step SYBR® PrimeScript™ RT–PCR kit II (Takara, Tokyo,
Japan) according to the manufacturer’s protocol.

2.10. Western Blot Analysis of the Protein Expression of p21,
p27, and SM22ɑ. After treatment for 24 h as described, the
cells were collected and lysed with RIPA buffer (Tris-HCl:
50mM (pH 8.0); NP-40 :1.0%; Na-deoxycholate: 1.0%;
NaCl: 150mM; SDS: 0.1%; and PMSF: 0.05mM), and the
protein concentration was assessed using the BCA Protein
Assay Kit (Abcam, Cambridge, UK). Equal amounts of
protein lysates mixed evenly with 6× loading buffer (5 :1, V/
V) were transferred to PVDF membranes. After blocking in
5% BSA for 2 h, the membranes were incubated with an-
tibodies against p21 and p27 (1 :1000, Cell Signaling
Technology, Inc., Danvers, MA, USA), SM22ɑ, (1 :1000,
Abcam, Cambridge, UK), and mouse anti-rat/rab β-actin (1 :
1000, Cell Signaling Technology, Inc., Danvers, MA, USA)
at 4°C overnight. /en, the membranes were incubated with
HRP-conjugated secondary antibody at room temperature
for 1 to 2 h, and chemiluminescent autography was per-
formed using an ECL kit (Beyotime Biotechnology, Beijing,
China). /e grey values of the protein bands were analysed
using the image processing software Image-Lab version 5.0
(Bio-Rad; Hercules, CA, USA).

2.11. Luciferase Assay. To verify miR-128-5p targeting of the
p21 gene, wild-type (wt) and mutant-type (mut) 3′UTR
sequence binding sites of the p21 gene were cloned into
PGL3-CMV-LUC-MCS vectors using XhoI and MluI re-
striction sites. HEK-293 cells were cotransfected with pRL-
TK vectors, pGL3 vector control, miR-128-5p mimic, or
mimic-negative controls by using Lipofectamine® 2000
(Invitrogen, CA, USA). After incubation for 48 h, firefly
luciferase activity was detected using dual-luciferase assays
(Genomeditech, Shanghai, China). /e results were nor-
malized to a Renilla luciferase expression control.

2.12. Statistical Analysis. /e results are presented as the
mean± SD. Statistical analysis was performed using the
statistical software SPSS version 21.0 and assessed by one-
way analysis of variance (ANOVA) or two-tailed Student’s
t-test to compare two treatments. A p value< 0.05 was
considered statistically significant.

3. Results

3.1. AA and U0126 Suppress the Migration of ox-LDL-Treated
VSMCs. A wound-healing assay was used to evaluate the
role of AA on VSMC migration. /e control group had a
small amount of VSMC migration, and ox-LDL (50mg·L-1)
treatment significantly promoted cell migration (∗P< 0.05,
Figure 1). However, both AA and U0126 (10 μmol·L-1)
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treatment remarkably suppressed the migration ability of
ox-LDL-treated VSMCs (#P< 0.05, Figure 1).

3.2. AA and U0126 Elevate SM22α Expression in ox-LDL-
Treated VSMCs. SM22α is a marker protein for the con-
tractile phenotype. Immunofluorescence assays revealed that
ox-LDL treatment reduced the mean optical density of
SM22α expression (∗∗P< 0.01, Figure 2). Treatment with AA
and U0126 caused elevation of SM22α expression in ox-
LDL-induced VSMCs (#P< 0.05, ##P< 0.01, Figure 2),
indicating that AA and U0126 treatment could inhibit the
conversion of VSMCs from a contractile to a synthetic
phenotype induced by ox-LDL.

3.3. AA and U0126 suppress ox-LDL-induced MMP-2 and
MMP-9 Secretion in VSMCs. MMP-2 and MMP-9 have
been shown to be involved in cell migration and prolif-
eration. ELISA was used to detect the expression of MMP-
9 and MMP-2 in the supernatant of the cell culture. ox-
LDL treatment significantly induced the expression of
MMP-2 and MMP-9 compared with the control group
(∗∗P< 0.01, Figure 3). However, treatment with AA and
U0126 significantly repressed MMP-2 and MMP-9 ex-
pression in ox-LDL-treated VSMCs (#P< 0.05, ##P< 0.01,
Figure 3).

3.4. AA and U0126 Inhibit ox-LDL-Induced VSMC
Proliferation. Flow cytometry indicated that ox-LDL in-
creased the number of BrdU-positive cells (new proliferation
of VSMCs) (∗P< 0.05, Figure 4), while AA and U0126
treatment decreased the number of BrdU-positive VSMCs,
at 24 h (#P< 0.05, ##P< 0.01, Figure 4), showing that AA
and U0126 could inhibit the proliferation of cells.

3.5.AAandU0126RegulateMicroRNAExpression in ox-LDL-
Treated VSMCs. To further examine the effects of miRNAs
on ox-LDL-induced VSMC treatment with AA or U0126,
miRNA microarray analysis was applied to test miRNA
expression in VSMCs induced by ox-LDL. miRNA micro-
array assays demonstrated that various miRNA expression
levels among groups and ox-LDL treatment upregulated 7
miRNAs and downregulated 4miRNAs in VSMCs compared
to the control group (P< 0.01, Figures 5(a) and 5(b)). AA
dramatically inhibited the overexpression of 6 miRNAs and
upregulated 10 miRNAs in ox-LDL-treated VSMCs
(P< 0.01, Figures 5(a) and 5(b)). ERK1/2 blocker U0126
treatment upregulated 9 miRNAs and downregulated 25
miRNAs in ox-LDL-treated VSMCs (P< 0.01, Figures 5(a)
and 5(b)). Furthermore, we found that ox-LDL down-
regulated the expression of miR-466f-3p and miR-425-3p,
while AA and U0126 treatment reversed this effect (Table 1).
/e overexpression of miR-27a-5p and miR-128-5p in ox-
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Figure 1: Effects of AA and U0126 on VSMC migration. VSMCs were pretreated with ox-LDL (50mg·L-1), AA, and U0126 (10 μmol·L-1)
for 24 h three independent experiments were performed. /e results are presented as the mean± SD (n� 3). ∗P< 0.05 versus the control
group; #P< 0.05 versus the ox-LDL group.
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LDL-treated VSMCs was dramatically inhibited by treatment
with AA and U0126 (Figures 5(a) and 5(b), Table 1). /e
sequences of miRNAs are shown in Table 2. Target genes of
miRNAs were analysed according to the TargetScan 7.2
database and miRDB. Both miR-466f-3p and miR-425-3p
negatively regulate cyclins, cyclin-dependent kinases
(CDKs), and MMPs. Peroxisome proliferator-activated re-
ceptor (PPAR)ɑ, PPARδ, p21, silent information regulator 2
(SIRT2), TIMP4, and TIMP3 are the target genes ofmiR-128-
5p and miR-27a-5p, indicating that AA could alter miRNA
expression in ox-LDL-induced VSMCs and regulate the
expression of MMPs-TIMPs, p21-cyclins, and ERK1/2 in-
hibitor, which is related to the migration, phenotypic
transformation, and proliferation of VSMCs (Figure 5(c)).

3.6. miR-128-5p Promotes the Migration, Phenotypic Trans-
formation, andProliferation ofVSMCs. Because miR-128-5p
negatively regulates p21, PPAR, SIRT2, and TIMP expres-
sion, we assumed that miR-128-5p could influence the
migration, phenotypic transformation, and proliferation of
VSMCs. We transfected the miR-128-5p mimic and in-
hibitor to test the role of miR-128-5p in the biological be-
haviours of VSMCs./e level of miR-128-5p expression was

detected by qRT–PCR. /e miR-128-5p mimic promoted
the expression of miR-128-5p (∗P< 0.05), and the miR-128-
5p inhibitor suppressed the levels of miR-128-5p (#P< 0.05)
(Figure 6(a)). Scratch wound-healing assays showed that the
miR-128-5p mimic promoted the migration of VSMCs
(∗P< 0.05, Figure 6(b)), and the inhibitor reduced the mi-
gration rate of VSMCs compared with the NC groups
(#P< 0.05, Figure 6(b)). Immunofluorescence assays andWB
were applied to detect SM22α expression in VSMCs. /e
mimic suppressed SM22α expression (∗P< 0.05, Figure 7)
and the inhibitor elevated SM22α fluorescent expression in
VSMCs (#P< 0.05, Figure 7) compared with the NC groups.
/e same results were confirmed by WB: the mimic inhibited
SM22ɑ expression (∗P< 0.055, Figure 8(a)), and the inhibitor
increased SM22ɑ expression (#P< 0.05, Figure 8(a)), sug-
gesting that miR-128-5p overexpression could induce VSMC
transformation from a contractile to a synthetic phenotype.

/e effect of miR-128-5p on the proliferation of VSMCs
was detected by WB and immunocytochemistry staining of
incorporated BrdU./e results showed that the miR-128-5p
mimic suppressed p21 and p27 expression and that the
inhibitor increased p21 and p27 expression compared to that
in the NC (∗P< 0.05, #P< 0.05, respectively, Figure 8(a)).
/is finding suggests that miR-128-5p can influence the cell
cycle and affect VSMC proliferation. Immunocytochemistry
staining of BrdU showed that the miR-128-5p mimic in-
creased the number of proliferating VSMCs and the in-
hibitor repressed the proliferation of VSMCs compared to
those in the NC groups (∗P< 0.05, #P< 0.05, respectively,
Figure 8(b)). /e overexpression of miR-128-5p induced the
proliferation of VSMCs, while the inhibitor reversed the
results. Furthermore, both AA andU0126 treatment reduced
the proliferation of VSMCs induced by mimic transfection
compared with that in the mimic group (ΔP< 0.05,
Figure 8(b)), suggesting that inhibition of the miRNAs could
be a promising therapy for VSMC proliferation and that AA
suppressed VSMC proliferation by repressing miR-128-5p
expression as well as ERK1/2 inhibitor.

3.7. P21 Is the Direct Target of miR-128-5p. Based on Tar-
getScan (http://www.targetscan.org/vert_71/) and miRDB
(http://mirdb.org/), the p21 gene is a potential target of miR-
128-5p (Figure 9(a)). To explore the role of miR-128-5p in the
regulation of p21 expression, HEK-293 cells were cotrans-
fected with a Renilla luciferase reporter vector containing the
wild-type (wt) p21 3′UTR and mutant (mut) p21 3′UTR,
UTR NC, and mimic NC. Our results showed that firefly
luciferase activity in p21 3′UTR (wt)-transfected cells was
lower than that in control cells (∗P< 0.05, Figure 9(b)).
However, there was less effect of miR-128-5p on the lucif-
erase activity in cells containing mutant p21 3′UTR (mut)
(Figure 9(b)). Our results demonstrate that miR-128-5p
directly binds to the 3′UTR sequence sites of the p21 gene.

4. Discussion

As an ancient classical traditional Chinese medicinal for-
mula, the compatibility of Alisma orientalis and
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Atractylodes macrocephala was first described in the Eastern
Han Dynasty and exhibited a wide range of bioactivities in
diverse cells [9, 19–23]. Until now, its effect on the mi-
gration, phenotypic transformation, and proliferation of
VSMCs induced by ox-LDL remained unclear.

Several studies have reported that phenotypic trans-
formation of VSMCs is a crucial process and promotes
VSMC proliferation and migration in the process of AS5.
Our study verified that the migration, phenotypic trans-
formation, and proliferation abilities of ox-LDL-treated
VSMCs were higher than those of control VSMCs. Previous

studies demonstrated that AA could inhibit the phosphor-
ylation of ERK1/29, and AA suppressed the migration,
transformation, and proliferation abilities of ox-LDL-treated
VSMCs as well as ERK1/2 blockers in the present study,
suggesting that AA could affect the biological behaviours of
VSMCs, which is associated with the inhibition of the ERK1/
2 signalling pathway.

miRNAs are conserved, small and single-stranded
noncoding RNAs that negatively regulate gene expression at
the posttranscriptional level and therefore, repress protein
expression. Accumulating evidence reveals that miRNAs
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serve as important regulators of a range of behaviours of
VSMCs and are involved inmolecular signalling pathways of
AS10-12. In the present study, ox-LDL induced over-
expression of miR-27a-5p and miR-128-5p and down-
regulated miR-466f-3p and miR-425-3p expression. AA and

U0126 inhibited the expression of miR-27a-5p andmiR-128-
5p and elevated miR-466f-3p and miR-425-3p expression in
ox-LDL-induced VSMCs. A previous study showed that the
main active ingredient of AA-inhibited ERK1/2 phos-
phorylation9, suggesting that AA could inhibit ox-LDL-
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Figure 5: AA and U0126 regulate microRNA expression in ox-LDL-treated VSMCs. (a) miR-466f-3p, miR-425-3p, miR-27a-5p, and miR-
128-5p were significantly associated with AA and U0126 treatment in ox-LDL-treated VSMCs (P< 0.01). (b) miRNA microarray assays
show that AA and U0126 regulate the expression of various miRNAs in ox-LDL-treated VSMCs. (c) According to the TargetScan 7.1
database and miRDB, PPARs, p21, SIRT2, and TIMPs are potential targets of miR-128-5p and miR-27a-5p, and cyclins, CDKs, and MMPs
are the potential targets of miR-466f-3p and miR-425-3p.

Table 1: Expression of individual miRNAs.

miRNAs Control ox-LDL AA U0126
miR-128-5p 45.27± 8.74 73.68± 8.77## 48.41± 10.39∗∗ 39.75± 6.71@@

miR-27a-5p 907.26± 35.52 1,091.40± 96.31## 736.02± 10.19∗∗ 568.15± 82.00@@

miR-425-3p 276.48± 19.89 198.52± 24.70## 244.03± 15.00∗ 259.94± 20.42@
miR-466f-3p 58.26± 3.31 25.34± 1.31## 41.94± 6.19∗∗ 34.06± 1.33@
#P< 0.05, ##P< 0.01 versus control; ∗P< 0.05, ∗∗P< 0.01 versus ox-LDL, @P< 0.05, @@P< 0.01 versus ox-LDL.
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Table 2: /e sequences of individual members in miRNAs.

miRNAs Sequences
miR-128-5p CGGGGCCGTAGCACTGTCTGAGA
miR-27a-5p AGGGCTTAGCTGCTTGTGAGCA
miR-425-3p CATCGGGAATATCGTGTCCGCC
miR-466f-3p TACACACACACATACACACAGA
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Figure 6: Transfection of VSMCs with miR-128-5p mimic and inhibitor. (a) /e expression of miR-128-5p was detected by qRT–PCR.
/ese data are representative of 6 experiments. /e results are described as the mean± SD (n� 6). ∗P< 0.05 versus mimic NC and #P< 0.05
versus inhibitor NC. (b)/emigration of VSMCs was detected after transfection./ese data are representative of 6 experiments./e results
are described as the mean± SD (n� 6). ∗P< 0.05 versus mimic NC and #P< 0.05 versus inhibitor NC.
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induced VSMCmigration, transformation, and proliferation
by regulating the expression of these miRNAs, which could
be associated with the ERK1/2 pathway.

Cyclins are recognized as important mediators in the cell
cycle [24]. As negative regulators of cyclins, p27 and p21
exert a central role in cell cycle arrest [25, 26]. /e activity of
cyclin-dependent kinases (CDKs) is strongly linked to the
expression of cyclins, which can initiate DNA synthesis,
promote the cell cycle, and play an important role in cell
proliferation [27–29]. P21 prevents DNA replication from
inhibiting cell proliferation through the control of CDK2,
CDK4, and CDK6. Cyclins and CDKs are the target genes of
miR-466f-3p and miR-425-3p, and p21 is the target gene of
miR-128-5p according to the TargetScan7.1 database. Our
study showed that miR-128-5p directly targeted the 3′UTRs
of the p21 gene, suppressed p21 expression and induced the
proliferation of VSMCs. Inhibition of miR-128-5p increased
the levels of p21 and p27 expression and then inhibited
proliferation. AA and U0126 treatment suppressed the in-
creasing number of VSMCs induced by miR-128-5p over-
expression. Treatment with AA and ERK1/2 inhibitor
effectively suppressed the proliferation of VSMCs by
inhibiting miR-128-5p in ox-LDL-induced VSMCs, indi-
cating that AA could inhibit VSMC proliferation by sup-
pressing miR-128-5p expression, which is closely linked to
the ERK1/2 signalling pathway.

TIMPs play a central role in suppressing the activation of
MMPs. TIMPs and MMPs have been identified as key
molecules in vascular remodeling and are linked to VSMC
proliferation and migration [30–33]. SM22α is a contractile

marker of VSMCs that affects the proliferation of VSMCs
and the development of AS5. We detected that treatment
with AA and U0126 effectively increased the expression of
SM22α and suppressed the levels of MMP-2 and MMP-9 in
VSMCs exposed to ox-LDL. It has been reported that several
miRNAs contribute to an SMC-specific transcriptional
program in regulating VSMC phenotypic transformation
and proliferation [34]. In the present study, AA and U0126
obviously suppressed the expression of miR-27a-5p and
miR-128-5p, and elevated miR-466f-3p and miR-425-3p
expression in ox-LDL-treated VSMCs. MMP-11, MMP-13,
and MMP-19 are negatively regulated by miR-466f-3p and
miR-425-3p. TIMP-3, TIMP-4, PPARɑ, PPARδ, and SIRT2
are the target genes of miR-27a-5p and miR-128-5p
according to the TargetScan 7.1 database. Inhibition of
SIRT2 represses the proliferation and synthetic phenotypic
transformation of VSMCs [35]. Activation of PPARɑ and
PPARc can attenuate VSMC proliferation and migration
[36–38] and exert a protective effect on AS [39]. Further-
more, miR-27a and miR-128 suppress the LDL receptor and
dysregulate cholesterol homeostasis, which is involved in
cholesterol efflux and represses the progression of AS
[40, 41]. /erefore, we assumed that AA could suppress
VSMC migration, phenotypic transformation, and prolif-
eration by altering the expression of these miRNAs and exert
multiple roles in the process of AS.

It has been reported that overexpression of miR-128 can
significantly decrease VSMC migration, phenotypic trans-
formation, and proliferation by targeting Kruppel-like factor
4 (KLF4) [42]. KLF4 acts as a key repressor of VSMC
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Figure 7: Transfection of miR-128-5p affects phenotypic transformation. SM22ɑ expression was detected by immunofluorescence assay.
/ese data are representative of 3 experiments. /e results are described as the mean± SD (n� 3). ∗P< 0.05 versus mimic NC and #P< 0.05
versus inhibitor NC.
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differentiation, modulating the expression of SM22α and
PPARs [42, 43]. miR-128-5p has a similar function as miR-
128 and TIMP-3, and TIMP-4, SIRT2, PPARɑ, PPARδ, and
p21 are suppressed by miR-128-5p. We hypothesized that

miR-128-5p could affect the migration, phenotypic trans-
formation, and proliferation of VSMCs. /e results showed
that the miR-128-5p mimic increased the migration, phe-
notypic transformation, and proliferation of VSMCs. /e
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Figure 8: Transfection of the miR-128-5p mimic and inhibitor affected SM22ɑ, p21 and p27 expression, and VSMC proliferation.
(a)Western blotting was performed to determine the expression of sm22ɑ, p21, and p27./ese data are representative of 3 experiments./e
results are described as the mean± SD (n� 3). ∗P< 0.05 versus mimic NC and #P< 0.05 versus inhibitor NC. (b) Immunocytochemistry
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inhibition of miR-128-5p elevated SM22α expression and
suppressed the migration and proliferation of VSMCs,
suggesting that inhibition of miR-128-5p may be a prom-
ising treatment for the progression of AS. AA and U0126
treatment reduced the increase in VSMC proliferation in-
duced by miR-128-5p mimic transfection compared with
that in the mimic group, indicating that AA and U0126
could inhibit VSMC proliferation by repressing miR-128-5p
expression. /e p21 protein is involved in cell proliferation,
and the 3′UTR of the p21 gene contains the binding se-
quence sites of miR-128-5p. Luciferase assays showed that
p21 was the direct target gene of miR-128-5p. /e miR-128-
5p mimic induced overexpression of miR-128-5p, blocked
p21 expression, and increased VSMC proliferation. AA and
ERK1/2 blockers suppressed VSMC proliferation by
repressing miR-128-5p expression. /is finding indicates
that miR-128-5p can effectively inhibit the proliferation of
VSMCs by targeting p21 expression and that AA alters the
behaviours of VSMCs by arresting miR-128-5p expression
by targeting the p21 gene.

5. Conclusion

In conclusion, the results of our study verify that treatment
with AA and ERK1/2 blockers inhibits ox-LDL-stimulated
VSMC migration, phenotypic transformation, and prolif-
eration by regulating the expression of miR-466f-3p, miR-
425-3p, miR-27a-5p, and miR-128-5p, especially by sup-
pressing miR-128-5p and by targeting the p21 gene. /is
study provides new insights into how AA regulates the
biological behaviours of VSMCs and exerts multiple roles in
the process of AS.
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tethered metalloproteinase expressed by vascular smooth
muscle cells limits the progression of proliferative athero-
sclerotic lesions,” Journal of American Heart Association,
vol. 6, no. 7, Article ID e003693, 2017.

[8] K. Smiljanic, M. Obradovic, A. Jovanovic et al., “/rombin
stimulates VSMC proliferation through an EGFR-dependent
pathway: involvement of MMP-2,” Molecular and Cellular
Biochemistry, vol. 396, pp. 147–160, 2014.

[9] X. H. Xue, X. M. Zhou, W. Wei et al., “Alisol A 24-acetate, a
triterpenoid derived from Alisma orientale, inhibits ox-LDL-
induced phenotypic transformation and migration of rat
vascular smooth muscle cells through suppressing ERK1/2
signaling,” Journal of Vascular Research, vol. 53, no. 5-6,
pp. 291–300, 2016.

[10] M. W. Feinberg and K. J. Moore, “MicroRNA regulation of
atherosclerosis,” Circulation Research, vol. 118, no. 4,
pp. 703–720, 2016.

[11] T. M. Wang, K. C. Chen, P. Y. Hsu et al., “microRNA let-7g
suppresses PDGF-induced conversion of vascular smooth
muscle cell into the synthetic phenotype,” Journal of Cellular
and Molecular Medicine, vol. 21, no. 12, 2017.

[12] J. J. Stein, C. Iwuchukwu, K. G. Maier, and V. Gahtan,
“/rombospondin-1—induced vascular smooth muscle cell
migration and proliferation are functionally dependent on
microRNA-21,” Surgery, vol. 155, no. 2, pp. 228–233, 2014.

[13] Y. Xu, Y. Bei, S. Shen et al., “MicroRNA-222 promotes the
proliferation of pulmonary arterial smooth muscle cells by
targeting P27 and TIMP3,” Cellular Physiology and Bio-
chemistry, vol. 43, no. 1, pp. 282–292, 2017.

[14] T. Luo, S. Cui, C. Bian, and X. Yu, “Crosstalk between TGF-
β/Smad3 and BMP/BMPR2 signaling pathways via miR-17-92
cluster in carotid artery restenosis,” Molecular and Cellular
Biochemistry, vol. 389, no. 1-2, pp. 169–176, 2014.

[15] P. Liu, J. Su, X. Song, and S. Wang, “miR-92a regulates the
expression levels of matrix metalloproteinase 9 and tissue
inhibitor of metalloproteinase 3 via sirtuin 1 signaling in
hydrogen peroxide-induced vascular smooth muscle cells,”
Molecular Medicine Reports, vol. 17, no. 1, 2018.

[16] D. Yang, C. Sun, J. Zhang et al., “Proliferation of vascular
smooth muscle cells under inflammation is regulated by NF-
κB p65/microRNA-17/RB pathway activation,” International
Journal of Molecular Medicine, vol. 41, no. 1, pp. 43–50, 2018.

[17] H. J. Kee, G. R. Kim, S. N. Cho et al., “miR-18a-5p MicroRNA
increases vascular smooth muscle cell differentiation by
downregulating Syndecan4,” Korean Circulation Journal,
vol. 44, no. 4, p. 255, 2014.

[18] T. Xu, C. Jing, Y. Shi et al., “microRNA-20a enhances the
epithelial-to-mesenchymal transition of colorectal cancer cells
by modulating matrix metalloproteinases,” Experimental and

erapeutic Medicine, vol. 10, no. 2, pp. 683–688, 2015.

[19] L. Xu, M. Jing, L. Yang et al., “/e Alisma and Rhizoma
decoction abates nonalcoholic steatohepatitis-associated liver
injuries in mice by modulating oxidative stress and auto-
phagy,” BioMed Central Complementary and Alternative
Medicine, vol. 19, no. 1, p. 92, 2019.

[20] C. W. Han, M. J. Kwun, K. H. Kim et al., “Ethanol extract of
Alismatis Rhizoma reduces acute lung inflammation by
suppressing NF-κB and activating Nrf2,” Journal of Ethno-
pharmacology, vol. 146, no. 1, pp. 402–410, 2013.

[21] X. Hong, H. Tang, L. Wu, and L. Li, “Protective effects of the
alisma orientalis extract on the experimental nonalcoholic
fatty liver disease,” Journal of Pharmacy and Pharmacology,
vol. 58, no. 10, 2010.

[22] C. W. Han, E. S. Kang, S. A. Ham, H. J. Woo, J. H. Lee, and
H. G. Seo, “Antioxidative effects of alisma orientaleextract in
palmitate-induced cellular injury,” Pharmaceutical Biology,
vol. 50, no. 10, 2012.

[23] X. Xue, T. Chen, W. Wei, X. Zhou, Z. Lin, and L. Chen,
“Effects of Alisma Decoction on lipid metabolism and in-
flammatory response are mediated through the activation of
the LXRα pathway in macrophage-derived foam cells,” In-
ternational Journal of Molecular Medicine, vol. 33, no. 4,
pp. 971–977, 2014.

[24] M. C. Song, J. Park, and T. J. Kim, “Diethylstilbestrol induces
arrest of rat vascular smooth muscle cell cycle progression
through downregulation of cyclin D1 and cyclin E,”Molecular
and Cellular Biochemistry, vol. 360, no. 1-2, pp. 103–109, 2012.

[25] C. Castro, A. Dı́ez-Juan, M. J. Cortés, and V. Andrés, “Distinct
regulation of mitogen-activated protein kinases and p27Kip1
in smooth muscle cells from different vascular beds,” Journal
of Biological Chemistry, vol. 278, no. 7, 2003.

[26] O. Coqueret, “New roles for p21 and p27 cell-cycle inhibitors:
a function for each cell compartment?” Trends in Cell Biology,
vol. 13, no. 2, pp. 65–70, 2003.

[27] M. D. Galbraith, Z. Andrysik, A. Pandey et al., “CDK8 kinase
activity promotes glycolysis,” Cell Reports, vol. 21, no. 6, 2017.

[28] C. Peng, W. Zeng, J. Su et al., “Cyclin-dependent kinase 2
(CDK2) is a key mediator for EGF-induced cell transfor-
mationmediated through the ELK4/c-Fos signaling pathway,”
Oncogene, vol. 35, no. 9, 2016.

[29] V. Kundumani-Sridharan, N. K. Singh, S. Kumar,
R. Gadepalli, and G. N. Rao, “Nuclear factor of activated
T cells c1 mediates p21-activated kinase 1 activation in the
modulation of chemokine-induced human aortic smooth
muscle cell F-actin stress fiber formation, migration, and
proliferation and injury-induced vascular wall remodeling,”
Journal of Biological Chemistry, vol. 288, no. 30, 2013.

[30] M. P. Bendeck, N. Zempo, A. W. Clowes, R. E. Galardy, and
M. A. Reidy, “Smooth muscle cell migration and matrix
metalloproteinase expression after arterial injury in the rat,”
Circulation Research, vol. 75, no. 3, pp. 539–545, 1994.

[31] C. Johnson and Z. S. Galis, “Matrix metalloproteinase-2 and
−9 differentially regulate smooth muscle cell migration and
cell-mediated collagen organization,” Arteriosclerosis,

rombosis, and Vascular Biology, vol. 24, no. 1, pp. 54–60,
2004.

[32] A. Cho and M. A. Reidy, “Matrix metalloproteinase-9 is
necessary for the regulation of smooth muscle cell replication
and migration after arterial injury,” Circulation Research,
vol. 91, no. 9, pp. 845–851, 2002.

[33] J. R. Zhang, Q. B. Lu, W. B. Feng et al., “Nesfatin-1 promotes
VSMC migration and neointimal hyperplasia by upregulating
matrix metalloproteinases and downregulating PPARc,”
Biomedicine & Pharmacotherapy, vol. 102, pp. 711–717, 2018.

12 Evidence-Based Complementary and Alternative Medicine



[34] K. R. Cordes, N. T. Sheehy, M. P. White et al., “miR-145 and
miR-143 regulate smooth muscle cell fate and plasticity,”
Nature, vol. 460, no. 7256, pp. 705–710, 2009.

[35] L. Wang, Y. Han, Y. Shen et al., “Endothelial insulin-like
growth factor-1 modulates proliferation and phenotype of
smooth muscle cells induced by low shear stress,” Annals of
Biomedical Engineering, vol. 42, no. 4, pp. 776–786, 2014.

[36] D. Povero, N. Panera, A. Eguchi et al., “Lipid-induced he-
patocyte-derived extracellular vesicles regulate hepatic stellate
cells via MicroRNA targeting peroxisome proliferator-acti-
vated receptor-c,” Cellular and Molecular Gastroenterology
and Hepatology, vol. 1, no. 6, pp. 646–663, 2015.

[37] Y. Zhou, M. J. Zhang, B. H. Li et al., “PPARc inhibits VSMC
proliferation and migration via attenuating oxidative stress
through upregulating UCP2,” PLoS One, vol. 11, no. 5, Article
ID e0154720, 2016.

[38] B. Zhang, Y. Dong, and Z. Zhao, “LncRNA MEG8 regulates
vascular smooth muscle cell proliferation, migration and
apoptosis by targeting PPARα,” Biochemical and Biophysical
Research Communications, vol. 510, no. 1, pp. 171–176, 2019.

[39] A. Z. Mirza, I. I. Althagafi, and H. Shamshad, “Role of PPAR
receptor in different diseases and their ligands: physiological
importance and clinical implications,” European Journal of
Medicinal Chemistry, vol. 166, pp. 502–513, 2019.

[40] M. L. Alvarez, M. Khosroheidari, E. Eddy, and S. C. Done,
“MicroRNA-27a decreases the level and efficiency of the LDL
receptor and contributes to the dysregulation of cholesterol
homeostasis,” Atherosclerosis, vol. 242, no. 2, pp. 595–604,
2015.

[41] A. Wagschal, S. H. Najafi-Shoushtari, L. Wang et al., “Ge-
nome-wide identification of microRNAs regulating choles-
terol and triglyceride homeostasis,” Nature Medicine, vol. 21,
no. 11, 2015.

[42] F. M. Farina, I. F. Hall, S. Serio et al., “miR-128-3p is a novel
regulator of vascular smooth muscle cell phenotypic switch
and vascular diseases,” Circulation Research, vol. 126, no. 12,
2020.

[43] Y. Sun, B. Zheng, X. H. Zhang, M. He, Z. W. Guo, and
J. K. Wen, “PPAR-c agonist stabilizes KLF4 protein via ac-
tivating Akt signaling and reducing KLF4 ubiquitination,”
Biochemical and Biophysical Research Communications,
vol. 443, no. 2, pp. 382–388, 2014.

[44] W. Wei, Ju L. Shen, Lu Lu, X. Ru Lv, T. T. Lu, and X. H. Xue,

e Compatibility of Alisma and Atractylodes Affects the Bi-
ological Behaviors of VSMCs via Inhibiting miR-128-5p/P21
Gene, Research Square, Durham, North Carolina, 2020.

Evidence-Based Complementary and Alternative Medicine 13


