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Morin inhibits PDGF-induced proliferation, migration, and  invasion 
of vascular smooth muscle cells via  modulating p27KIP1, AKT, 
and MMP-9 activities
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Abstract. Hyper-proliferation and migration of vascular smooth muscle cells (VSMCs) are closely 
associated with atherosclerosis. Recently, the flavonol morin has been reported to exhibit potent 
anti-oxidant and anti-inflammatory activities. Therefore, we investigated molecular mechanisms of 
morin in VSMCs stimulated by PDGF. Morin effectively inhibited PDGF-stimulated proliferation 
of VSMCs through a G1 cell-cycle arrest, leading to down-regulation of CDK2, CDK4, cyclin D1, 
and cyclin E proteins. Interestingly, PDGF markedly down-regulated p27KIP1 protein expression; 
however, morin treatment restored the p27KIP1expression to the basal level. Morin did not affect 
phosphorylation of MAPKs (ERK, p38, and JNK); however, phosphorylation of AKT was dramati-
cally suppressed by morin in PDGF-stimulated VSMCs. Using the PI3K inhibitor, LY294002, we 
revealed that AKT is a key regulator in the inhibitory mechanism of morin against PDGF-induced 
proliferation of VSMCs. Morin disturbed migratory and invasive potential of VSMCs via suppres-
sion of matrix metalloproteinase-9 (MMP-9) activity. Using electrophoretic mobility shift assays, 
we verified that NF-κB, AP-1, and Sp-1 transcription factors are implicated in the mode of action 
of morin, which suppresses the MMP-9 activity in PDGF-induced VSMCs. Based on the results, we 
believe that morin may be a potential therapeutic agent for atherosclerosis without negative side effect.
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Introduction

Atherosclerosis is a chronic disease of blood vessels char-
acterized by accumulation of lipids, infiltration of immune 

cells, and proliferation of vascular smooth muscle cells 
(VSMCs) within the intimal layer of the artery (Ross 1993; 
Turunen et al. 1999). VSMCs are mainly associated with cel-
lular repair processes from tissue injury; however, in chronic 
inflammatory conditions, these cells facilitate intimal thick-
ening, which may cause the onset of cardiovascular diseases, 
such as atherosclerosis, stroke, ischemia, and infarction 
(Singh et al. 2002; Chistiakov et al. 2015). 

VSMCs proliferate and migrate into the intimal layer 
following vascular injury in atherosclerotic lesions (Singh et 
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al. 2002). Growth factors and cytokines produced by several 
types of cells, including macrophages, endothelial cells, and 
VSMCs, contribute to the development and progression of 
vascular lesions (Doran et al. 2008). Platelet-derived growth 
factor (PDGF), a significant regulator of mitogenesis, influ-
ences the proliferation of VSMCs through the activation 
of c-Jun N-terminal kinase (JNK), extracellular signal-
regulated kinase (ERK) 1/2, p38 mitogen-activated protein 
kinase (MAPK), and AKT signaling pathways (Heldin and 
Westermark 1999). In response to extracellular stimuli, cells 
progress through cellular division in four distinct sequential 
phases, G0/G1, S, G2, and M, which are controlled by cell 
cycle regulators, such as cyclins, cyclin-dependent protein 
kinases (CDKs), and CDK inhibitors, including p21WAF1 
and p27KIP1 (Zetterberg et al. 1995; Lee and Yang 2001; Li 
and Blow 2001). 

In atherosclerotic lesions, collagen degradation and 
extracellular matrix reorganization are increased, and even-
tually medial VSMCs migrate into the intimal space of the 
vessel wall, which is primarily mediated by matrix metal-
loproteinases (MMPs) (Newby and Zaltsman 2000; Galis 
and Khatri 2002b). The MMPs are a family of extracellular 
matrix-degrading proteases that have been implicated as 
crucial regulators of atherosclerosis development (Chase and 
Newby 2003). These proteases have been reported to be ex-
pressed in inflammatory lesions of artery plaques, suggesting 
a crucial role in the pathogenesis of atherosclerosis (Caird et 
al. 2006). Animal studies performed by others have shown 
that elevated levels of MMPs, such as MMP-2 and MMP-9, 
are key risk factors in the progression of atherosclerosis 
(Guo et al. 2009; Wagsater et al. 2011). Particularly, MMP-
9 has been reported as a regulator of the proliferation and 
migration of VSMCs (Cho and Reidy 2002). The proteolytic 
activity of MMP-9 is enhanced by extracellular stimuli, such 
as insulin-like growth factor-1 (IGF-1) and platelet-derived 
growth factor-BB (PDGF-BB), through MAPKs and phos-
phoinositide 3-kinase (PI3K)/AKT signaling pathways (Cho 
et al. 2000; Lee et al. 2007; Zhuang et al. 2013). In addition, 
analysis of MMP-9 promoter activity has suggested that 
it contains essential activator protein-1 (AP-1), specificity 
protein 1 (Sp-1), and nuclear factor (NF)-κB binding sites. 

Morin (3, 20, 40, 5, 7-pentahydroxyflavone) is a yellow-
pigmented flavonol isolated from the plant family of 
Moraceae. Recent studies have demonstrated that it exhibits 
a  broad spectrum of biological activities, including anti-
oxidant, anti-inflammatory, free-radical scavenging, and 
anti-carcinogenic properties (Sivaramakrishnan et al. 2009; 
Jin et al. 2014). Although the biological effects of morin on 
the proliferation of various cells have been reported (Kanno 
et al. 2005; Jin et al. 2014; Chung et al. 2016), the molecular 
mechanisms underlying its anti-atherogenic effects have 
not been clearly identified. In this study, we investigated the 
anti-migratory and anti-proliferative effects of morin and 

demonstrate the cellular mechanisms of morin-mediated 
inhibition of cell cycle progression, regulation of early gene 
expression, and suppression of MMP-9 activity in PDGF-
induced VSMCs.

Materials and Methods

Materials

Morin was purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Polyclonal antibodies of ERK, phospho-ERK, 
p38MAPK, phospho-p38MAPK, JNK, phospho-JNK, AKT, 
and phospho-AKT were obtained from Cell Signaling Tech-
nology (Danvers, MA, USA). Polyclonal antibodies against 
cyclin D1, cyclin E, CDK2, CDK4, p21WAF1, p27KIP1, p53, 
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
were obtained from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA). Anti-MMP-9 polyclonal antibody was purchased 
from Chemicon (Temecula, CA, USA).

Cell culture

VSMCs were isolated from Sprague–Dawley rats and grown 
in 1× DMEM containing 10% fetal bovine serum (FBS), 
2  mM glutamine, 50 mg/ml gentamycin, and 50 ml/ml 
amphotericin-B at 37°C in a humidified CO2 (5%) incubator. 

Cell viability assay 

Cell viability was measured by both the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and viable 
cell counting assays. For the MTT assays, 6 × 103 cells were 
plated per well in 96-well plates and preincubated with morin 
for 1 h at concentrations of 0, 50, 100, or 200  μM, followed 
by incubation with PDGF (20 ng/ml) for 24 h. After incuba-
tion, the medium was aspirated and fresh medium containing 
10 μl of 5 mg/ml MTT was added. After 1 h, the medium was 
aspirated and 100 μl dimethyl sulfoxide (DMSO) was added. 
The absorbance at 540 nm was measured using a fluorescence 
plate reader. For viable cell counting, 50 μl of detached cells 
were mixed with 50 μl of 0.4% trypan blue (Sigma-Aldrich) 
by gentle pipetting, and the blue-stained dead cells were 
counted using a hemocytometer. Viable cells were calculated 
using the equation: % viable cells = [1.00 – (number of blue 
cells ÷ number of total cells)] × 100.

Cell cycle analysis

VSMCs were preincubated with morin at concentrations of 
0, 50, 100, or 200 μM for 1 h, and then cells were incubated 
in the absence or the presence of PDGF (20 ng/ml) for 24 h. 
The cells were collected and washed twice with phosphate-
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buffered saline (PBS). After centrifugation at 1,000 × g, 5 ml 
of ice-cold ethanol (70% (v/v)) was added dropwise; the 
cell pellets were resuspended, and stored at 4°C overnight. 
The cells were collected again by centrifugation and resus-
pended in 1 ml of PBS containing RNase A (100 μg/ml) and 
propidium iodide (PI, 100 μg/mL), followed by incubation 
at 37°C for 30 min. Cell-cycle distribution was analyzed by 
a  flow cytometer (FACStar™, Becton Dickinson, Franklin 
Lakes, NJ, USA) supplied with BD Cell FIT software.

Immunoblot

Cells were washed twice with cold PBS and freeze-thawed 
in 200 μl lysis buffer containing 50 mM HEPES (pH 7.5), 
150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 
2.5 mM EGTA, 10 mM β-glycerophosphate, 0.1 mM Na-
3VO4, 1 mM NaF, 0.1 mM phenylmethylsulfonyl fluoride 
(PMSF), 10% glycerol, 0.1% Tween-20, 10 μg/ml leupeptin, 
and 2 μg/ml aprotinin. After cells were scraped into 1.5 ml 
tubes, the lysates were incubated on ice for 10 min. Then, the 
cells were centrifuged at 10,000 × g for 10 min at 4°C. The 
amount of protein was determined by a BCA protein assay 
reagent kit (Thermo Fisher Scientific Inc., Waltham, MA, 
USA). Twenty-five micrograms of each protein was loaded 
and separated by electrophoresis on a 0.1% SDS, 10% poly-
acrylamide gel (SDS–PAGE) under denaturing conditions. 
The proteins were transferred electrophoretically to nitrocel-
lulose membranes (Hybond, GE Healthcare Bio-Sciences, 
Marlborough, MA, USA). After blocking with 5% skim milk, 
the membranes were incubated with primary antibodies 
for 12  h, washed, incubated with peroxidase-conjugated 
secondary antibodies for 90 min, and washed again. The 
immunocomplexes were detected by chemiluminescence 
reagent kit (GE Healthcare Bio-Sciences, Marlborough, MA, 
USA). Experiments were repeated at least 3 times.

Immunoprecipitation

For the immunoprecipitation assay, equal amounts of cell 
lysates were incubated with specific antibodies overnight at 
4°C. Immunocomplexes were rendered insoluble using pro-
tein A-sepharose beads (Santa Cruz Biotechnology, Inc.), fol-
lowed by incubation at 4°C for 2 h. The immunoprecipitates 
were washed with lysis buffer 3 times, and then resuspended 
in SDS-PAGE sample buffer containing β-mercaptoethanol 
(Bio-Rad, Richmond, CA, USA). The samples were analyzed 
by immunoblot analysis, as indicated in the previous section. 

Wound healing assay

VSMCs were seeded into 6-well plates and grown to 90% 
confluence. Then, cells were pretreated with mitomy-
cin C (5 μg/ml, Sigma-Aldrich, #M4287) for 2 h to inhibit 

cell proliferation. The surface of the cells was scratched with 
a 200 µl-pipette tip, and the well was washed with PBS to 
remove floating cells. Cells were treated with morin (0, 50, 
100, or 200 μM) for 1 h, followed by incubation of the cells 
in the presence or absence of PDGF (20 ng/ml) for 24 h. 
The migration of cells was photographed using an inverted 
microscope (40× magnification).

Invasion assay

PDGF-induced VSMCs (2.5 ´ 104) were resuspended in 
100 μl of medium containing morin (0, 50, 100, or 200 µM) 
and placed in the upper chamber of a transwell migration 
plate. After 24 h, the cells that invaded the matrix (a poly-
carbonate membrane with 8-µm pores and a thin layer of 
the ECM-like material, Matrigel) were fixed, stained, pho-
tographed, and analyzed using a commercial cell invasion 
assay kit (Chemicon International, Billerica, MA) and ImageJ 
software (National Institutes of Health, USA). The number 
of invading cells was measured as fold changes compared 
to the control.

Zymography

Conditioned medium was collected and electrophoresed on 
a polyacrylamide gel containing 0.25% gelatin. The gel was 
washed twice for 15 min at room temperature with 2.5% 
Triton X-100. Subsequently, the gel was incubated at 37°C 
overnight in a buffer containing 150 mM NaCl, 50 mM Tris-
HCl, and 10 mM CaCl2, pH 7.5. The gel was stained with 
0.2% Coomassie blue and photographed on a light box. Pro-
teolysis was detected as a white zone on a blue background.

RNA extraction and real-time PCR

Total RNAs were extracted using an RNeasy mini kit 
(Qiagen, La Jolla, CA, USA). Complementary DNA was 
prepared using RT-PCR master mix with random hexamers 
according to the manufacturer’s instructions (GE health care 
biosciences, Pittsburgh, PA, USA). PCR was performed in 
a Mastercycler (Eppendorf, Hamburg, Germany) with the 
indicated primers. The real-time PCR cycling conditions 
were 95°C for 5 min, 40 cycles for 30 s at 95°C, 20 s at 55°C 
and 30 s at 72°C, followed by fluorescence measurement. 
The primer sequences used were as follows: MMP-9 sense 
(5´-ttccctggagacctgagaacc-3´) and MMP-9 antisense (5´-cg-
gcaagtcttccgagtagtttt3´).

Nuclear extracts and electrophoretic mobility shift assay 
(EMSA)

The cells were incubated with fresh serum-free media 
containing the indicated concentration of morin (0, 50, 
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100, or 200 μM). After 24 h, the media was replaced with 
serum-free media containing the 20 ng/ml PDGF for 24 h. 
The nuclear extracts were prepared as follows. The cells were 
incubated in lysis buffer (0.5 mM PMSF, 0.1 mM EGTA, 
0.1 mM EDTA, 1 mM DTT, 10 mM KCl, 10 mM HEPES, pH 
7.9) on ice for 15 min, and then were scraped and collected 
in a new tube. The cells were vortexed gently in 0.5% Noni-
det P-40, and then centrifuged at 12,000 rpm for 1 min. The 
nuclear pellet was re-suspended in a buffer (1 mM EGTA, 
1 mM DTT, 1 mM PMSF, 0.4 M NaCl, 1 mM EDTA, and 
20 mM HEPES, pH 7.9) for 20 min at 4°C. After the addi-
tion of KCl (final concentration of 500 mM) and incubation 
for 1 h at 4°C, the samples were centrifuged for 1 min at 
12,000 rpm. Protein in nuclear extracts was determined us-
ing the Bradford reagent method (Bio-Rad). The probes of 
consensus oligonucleotide sequences for AP-1, NF-κB, and 
Sp-1 were based on the cis element in the MMP-9 promoter, 
as follows: AP-1 (CGCTTGATGAGTCAGCCGGAA), 
NF-κB (AGTTGAGGGGACTTTCCCAGGC), and Sp-1 

(ATTCGATCGGGGCGGGGCGAGC). An EMSA assay 
was performed by annealing the complementary oligo-
nucleotides in an annealing buffer (50 mM NaCl, 10 mM 
Tris pH 8, 1 mM EDTA) with heating at 90°C for 2 min. 
AP-1, NF-κB, and Sp-1 oligonucleotides were end-labeled 
by incubation of T4 polynucleotide kinase (Promega) and 
[γ-32P]ATP at 37°C for 1 h. The nuclear extract (10–20 µg) 
was incubated in 2× binding buffer (25 mM HEPES (pH 
7.6), 1 mM EDTA, 0.5 mM DTT, 5 mM MgCl2, 75 mM 
KCl, 10% glycerol) for 30 min at room temperature with 
the 32P-labeled oligonucleotide probe. The DNA-protein 
complexes were electrophoresed on a  native 6% poly-
acrylamide gel using 0.5×TBE running buffer. The gel was 
then washed, dried, and visualized with auto-radiography 
using X-ray film at −70°C overnight (Moon et al. 2004). 
Unlabeled AP-1, Sp-1, and NF-κB oligonucleotides were 
used for competitive binding samples. 

Statistical analysis

Where appropriate, data are represented as the means ± SD. 
Data were evaluated by factorial ANOVA and a  Fisher’s 
least significant difference test where appropriate. Statistical 
significance was considered at p < 0.05.

Results

Morin inhibits PDGF-induced proliferation of VSMCs in 
a concentration-dependent manner

It has been reported that PDGF is a strong mitogenic stimu-
lant for the proliferation of VSMCs (Azahri et al. 2012). In 
order to examine the effect of morin on the proliferation of 
VSMCs, we pre-treated VSMCs in the absence or presence 
of morin at different concentrations (50, 100, or 200 µM) for 
1 h, followed by incubation with PDGF (20 ng/ml) for 24 h. 
The MTT assay showed that treatment with PDGF increased 
proliferation of VSMCs 1.7-fold, compared to that of the un-
treated control. However, PDGF-induced VSMCs exhibited 
a concentration-dependent reduction in their proliferation in 
the presence of morin. The proliferation of VSMCs, treated 
with morin alone, was not significantly different compared to 
that of the control (Figure 1A). In addition, the results from 
the viable cell counting assay exhibited a similar pattern to 
that of the MTT assay (Figure 1B).

Morin induces G1-phase cell cycle arrest in PDGF-treated 
VSMCs

Next, we examined whether morin induces growth inhibi-
tion of VSMCs through cell-cycle arrest. The cells were 
pretreated with different concentrations of morin for 1 h, 

Figure 1. Inhibition of cell viability and proliferation of PDGF-
induced VSMCs by morin. A. Cell viability was assessed by MTT 
assays. VSMCs were serum-starved for 24  h, followed by pre-
incubation with 50, 100, or 200 μM of morin for 1 h. Then, PDGF 
(20 ng/ml) was added and incubated for 24 h. B. Viable cells were 
counted by the trypan blue staining exclusion method. Results are 
presented as the means ± SD from three experiments; * p < 0.05 
versus treatment with PDGF alone.

A

B
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followed by incubation in the presence or absence of PDGF 
(20 ng/ml) for 24 h. The cells were then subjected to flow 
cytometric analysis. As displayed in the fluorescence-
activated cell sorting (FACS) histograms of Figure 2A–F, 
morin-treated VSMCs accumulated in the G1 cell cycle 
phase in a concentration-dependent manner. Notably, the 
cell population in G1 increased from 55.5 % in the cells 
treated with PDGF only to 67.6 % in the cells treated with 
200 µM morin, with simultaneous decreases in both the 
S- and G2/M-phase populations as the morin concentra-
tion increased (Figure 2A–F). These results demonstrate 
that morin induces G1-phase arrest of VSMCs, leading to 
inhibition of cell proliferation.

Morin induces G1-phase cell cycle arrest via suppression of 
positive cell cycle regulators by up-regulation of p27KIP1 in 
PDGF-treated VSMCs

It has been well demonstrated that cyclins, CDKs, and 
CDK inhibitors participate in the regulation of cell cycle 
progression in response to extracellular stimuli (Massague 
2004). We investigated the effect of morin on expression of 
regulatory proteins associated with the G1-cell cycle phase. 
Stimulation with PDGF (20 ng/ml) led to up-regulation of 

CDK2, CDK4, cyclin D1, and cyclin E. However, protein 
levels of these regulators were diminished by pretreatment 
with morin (Figure 3A). Subsequently, we examined ex-
pression of CDK inhibitors (p21WAF1 and p27KIP1) and 
the tumor suppressor, p53, to understand the mechanism 
of morin-mediated cell cycle arrest at G1-phase. As shown 
in Figure 3B, the expression of p21WAF1 was up-regulated 
by PDGF treatment, which was not influenced by morin 
treatment. Interestingly, protein expression of p27KIP1 was 
down-regulated by PDGF treatment; however, pretreatment 
with morin followed by PDGF-stimulation up-regulated 
p27KIP1. No correlation was observed between p53 levels 
and morin treatment (Figure 3B). We next performed im-
munoprecipitation (IP) analysis to verify that p27KIP1 
plays a key role in the regulatory mechanism of morin. We 
utilized anti-CDK2 and anti-CDK4 antibodies to immu-
noprecipitate the binding partners, followed by immuno-
blotting with anti-p27KIP1 antibody. As shown in Figure 
3C, the decreased p27KIP1 bound to CDK2 and CDK4 in 
PDGF-treated VSMCs was increased by morin treatment. 
These results clearly demonstrate that morin-mediated 
growth inhibition is associated with down-regulation of 
CDK2, CDK4, cyclin D1, and cyclin E and up-regulation 
of p27KIP1 in PDGF-treated VSMCs.

Figure 2. Cell-cycle distribution of PDGF-induced VSMCs treated with morin. Morin induced G1-phase cell-cycle arrest in VSMCs. 
VSMCs were preincubated with different concentrations of morin for 1 h, followed by incubation with PDGF (20 ng/ml) for 24 h. FACS 
histograms are presented for Control (Con, A), PDGF alone (B), 50 μM morin with PDGF (C), 100 μM morin with PDGF (D), 200 μM 
morin with PDGF (E). Distribution of cell population is presented as percentages of cell population in each cell cycle phase (F). Values 
are presented as means ± SD of three independent experiments; * p < 0.05 versus control, † p < 0.05 versus PDGF alone.

A B C

D E F
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Morin inhibits PDGF-induced proliferation of VSMCs via 
the AKT signaling pathway

MAPK and AKT signaling pathways are well known to play 
key roles in signal transduction from extracellular stimuli to 
the cytoplasm (Li et al. 2012). Thus, we investigated whether 
MAPKs (ERK, p-38, and JNK) and AKT signaling par-
ticipate in the regulatory mechanism of morin-mediated 
growth inhibition of PDGF-stimulated VSMCs. Treatment 
of VSMCs with PDGF significantly induced phosphoryla-
tion of ERK, p-38, and JNK. However, pre-incubation with 
morin did not affect the PDGF-mediated phosphorylation 
of MAPKs. We then examined phosphorylation of AKT in 
response to PDGF, which was significantly increased more 
than 10-fold, compared to control levels. Interestingly, pre-
incubation of the cells with morin significantly suppressed 
the PDGF-induced phosphorylation of AKT in a concentra-
tion-dependent manner (Figure 4A). In order to examine the 
association of AKT pathway with the cell cycle regulators, we 
utilized the AKT inhibitor, LY294002. VSMCs were treated 
with PDGF in the presence or absence of morin, followed 

by incubation with or without AKT inhibitor. As shown 
in Figure 4B, CDK2, CDK4, cyclin D1, and cyclin E levels 
were increased by PDGF (Figure 4B). These protein levels 
induced by PDGF were reversed by morin treatment. How-
ever, when LY294002 was added, these inhibitory effects of 
morin against the cell cycle regulators were reversed again. 
This result suggests that AKT signaling pathway is closely 
associated with the cell cycle regulators.

Morin treatment reduces the migratory potential of  
PDGF-induced VSMCs

Previous studies by other groups have suggested that migra-
tion of VSMCs to the intimal layer of the artery is a crucial 
step in the onset of atherosclerosis (Bendeck et al. 1994; 
Singh et al. 2002). Therefore, we examined whether morin 
affects the migratory activity of PDGF-induced VSMCs. To 
this end, we scratched the cell surfaces with a pipette tip 
followed by treatment as indicated. The distance of cellular 
migration after 24 h was compared to that of the control. 
As shown in Figure 5A, PDGF treatment promoted the 

Figure 3. Effect of morin on cell cycle regulatory proteins in PDGF-induced VSMCs. Immunoblots were performed with antibodies 
specific for CDK2, CDK4, cyclin D1, and cyclin E (A) and p21WAF1, p27KIP1 and p53 (B). Actin was used as a loading control (Con). 
Equal amounts of cell lysates were subjected to immunoprecipitation using anti-CDK2 and anti-CDK4 antibodies, followed by immuno-
blotting with anti-p27KIP1 antibody (C). All graphs represent the relative expression of the corresponding proteins on the blots. Values 
are presented as means ± SD of three independent experiments; * p < 0.05 versus control, † p < 0.05 versus PDGF alone.

A

B

C
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migration of VSMCs. Pretreatment with morin, followed by 
PDGF treatment, strongly inhibited the migratory potential 
of VSMCs. In addition, treatment with morin alone did not 
affect the migration of VSMCs (Figure 5A). Taken together, 
these data indicate that morin suppresses the migration of 
VSMCs induced by PDGF.

Morin suppresses the Matrigel-degrading potential of 
PDGF- induced VSMCs

It has been reported that VSMCs generate MMPs in ath-
erosclerotic lesions to penetrate the extracellular matrices 
of the vascular walls (Fabunmi et al. 1996). We examined 
whether morin inhibits the invasive potential of VSMCs us-
ing Matrigel-coated transwell chambers. As shown in Figure 
5B, PDGF treatment significantly promoted the invasion of 

VSMCs. However, preincubation with morin suppressed 
the Matrigel-degrading potential of VSMCs in response to 
PDGF. Treatment with morin alone had no effect on the inva-
sion of VSMCs, compared with that of control (Figure 5B). 

Morin inhibits PDGF-stimulated MMP-9 expression 
through the suppression of NF-κB, AP-1, and Sp-1 binding 
activities

Previous studies have suggested that MMPs are crucial me-
diators in the proliferation and migration of VSMCs (Suh et 
al. 2006; Seo et al. 2015). Thus, we examined the gelatinase 
activities of MMP-2 and -9 in VSMCs using gelatin zymogra-
phy. PDGF treatment exhibited enhanced gelatin-degrading 
activity of MMP-9 in VSMCs; however, MMP-2 was not 
effectively induced by the same treatment. Pre-incubation 
of the cells with morin at different concentrations (50, 100, 

Figure 4. Effect of morin on MAPKs and AKT in PDGF-treated VSMCs. A. VSMCs were pretreated with morin at concentrations of 50, 
100, and 200 μM, followed by PDGF (20 ng/ml). Cell lysates were prepared and subjected to immunoblots with specific antibodies against 
phospho-ERK1/2, ERK1/2, phospho-p38, p38, phospho-JNK, JNK, AKT, and phospho-AKT. The ratio of the phosphorylated form to 
the un-phosphorylated protein was evaluated and presented as a fold change compared to that of the control. B. Cells were pretreated 
with morin at 0 and 200 μM, followed by PDGF (20 ng/ml) in the presence or absence of LY294002. Western blots were performed 
against proteins indicated. Each value is presented as the mean ± SD of three independent experiments; * p < 0.05 versus control, † p < 
0.05 versus PDGF alone.

A B
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and 200 μM) inhibited the PDGF-induced gelatin-degrading 
activity of MMP-9, as evidenced by the reduced band with 
200 μM of morin treatment. In order to assure zymography 
results, we performed western immunoblot for MMP-9. As 
shown in Figure 6A, expression of MMP-9 was detected. To 
ensure the inhibitory activity of morin against MMP-9, we 
examined the mRNA expression in PDGF-activated VSMCs 
treated with or without morin. Cells treated with morin 
exhibited down-regulation of mRNA expression by morin 
treatment in a concentration dependent manner (Figure 6B). 
In order to understand the regulatory mechanism of the re-
duced MMP-9 activity by morin in PDGF-induced VSMCs, 
we investigated the binding activities of the transcription 
factors, NF-κB, AP-1, and Sp-1, to their corresponding re-
sponse element sequences in the MMP-9 promoter region, 
using EMSA. As shown in Figure 6C, the binding activities 
of NF-κB, AP-1, and Sp-1 were increased in the nuclear 
extract from PDGF-treated VSMCs. However, these activi-
ties were markedly inhibited by preincubation with morin 
(Figure 6C). These results suggest that the inhibitory effect of 

morin against MMP-9 activity was attributed to the reduced 
binding of transcription factors, NF-κB, AP-1, and Sp-1, and 
subsequent down-regulation of transcription.

Discussion

Atherosclerosis, a chronic inflammatory disease in the vas-
cular walls, is characterized by the development of arterial 
lesions, containing lipids, immune cells, and cellular debris 
(Hansson 2005). Chronic stimulation from inflammatory 
cells dramatically reduces the stability of atherosclerotic 
plaques and promotes the proliferation and migration of 
VSMCs, which eventually leads to the narrowing of arterial 
vessels and thrombosis (Kofler et al. 2005).

Morin is a flavonol mainly found in plants of the Moraceae 
family. It has been widely utilized as an ingredient of herbal 
medicines due to its diverse biological activities (Iwase et 
al. 2001; Brown et al. 2003). Previous studies by others have 
demonstrated that morin exhibits strong anti-inflammatory 

A

B

Figure 5. Inhibition of the migratory and invasive potential of PDGF-induced VSMCs by morin. Quiescent VSMCs were pretreated 
with 50, 100, or 200 μM of morin for 1 h, and then cells were treated with or without PDGF (20 ng/mL) for 24 h. A. Wound closure rate 
of VSMCs was monitored using phase contrast microscopy. The scratched area in the well is bounded by dashed lines. B. VSMCs were 
cultured in Matrigel-coated transwell plates. Invasive cells were quantified by blind counting under a microscope (40× magnification). 
The number of transmigrated cells was counted in eight randomly selected fields and the averages were calculated. The graph shows 
the fold change, relative to the control value. Values are presented as means ± SD of three independent experiments; * p < 0.05 versus 
control, † p < 0.05 versus PDGF alone.
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and antioxidative activities in various cells and animal mod-
els by suppressing regulators of inflammation, including 
inducible nitric oxide synthase (iNOS), cyclooxygenase-2 
(COX-2), and prostaglandin E2 (PGE2) (Kim et al. 2010; 
Chen et al. 2012, 2017; Wang et al. 2013). However, despite its 
positive pharmacological effects, research on the preventive 
effect of morin against atherosclerosis has been very limited. 
In this study, we investigated the mechanism of morin’s ac-
tivity that is associated with cell cycle regulatory proteins, 
signaling pathways, and transcription factor-mediated 
MMP-9 expression in VSMCs induced by PDGF. 

Given that atherosclerosis is pathologically a  chronic 
inflammatory disease where VSMCs, at least in part, play 
a role in the process of atherosclerosis, we first investigated 
whether morin inhibits the proliferation of VSMCs. VSMCs 
proliferate upon stimulation with inflammatory cytokines or 
growth factors, such as IGF, hepatocyte growth factor (HGF), 

and PDGF (Avena et al. 1999; Li et al. 2000; Taher et al. 2002). 
We utilized PDGF to stimulate the proliferation of VSMCs. 
In the results of the MTT and cell counting assay, pretreat-
ment of the VSMCs with morin significantly hampered their 
PDGF-induced proliferation in a concentration-dependent 
manner. Notably, treatment with morin alone in the absence 
of PDGF did not exhibit any cytotoxicity. 

VSMCs are normally quiescent, but stimuli from growth 
factors including PDGF may induce cell cycle progres-
sion and eventually abnormal growth after vascular injury 
(Doran et al. 2008). Thus, modulating activity of cell cycle 
regulators may be a  good strategy for inhibiting PDGF-
mediated VSMC proliferation. Although morin displays 
anti-proliferative activity against both normal hepatocytes 
(MadanKumar et al. 2014) and cancerous cells (Shin et al. 
2017; Zhang et al. 2018), little has been reported on the cell 
cycle distribution profile mediated by morin in VSMCs. 

Figure 6. Morin suppresses MMP-9 expression through 
decreased binding activities of NF-κB, AP-1, and Sp-1 
motifs in PDGF-induced VSMCs. Quiescent VSMCs 
were preincubated with morin (50, 100, or 200 μM) 
for 1  h  followed by incubation with PDGF (20 ng/
ml) for 24 h. A. Culture supernatants were analyzed 
by zymography for the gelatinase enzymatic activities 
of MMP-2 and MMP-9. Changes of MMP-9 protein 

A B

C

levels by indicated treatments were also measured by Western immunoblots. Bar graph represents relative fold changes compared to 
the control. B. Relative expression of mRNAs was measured by RT-PCR and represented as fold changes compared to the control. C. 
The binding activities of Sp-1, AP-1 and NF-κB from the nuclear extracts were analyzed using EMSA with radiolabeled oligonucleotide 
probes. Activated HeLa nuclear extracts (Promega, HeLaScribe) was used as a positive control (pos). Bar graphs show relative fold changes 
compared to the positive control. Values are presented as means ± SD of three independent experiments; * p < 0.05 versus control, † p < 
0.05 versus PDGF alone.
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Therefore, we investigated cell cycle phase distribution 
using flow cytometry with morin-treated VSMCs. In our 
data, morin induced growth arrest of VSMCs at G1-phase in 
a concentration-dependent manner. Since the G1 cell cycle 
checkpoint has been reported as a prominent target associ-
ated with many chemotherapeutic agents (Li et al. 2004; Lin 
et al. 1998), we examined the cell cycle regulatory proteins 
associated with it. Immunoblot analysis revealed that morin 
disturbs PDGF-mediated mitogenic signals, as indicated by 
reduced protein expression of cyclin D1, cyclin E, CDK2, and 
CDK4 in VSMCs pretreated with morin, followed by PDGF 
stimulation. These results suggest that the anti-proliferative 
effect of morin is caused by the G1-phase cell cycle arrest 
associated with down-regulation of cyclins and CDKs in 
PDGF-stimulated VSMCs. 

The activity of cyclin/CDK complexes is tightly regulated 
by CDKIs, such as p21WAF1 and p27KIP1 (Xiong et al. 
1993). CDKIs tightly bind to cyclin/CDK complexes and 
inhibit their activities (Xiong et al. 1993). A previous study 
by another group demonstrated that p27KIP1 expression 
was markedly decreased after vascular injury (Tanner et 
al. 1998). In addition, overexpression of p27KIP1 has been 
shown to inhibit intimal VSMCs, which reduces neointimal 
hyperplasia in the internal carotid artery (Chen et al. 1997). 
The present study showed a reduction in p27KIP1 expression 
in PDGF-treated VSMC. This effect was reversed after morin 
treatment, suggesting that morin-induced p27KIP1 is re-
sponsible for G1 arrest in PDGF-treated VSMCs. p21WAF1 
was originally described as a cell cycle inhibitor (Xiong et 
al. 1993; Toyoshima and Hunter 1994). However, several 
studies have since demonstrated that p21WAF1 is involved 
also in VSMC proliferation (Tanner et al. 1998). In our cur-
rent study, PDGF was shown to be an inducer of p21WAF1 
expression, but p21WAF1 levels were not influenced by the 
pretreatment with morin. Furthermore, the expression level 
of p53 protein was unchanged upon PDGF treatment. These 
results suggest that the morin-induced G1-phase cell cycle 
arrest is caused by decreased expression of CDK/cyclin com-
plexes and induction of p27KIP1 in PDGF-treated VSMCs.

It has been reported that protein regulators in early signal-
ing cascades, such as MAPKs and AKT, are crucial mediators 
in the proliferation of VSMCs (Lee et al. 2007; Cui et al. 
2014). Because many flavonoids inhibit the phosphorylation 
of MAPKs, such as ERK, JNK, and p38, we examined altera-
tions in the phosphorylation of these proteins by morin. In 
our results, however, the PDGF-induced phosphorylation 
of MAPKs was unchanged by morin treatment, suggesting 
that different signaling pathways are utilized in the inhibitory 
mechanism. Thus, we examined phosphorylation of AKT in 
response to PDGF and morin treatments. Interestingly, phos-
phorylation of AKT was significantly increased by PDGF 
treatment. Pre-incubation with morin remarkably inhibited 
this PDGF-mediated phosphorylation of AKT. Jung and col-

leagues reported that morin attenuates lipopolysaccharide 
(LPS)-induced inflammatory responses in neuronal cells 
both in vitro and in vivo by down-regulating MAPKs and 
AKT (Jung et al. 2017). Our results demonstrate that AKT 
signaling is involved in the inhibition of PDGF-mediated 
proliferation of VSMCs in response to morin. 

Migration and invasion of VSMCs play important roles in 
the formation of atherosclerotic lesions (Galis et al. 2002a; 
Rudijanto 2007; Doran et al. 2008). Our data show that 
morin markedly suppresses the PDGF-mediated induction 
of migration and invasion of VSMCs. Treatment with morin 
alone did not affect the migratory and invasive pattern of 
VSMCs, supporting the protective activity of morin, without 
cytotoxicity to VSMCs. MMPs play crucial roles in both 
wound healing and vascular remodeling processes (Newby 
and Zaltsman 2000). Among MMPs, MMP-9 is inducible by 
stimulatory signals from vascular injury, but is not expressed 
in normal arteries (Brown et al. 1995). Therefore, our next 
experiments focused on the regulation of MMP-9 in VSMCs. 
Our zymography and Western immunoblot data showed that 
PDGF-mediated MMP-9 activity in VSMCs was suppressed 
by morin treatment in a concentration-dependent manner. 
These results suggest that the morin-mediated inhibition of 
MMP-9 activity contributes, at least in part, to suppression 
of the migration and invasion of hyper-proliferative VSMCs. 

Previous studies showed that transcription factors, includ-
ing NF-κB, AP-1, and Sp-1, are associated with MMP-9 ex-
pression (Bond et al. 1998; Sato et al. 1993). We investigated 
whether these transcription factors participate in the morin-
mediated inhibition of MMP-9 activity. We performed 
EMSA using oligonucleotide probes of NF-κB, AP-1, and 
Sp-1 derived from the corresponding cis-elements in the 
MMP-9 promoter region. Consistent with the zymographic 
data, the EMSAs showed that morin treatment induced 
a significant decrease in the binding activities of Sp-1, AP-
1, and NF-κB in PDGF-treated VSMCs. Collectively, these 
data suggest that morin treatment inhibited the migration 
and invasion of VSMCs in response to PDGF via reduction 
of MMP-9 by the suppression of NF-κB, AP-1, and Sp-1 
transcriptional activities. 

In conclusion, our study showed that morin treatment 
significantly inhibited the proliferation, migration, and 
invasion of VSMCs stimulated by PDGF, without caus-
ing cytotoxicity. The inhibition of VSMC proliferation by 
morin was associated with G0/G1 phase cell arrest by down-
regulation of CDK2, CDK4, cyclin D1, and cyclin E  and 
increased expression of p27KIP1. In addition, among early 
response signaling, AKT was identified as a key regulator in 
the morin-mediated inhibitory mechanism, but not MAPKs. 
Furthermore, morin effectively suppressed PDGF-induced 
activity of MMP-9 via down-regulation of Sp-1, AP-1 and 
NF-κB binding activity, which resulted in the reduced migra-
tion and invasion of VSMCs. Therefore, these results may 
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indicate therapeutic potential of morin for the prevention of 
cardiovascular disease associated with several pathological 
events, including proliferation, migration, and invasion of 
VSMCs. Further study is needed to examine the efficacy of 
morin using animal models.
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