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Abstract: Abnormal proliferation and migration of vascular smooth muscle cells (VSMCs) is closely associated with
early vascular hyperplasic lesions. Toll-like receptor (TLR)-4 is a pathogen pattern recognition receptor expressed on
VSMCs, and can be activated by lipopolysaccharide. Activated TLR-4 plays a promoting role in VSMCs proliferation
and migration through the downstream signaling pathways including Rac1/Akt. Hydroxysafflor yellow A (HSYA) is the
main component of the safflower yellow pigments, which has long been used for the treatment of cardiovascular
diseases in traditional Chinese medicine. However, the effect of HSYA on VSMC proliferation and migration remains
unknown. In the present study, we showed that HYSA could inhibit LPS-induced VSMCs proliferation and migration,
accompanied by the downregulated levels of several key pro-inflammatory cytokines, including TNF-«, IL-6, and IL-8.
We further showed that HYSA inhibited LPS-induced upregulation of TLR-4 expression as well as the activation of
Racl1/Akt pathway, suggesting that HSYA inhibits LPS-induced VSMCs proliferation and migration, partly at least,
via inhibition of TLR-4/Rac1/Akt pathway. Accordingly, HSYA may be used as a promising agent for prevention and
treatment of vascular hyperplasic disorders.

Keywords: Hydroxysafflor yellow A, vascular smooth muscle cell, lipopolysaccharide, proliferation, migration

Introduction tor, and can be activated by LPS [3]. Moreover,

recent studies have suggested that TLR4 may
Abnormal proliferation and migration of vascu- participate in the development of vascular
lar smooth muscle cells (VSMCs) is closely hyperplastic disorders, as an association
associated with early vascular hyperplasic between TLR4 expression and the augmenta-

lesions, such as intimal thickening of the aorta,
arteriosclerosis, and restenosis after percuta-
neous coronary intervention (PCl) [1, 2].
Besides, atherosclerosis is a major cause of
ischemic stroke and hypertension. As a result,
finding effective agents that inhibit VSMCs pro-
liferation and migration would help prevent or
treat vascular hyperplastic disease.

tion of intimal hyperplasia has been reported
[4, B]. In addition, it has been demonstrated
that LPS acts as a risk factor for cardiovascular
disorders. For instance, systemic inflammatory
responses induced by LPS could exacerbate
neointima formation, and LPS could also pro-
mote the progression of atherosclerosis [6-8].
Moreover, LPS has been shown to stimulate
Toll-like receptor (TLR)-4, a member of the TLR VSMCs proliferation by activation of TLR-4/
family, is a pathogen pattern recognition recep- Racl/Akt signaling, and low concentration of



HSYA inhibits LSP-induced VSMCs proliferation and migration

LPS could activate inflammatory responses in
intact blood vessels [9]. Therefore, inhibition of
LPS-induced VSMCs proliferation seems to be
important for the prevention and treatment of
inflammatory responses-stimulated intimal hy-
perplasia.

Hydroxysafflor yellow A (HSYA) is the main com-
ponent of the safflower yellow pigments, which
has long been used for the treatment of cardio-
vascular diseases in traditional Chinese medi-
cine [10, 11]. HSYA can inhibit platelet aggrega-
tion and release induced by platelet activating
factor, via competitive inhibition of platelet acti-
vating factor binding to its receptor [12].
Recently, several studies suggested that HSYA
had beneficial effects on hypertensive ventricu-
lar remodeling [13]. However, whether HSYA
could inhibit VSMCs proliferation and migration
remains unknown.

This study aimed to determine whether HSYA
had an inhibitory effect on LPS-induced VSMCs
proliferation as well as the underlying molecu-
lar mechanism. Our data showed that HSYA
could suppress LPS-induced VSMC prolifera-
tion and migration via inhibition of TLR-4/Rac1/
Akt pathway. As a result, HSYA may be used as
a novel agent for preventing or treating vascular
hyperplasic disorders.

Materials and methods
Materials and agents

HSYA was purchased from Lvye Natural
Medicine Research and Development Center
(Shandong, China). DMSO, MTT, and LPS were
purchased from Sigma-Aldrich (St. Louis, USA).
TRIzol reagent, DMEM/F12 medium, and fetal
bovine serum (FBS) were purchased from Life
Technologies (Carlsbad, CA, USA). RevertAid
First-Strand cDNA Synthesis kit was purchased
from Fermentas (CA, USA). IQTM SYBR Green
Supermix was purchased from Bio-Rad (CA,
USA). Mouse anti- tumor necrosis factor
(TNF)-«, interleukin (IL)-6, IL-8, TLR-4, Racl,
phospho-Akt, Akt, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibodies, and HRP-
conjugated rabbit anti-mouse secondary anti-
body were obtained from Abcam (Cambridge,
UK).

Cell culture

Our study was approved by the Ethic Committee
of Haikou Municipal People’s Hospital, Hainan
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Province, China. Thoracic aortas were resected
from Sprague-Dawley rats (8-10 weeks old,
male or female, provided by the Institute of
Laboratory Animal of Xuzhou Medical College).
VSMCs were isolated from the thoracic aortas
of Sprague-Dawley rats (8-10 week old, male or
female, 180-220 g). VSMCs were cultured in
DMEM/F12 medium added with 10% FBS at
37°C under air with 5% CO,,. Cells were used at
passages 4-5. The cells were serum-starved for
24 h before treatment or stimulation with
reagents.

MTT assay

VSMCs were cultured to 70% confluence and
serum-starved for 24 in 96-well plate. VSMCs
in LPS group were treated with LPS (20 pg/ml)
for 24 h. In LPS + HSYA group, VSMCs were
treated with LPS (20 ug/ml) and HSYA (0.1 uM,
1 uM, 10 uM and 100 pyM) for 24 h, respec-
tively. After culture for 24 h, MTT (0.5 pg/mL)
was added into the medium and then incubat-
ed for 2 h. After removing the medium, 100 yL
of DMSO was added to dissolve the precipita-
tion. The absorbance at 570 nm was deter-
mined using the microplate reader (Bio-Rad,
Hercules, CA, USA).

Cell migration assay

A 24-well modified Boyden chamber containing
polycarbonate membranes (BD Bioscience,
Franklin Lake, NJ, USA) was used to examine
cell migration in VSMCs treated with LPS (20
pug/ml) alone, or LPS (20 pg/mL) and HYSA (10
uM) for 48 h. In brief, the lower wells in each
group were filled with DMEM with or without
LPS (20 yg/mL) in the presence or absence of
HSYA (10 uM). After 24 h incubation at 37°C
with 5% CO,, VSMCs on the upper side of the
membrane were removed. VSMCs on the lower
side were stained with Hoechst 33342, and
counted in five randomly selected squares per
well.

RNA extraction and quantitative real-time RT-
PCR

Total RNA was extracted from the cells using
TRIzol reagent and cDNA was synthesized using
the RevertAid First-Strand cDNA Synthesis Kit,
according to the manufacturer’'s instruction.
Each cDNA sample was used as a template for
PCR in triplicate with iQTM SYBR Green
Supermix by denaturation at 94°C for 1 min; 30

Int J Clin Exp Med 2015;8(4):5295-5302



HSYA inhibits LSP-induced VSMCs proliferation and migration

45 Pull-down assay for racl
c 4 + — activity
£ 35 |
é 3t Glutathione  S-transferase
e 25 ns (p21-activated  kinase)-p21
o 12 binding domain fusion protein
s '1 | GST-(PAK)-PBD was used to
€ o5 J determine the activity of
0 . . . ‘ ‘ Rac1, due to it can bind acti-

LPS
HSYA — — 0.1 uM 1M

20 pg/ml 20 pg/ml 20 pg/ml

Figure 1. MTT assay was used to determine the effects of increasing doses of
HSYA on LPS-induced VSMCs proliferation. In LPS group, VSMCs were treated
with LPS (20 pg/ml) for 24 h. In LPS + HSYA group, VSMCs were treated with
LPS (20 ug/ml) and HSYA (0.1 uM, 1uM, 10uM and 100 uM) for 24 h, respec-
tively. VSMCs without any treatment were used as controls. **P<0.01; ns
means no significant. LPS: lipopolysaccharide; HSYA: Hydroxysafflor Yellow A.

cycles of 94°C for 40 and 60°C for 40 s; fol-
lowed by extension at 72°C for 6 min. The spe-
cific primer pairs were: TNF-«, forward: 5’-CCTCT-
CTCTAATCAGCCCTCTG-3’;reverse: 5-GAGGACC-
TGGGAGTAGATGAG-3’; IL-6, forward: 5-CAAATT-
CGGTACATCCTCGAC-3’; reverse: 5'-GTCAGGGG-
TGGTTATTGCATC -3’; IL-8, forward: 5-CTTGGC-
AGCCTTCCTGATTT-3’;reverse:5-AACCCTCTGCA-
CCCAGTTTT-3’;GAPDHforward: 5’-GGAGCGAGA-
TCCCTCCAAAAT-3’;reverse:5-GGCTGTTGTCATA-
CTTCTCATGG-3'. The relative level of mRNA was
normalized to the internal control GAPDH.
Relative gene expression was quantified using
CFXManager software (Bio-Rad) and expressed
as percentage of control cells.

Western blot analysis

Western blot analysis was performed to exam-
ine the protein expression in VSMCs treated
with LPS (20 ug/ml) in the presence or absence
of HSYA (10 uM). VSMCs in each group were
lysed, and the protein concentration was deter-
mined by using the BCA Protein Assay Kit
(Thermo Fisher), in accordance with the manu-
facture’s instruction. After that, protein was
separated with 12% SDS-PAGE, and trans-
ferred to a PVDF membrane, which was then
blocked in 5% nonfat dried milk in PBS for 4 h.
After that, the PVDF membrane was incubated
with primary antibodies for 2 h, and then was
incubated with the appropriate secondary anti-
body, after washed by PBS for three times.
After that, the PVDF membrane was washed by
PBS for three times, and the immune complex-
es on PVDF membrane was detected by using
an ECL Western Blotting KIT (Thermo Fisher).
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20 pg/ml 20 pg/ml

vated Racl. Cells in each
100 uM group were lysed and then
centrifuged at 12,000 g for
10 min at 4°C. The superna-
tant was incubated with GST-
(PAK)-PBD. The protein-bead
complexes were recovered by
centrifugation and washed.
After successive washes, the
complexes were resuspended
in SDS and resolved on 12% SDS-PAGE, and
then transferred to a PVDF membrane. After
blocked in 5% nonfat dried milk in PBS for 4 h
and successive washes, the membrane was
incubated with mouse anti-Rac1 antibody for 2
h. After successive washes, the membrane was
incubated with the appropriate secondary anti-
body, after successive washes. The activated
Racl on PVDF membrane was detected by
using an ECL Western Blotting KIT (Thermo
Fisher).

Statistical analysis

Data were expressed as mean + SD of three
independent experiments and processed using
SPSS 17.0 statistical software (SPSS, Chicago,
IL, USA). The differences between groups were
determined using the one-way ANOVA. P<0.05
was statistically significant.

Results

HSYA inhibited LPS-induced VSMCs prolifera-
tion

MTT assay was used to determine the inhibito-
ry effects of increasing doses of HSYA on LPS-
induced VSMCs proliferation. In LPS group,
VSMCs were treated with LPS (20 ug/mL) for
24 h. In LPS + HSYA group, VSMCs were treated
with LPS (20 pg/mL) and HSYA (0.1 uM, 1 uM,
10 uyM and 100 uM) for 24 h, respectively.
VSMCs without any treatment were used as
controls. As shown in Figure 1, the proliferation
of VSMCs was significantly increased after
stimulation with 10 ug/ml LPS for 24 h, when
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Figure 2. Transwell assay was used to determine the effect of HSYA on
LPS-induced VSMCs migration. In LPS group, VSMCs were treated with LPS
(20 pg/ml). In LPS + HSYA group, VSMCs were treated with LPS (20 ug/ml)
and HSYA (10 puM). In Control group, VSMCs were without any treatment.
**P<0.01. LPS: lipopolysaccharide; HSYA: Hydroxysafflor Yellow A.
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Figure 3. Real-time RT-PCR was performed to detect the mRNA level of
TNF-q, IL-6, and IL-8. GAPDH was used as an internal reference. In LPS group,
VSMCs were treated with LPS (20 pug/ml). In LPS + HSYA group, VSMCs were
treated with LPS (20 pg/ml) and HSYA (10 uM). In Control group, VSMCs
were without any treatment. **P<0.01. LPS: lipopolysaccharide; HSYA: Hy-
droxysafflor Yellow A. TNF-a: tumor necrosis factor-a; IL-6: interleukin-6; IL-8:
interleukin-8.

group, VSMCs were treated
with LPS (20 pg/mL) and
HSYA (10 uM). VSMCs without
any treatment were used as
controls. As shown in Figure
2, the VSMCs migration was
notably increased after treat-
ment with 20 pg/ml LPS,
when compared to the control
group. However, HSYA signifi-
cantly inhibited LPS-induced
VSMCs migration.

HSYA inhibited LPS-induced
upregulation of pro-inflamma-
tory factors in VSMCs

We further determined the
MmRNA expression levels of
several pro-infammatory fac-
tors in VSMCs treated with
LPS in the absence or pres-
ence of HSYA, including TNF-
«, IL-6, and IL-8. Our findings
showed that LPS promoted
the mMRNA expressions of
TNF-q, IL-6, and IL-8 in VSMCs,
when compared to the Control
group without any treatment.
However, HSYA notably inhib-
ited the upregulations of TNF-
«, IL-6, and IL-8 in LPS-treated
VSMCs (Figure 3). These data
suggest that HSYA inhibits
LPS-induced inflammtory re-
sponses in VSMCs.

HSYA inhibited LPS-induced
upregulation of TLR-4 in
VSMCs

As LPS plays a role in the acti-

compared to the control group. However, HSYA
between doses of 0.1 uM to 100 yM remark-
ably inhibited LPS-induced VSMCs prolifera-
tion. In addition, HSYA of 10 uM showed the
strongest inhibitory effect, and thus was used
in the following experiments.

HSYA suppressed LPS-induced VSMCs migra-
tion

Transwell assay was further used to determine
the inhibitory effects of HSYA on LPS-induced
VSMCs migration. In LPS group, VSMCs were
treated with LPS (20 pg/mL). In LPS + HSYA
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vation of inflammatory re-
sponses via TLR-4 signaling, we further deter-
mined the expression of TLR-4 as well as the
activities of TLR-4-mediated signaling path-
ways in each group. As shown in Figure 4A and
4B, the mRNA and protein expression of TLR-4
was significantly upregulated under the treat-
ment with LPS, which was suppressed by HSYA.

HSYA inhibited LPS-induced activation of
Racl/Akt pathway in VSMCs

It has recently been reported that Rac1/Aktis a
mediated TLR-4 upregulation is positively medi-
ated by Racl/Akt pathway in VSMCs [9].

Int J Clin Exp Med 2015;8(4):5295-5302
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mal upregulation of VSMCs
proliferation and migration is
involved in intimal thickening
of the aorta, arteriosclerosis,
ischemic stroke, hypertensi-
on, and restenosis after PCI
[45]. In the present study, we
showed that LPS significantly
stimulated VSMCs prolifera-
tion and migration, which
could be effectively inhibited
by the administration of HYSA.
We further showed that the
inhibitory effect of HSYA on

Relative protein level

Control

Figure 4. A: Real-time RT-PCR was performed to detect the mRNA level of
TLR-4. GAPDH was used as an internal reference. B: Western blotting was
performed to determine the protein level of TLR-4. GAPDH was used as an
internal reference. In LPS group, VSMCs were treated with LPS (20 pg/ml).
In LPS + HSYA group, VSMCs were treated with LPS (20 pg/ml) and HSYA (10
pUM). In Control group, VSMCs were without any treatment. **P<0.01. LPS:
lipopolysaccharide; HSYA: Hydroxysafflor Yellow A; TLR-4: Toll-like receptor-4;
GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

Therefore, we further examined the activity of
Racl/Akt pathway in each group. Racl activity
was measured with GST pull-down assays, and
Akt activity was measured by determining its
phosphorylation level. As shown in Figure 5A,
the activity of Racl was notably upregulated
after treatment with LPS, which was inhibited
by HSYA. In addition, as shown in Figure 5B, the
phosphorylation level of Akt was significantly
upregulated in VSMCs treated with LPS, which
could be partly inhibited by the administration
of HSYA. Taken these findings together, we sug-
gest that the inhibitory effect of HSYA on LPS-
induced VSMCs proliferation may be, partly at
least, through inhibition of TLR-4/Racl1/Akt
signaling.

Discussion

Vascular injury will lead to upregulation of
inflammatory factors, which is involved in

5299

LPS-induced VSMCs prolifera-
tion was partly at least th-

25
2 rough inhibition of TLR-4/
Rac1/Akt signaling.
1.5
1 HSYA is the main component
0.5 of the safflower yellow pig-
: ments, which has long been
o .

LPS+HSYA

used in the prevention and
treatment of cardiovascular
disease in traditional Chinese
medicine [10, 16]. Recently,
HSYA was reported to have an
inhibitory effect on inflamma-
tion. Zhang et al. showed that
HSYA inhibited neuroinflam-
mation mediated by AB1-42 in
BV-2 cells [17]. After that, they
further found that HSYA could
attenuate AB1-42-induced inflammation via
inhibiting the activation of JAK2/STAT3/NF-«kB
pathway [18]. The role of HYSA in vascular sys-
tem has also been studied. For instance, Wang
and colleagues showed that HSYA has benefi-
cial effects on hypertensive ventricular remod-
eling after pressure overload-induced cardiac
hypertrophy in rats [19]. Jin et al. found that
HYSA had a protective effect on auto-antibody
against AT1 receptors (AT1-Ab)-induced vascu-
lar endothelial and smooth muscle function
impairment. They found that after treatment
with AT1-Ab, the thoracic aortic endothelium
became thinner or ruptured, and the vascular
wall became thicker, together with inflammato-
ry cell infiltration and VSMCs proliferation and
migration. They further showed that all these
changes above could be effectively attenuated
by the treatment with HSYA [20]. HYSA inhibits
LPS-induced inflammatory signal transduction

Int J Clin Exp Med 2015;8(4):5295-5302
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Figure 5. Western blotting was used to determine the protein level of GTP-
Racl, Racl, phosphorylated Akt (p-Akt), and Akt. GAPDH was used as an
internal reference. In LPS group, VSMCs were treated with LPS (20 pg/ml).

responses associated with
inflammatory stimuli including
LPS. In addition, several stud-
ies have demonstrated that

In LPS + HSYA group, VSMCs were treated with LPS (20 ug/ml) and HSYA (10 LPS could promote the

uM). In Control group, VSMCs were without any treatment. **P<0.01. LPS:
lipopolysaccharide; HSYA: Hydroxysafflor Yellow A; GAPDH: glyceraldehyde

3-phosphate dehydrogenase.

in human alveolar epithelial A549 cells [21].
However, the detailed role of HYSA on LPS-
induced inflammatory responses remains
unclear. In the present study, we for the first
time found that HSYA inhibited LPS-stimul-
ated proliferation and migration in VSMCs,
accompanied by suppressing the expressions
of pro-inflammatory cytokines, including TNF-q,
IL-6, and IL-8. In the neointima, inflammatory
cytokines like TNF-q, IL-6, and IL-8 are upregu-
lated, and they can stimulate VSMCs prolifera-
tion and migration, which are crucial to neointi-
ma formation [22-25]. Accordingly, our findings
indicate that HYSA inhibits LPS-induced inflam-
matory responses in VSMCs, through which it

5300

expression of TLR-4 through
upregulation of Akt and
MAPKs signaling pathways in
VSMCs [29, 30]. In this study,
we also showed that LPS could increase the
expression of TLR-4 and the activities of Racl
and Akt. Despite, whether HSYA had an effect
on LPS-induced VSMCs proliferation as well as
the molecular mechanism has never been
studied. In the present study, we showed that
HYSA inhibited LPS-induced upregulation of
TLR-4, as well as the activation of Racl/Akt
pathway, suggesting that the inhibitory effect of
HYSA on LPS-stimulated VSMCs proliferation
and migration is probably through inhibition of
Racl/Akt signaling pathway.

In conclusion, our findings suggested that HSYA
suppressed LPS-induced VSMCs proliferation

Int J Clin Exp Med 2015;8(4):5295-5302
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and migration through inhibition of TLR-4
expression as well as the TLR-4/Racl/Akt
pathway. Accordingly, HSYA may serve as a
novel agent for the prevention and treatment of
vascular hyperplasic disorders. However, this
study has some limitations. For instance, we
have not investigated the effects of HYSA on
LPS-induced VSMCs proliferation and migra-
tion in vivo. Besides, whether HYSA has effects
on other TLR4-mediated pathways including
MyD88 or TRIF in LPS-stimulated VSMCs has
not been explored. In summary, the detailed
effects of HYSA on the TLR-signaling network in
VSMCs still require further investigation.
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