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Background: Aberrant vascular smooth muscle cell (VSMC) proliferation and cerebral endothelial cell (CEC)

dysfunction contribute significantly in the pathogenesis of cardiovascular diseases. Therefore, inhibition of these

cellular events would be by candidate agents for treating these diseases. In the present study, the mechanism of

anti-proliferative and anti-inflammatory effects of andrographolides, a novel nuclear factor-�B inhibitor, was

investigated in VSMC and CEC cells.

Methods: VSMCs and CECs were isolated from rat artery and mouse brain, respectively, and cultured before

experimentation. The effect of andro on platelet-derived growth factor-BB (PDGF-BB) induced VSMC cell proliferation

was evaluated by cell number, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The

expression of extracellular signal regulated kinase 1/2 (ERK1/2), proliferating cell nuclear antigen (PCNA), and the

effects on lipopolysaccharide (LPS)-induced inducible nitric oxide synthase (iNOS) and, cyclooxygenase-2 (COX2)

were detected by Western blotting.

Results: Andro significantly inhibited PDGF-BB (10 ng/ml) induced cell proliferation in a concentration (20-100 �M)

dependent manner, which may be due to reducing the expression of ERK1/2, and by inhibiting the expression of

PCNA. Andro also remarkably diminished LPS-induced iNOS and COX2 expression.

Conclusions: The results of this study suggested that the effects of andro against VSMCs proliferation and CECs

dysfunction may represent a promising approach for treatment of vascular diseases.
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INTRODUCTION

Cardiovascular diseases remain a major cause of

death worldwide. Aberrant vascular smooth muscle cell

(VSMC) proliferation and migration, as induced by vas-

cular injury, has been shown to play a critical role in the

pathogenesis of cardiovascular diseases including athe-

rosclerosis, and pulmonary artery hypertension.
1

Under

normal circumstances, smooth muscle cells are main-

tained in a quiescent and nonmigratory state. However,

their proliferation and migration are markedly increased

in response to various growth factors and cytokines; one
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of the principal regulators of mitogenesis in VSMCs is

platelet-derived growth factor (PDGF), which is pro-

duced by activated macrophages and endothelial cells.

Among the three PDGF isoforms, platelet-derived growth

factor-BB (PDGF-BB) is the most potent proliferative fac-

tor.
2

The binding of PDGF to its receptor, PDGFR, leads

to the phosphorylation of multiple tyrosine residues of

the receptor, followed by the activation of phospho-

lipase C-�1, extracellular signal-regulated kinase (ERK)1/

2, and phosphatidylinositol 3-kinase (PI3K)/Akt path-

ways, resulting in cell cycle progression.
3

Endothelial cell dysfunction is an important factor in

the pathogenesis of cardiovascular diseases such as

atherosclerosis, stroke, diabetes, subarachnoid hemor-

rhage, and hypertension.
4

It has been well-established

that endothelium is a regulator of vasculogenesis, vas-

cular tone, inflammation, and thrombosis.
5

Lipopoly-

saccharide (LPS), a product of bacterial infection, is

known to induce inflammatory cytokines and impairs

the blood-brain barrier system. In endothelial cells,

superoxide (O
2
) and nitric oxide (NO) are produced

spontaneously from activated cyclooxygenase-2 (COX2)

and inducible nitric oxide synthase (iNOS). Thus, the

identification of novel molecular mechanisms, and par-

ticularly novel inhibitors controlling the PGDF-BB-de-

pendent VSMC proliferation and LPS-induced endothe-

lial dysfunction, are of considerable scientific and thera-

peutic interest.

Andrographolide, a novel novel nuclear factor-�B

(NF-�B) inhibitor, is the most active and important con-

stituent part of the medicinal plant Andrographis pani-

culata (andro),
6

which has long been used as a herbal

medicine to prevent and treat upper respiratory tract in-

fections, diarrhea, rheumatoid arthritis, and laryngitis in

Asia and Scandinavia.
11

Recently, this plant was used in

cooking as a valuable health food, and the extract is

used as a nutritional supplement for preventing inflam-

matory diseases in Taiwan. Several studies demon-

strated that andro possesses anticancer, antioxidant and

hepatoprotective activities.
7

It was shown to reduce to-

tal cholesterol in mice
8

and inhibit inducible nitric oxide

synthase expression and subsequent NO production in

LPS-stimulated macrophages.
9

Andro is widely used

clinically for treating acute bacillary dysentery.
10

Anti-

HIV effects of andro have been reported by Calabrese et

al.
11

and Uttekar et al.
12

Veeresham et al.
13

suggested

that andro provides a potential for use in galactosemic

as well as diabetes mellitus patients. Our recent studies

showed that andro inhibited collagen-stimulated plate-

lets via increasing cyclic GMP/PKG, followed by inhibi-

tion of the p38 MAPK/HO
�
-NF-�B-ERK2 cascade.

14,15
Our

previous work also established that andro enhances the

dephosphorylation of NF-�B subunit p65 Ser536 by

activating protein phosphatase 2A in VSMCs.
16

Even

though, our very recent studies demonstrated that

andro induced platelet apoptosis through the caspase-

8-dependent extrinsic apoptotic pathway,
17

and the cli-

nical and experimental pharmacology of andro have

been thoroughly summarized
18

there is relatively no in-

formation about the effect of andro against VSMCs pro-

liferation and cerebral endothelial cell (CEC) dysfunc-

tion. Thus, the present study was designed to have a

two pronged approach: (a) to evaluate the effect of

andro in PDGF-BB induced VSMCs proliferation; (b) and

to determine whether andro alleviates LPS induced CEC

dysfunction via inhibiting iNOS and COX2 expression.

MATERIALS AND METHODS

Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), tryp-

sin (0.25%), L-glutamine, penicillin/streptomycin, and

fetal bovine serum (FBS), were purchased from Gibco

(Gaithersburg, MD, USA). Andrographolide (� 98%),

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT), dimethyl sulfoxide (DMSO) were from

Sigma-Aldrich (St. Louis, MO, USA). Anti-phospho-

ERK1/2 mAb, anti-PCNA mAb and anti-COX-2 were from

Cell Signaling (Beverly, MA, USA); the anti-�-tubulin

mAb was from NeoMarkers (Fremont, CA, USA). iNOS

(NOX2) was purchased from Santa Cruz Biotechnology

(Dallas, Texas, USA). The hybond-polyvinylidene diflu-

oride membrane, enhanced chemiluminescence (ECL)

western blotting detection reagent and analysis system,

horseradish peroxidase (HRP)-conjugated donkey anti-

rabbit immunoglobulin G (IgG) were from Amersham

(Buckinghamshire, UK). Andrographolide was dissolved

in 0.1% dimethyl sulfoxide and stored at 4 �C until used.

Rat aortic smooth muscle cells primary culture

Male Wistar rats (250-300 g) were purchased from
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BioLASCO (Taipei, Taiwan) and VSMCs were enzymati-

cally dispersed. Thoracic aortas from Wistar rats were

removed and stripped of endothelium and adventitia.

VSMCs were obtained by a modification of the com-

bined collagenase and elastase digestion method.
19

These cells were grown in DMEM supplemented with 20

mM HEPES, 10% FBS, 1% penicillin/streptomycin, and 2

mM glutamine at 37 �C in a humidified atmosphere of

5% CO2. The growth medium was changed every 2-3

days until cells had reached confluence. The growth me-

dium was removed, and the monolayer was rinsed with

phosphate-buffered saline (PBS). A trypsin-EDTA solu-

tion was added, and the monolayer was incubated at 37

�C for 2 min. Thereafter, the culture dishes were ob-

served under a phase-contrast microscope until the cells

had detached. Cells were removed with 10 ml of DMEM

and centrifuged at 900 � g for 7 min. The pellet was re-

suspended in DMEM in a culture dish, and cells from

passages 4-8 were used in all experiments.

Isolation of mouse brain microvascular endothelial

cells

C57/BL6 mice (30-45 g) were used for this study.

Mouse CECs (Figure 3A) were prepared according to the

established methods by Wu et al.,
20

with slight modifica-

tions. Briefly, the gray matter of fresh mouse brains was

homogenized and filtered, and the resulting fraction

was then sequentially digested with 4 mg/mL colla-

genase B for 2 h and 1 mg/mL collagenase/dispase

(Roche Molecular Biochemicals, Indianapolis, IN, USA)

for 2 h, followed by centrifugation in a 40% Percoll solu-

tion. The second band containing the microvessels was

collected and washed before plating onto collagen-

coated dishes. CECs migrating from isolated micro-

vessels were maintained in DMEM, with high glucose

and L-glutamine supplemented with 10% FBS, cell cul-

tures (between passages 4 and 15) were grown to 85%-

95% confluence before use. Mouse primary CECs were

uniformly positive for factor VIII, vimentin, and character-

istic bradykinin receptors (at 95% endothelial cell purity).

Cell viability assay

The viability of VSMCs upon treatment of andro was

measured by a colorimetric MTT assay. Briefly, VSMCs (2

� 10
4

cells/well) were seeded on 24-well plates and cul-

tured in DMEM containing 10% FBS for 24 h. VSMCs

were pretreated with andro at concentrations of (20-50

�M) or an isovolumetric solvent control (0.1% DMSO)

for 24 or 48 h. The cell number was measured using a

colorimetric assay based on the ability of mitochondria

in viable cells to reduce MTT as previously described.
21

The cell number index was calculated as the absorbance

of treated cells/control cells � 100%.

SDS-polyacrylamide gel electrophoresis (PAGE) and

Western blot analysis

Western blot analyses were performed as previously

described.
19

Lysates from each sample were mixed with

6 � sample buffer (0.35 M Tris, 10% w/v SDS, 30% v/v

glycerol, 0.6 M DTT, and 0.012% w/v bromophenol blue,

pH 6.8) and heated to 95 �C for 5 min. Proteins were

separated by electrophoresis and transferred onto poly-

vinylidene difluoride membranes for pERK1/2, PCNA,

COX2 and iNOS. The membranes were then blocked

with 5% nonfat milk in TBS-0.1% Tween 20, and sequen-

tially incubated with primary antibodies and HRP-conju-

gated secondary antibodies, followed by enhanced ECL

detection (Amersham Biosciences). BIO-PROFIL Bio-1D

light analytical software (Vilber Lourmat, Marue La

Vallee, France) was used for the quantitative densito-

metric analysis. Data of specific protein levels are pre-

sented as relative multiples in relation to the control.

Statistical analyses

The experimental results are expressed as the mean

	 SEM and are accompanied by the number of observa-

tions. For analysis of the results, a one-way analysis of

variance test was performed using Sigma Stat v3.5 soft-

ware. When group comparisons showed a significant

difference, the Student-Newman-Keuls test was used. A

p value of < 0.05 was considered to be statistically sig-

nificant.

RESULTS

Andro inhibited PDGF-BB induced proliferation in rat

VSMCs without affecting cell viability

To determine whether andro inhibits PDGF-BB-sti-

mulated VSMC proliferation, we assessed the anti-

proliferative effects of andro by direct cell counting.

VSMCs were pre-incubated in the presence of andro (20
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and 50 �M) in serum-depleted medium for 24 h and

then stimulated with 10 ng/ml PDGF-BB for 24 h. Pre-

treatment with andro suppressed the PDGF-BB-stimu-

lated cell numbers in a concentration-dependent man-

ner (Figure 1A). Moreover, an MTT assay revealed that

such concentration-dependent andro counteracted the

PDGF-BB effect after 48 h of treatment, with cell pro-

liferation remaining lower than that detected in cells

cultured in the absence of the growth factor. The inhibi-

tion of PDGF-BB-stimulated (185.67 	 24.64) cell pro-

liferation by andro at 20, 50 and 100 �M was appro-

ximately 113.47 	 7.54%, 98.40 	 8.76 and 55.27 	

15.05 (Figure 1B).

Andro suppressed the expression of proliferating cell

nuclear antigen (PCNA) in PDGF-BB-treated VSMCs

Inhibition of VSMC proliferation in response to

PDGF could be achieved at physiological andro concen-

trations that did not impair cell viability. The effect of

andro on VSMC proliferation was further confirmed by

the expression of a well-known cell proliferation marker,

PCNA. As shown in Figure 2A, PDGF-BB stimulation sig-

nificantly increased the expression of PCNA. It is note-

worthy that andro was able to down regulate the ex-

pression of PCNA in a concentration dependent manner.

Andro inhibits p-ERK in PDGF-BB-induced VSMCs

Activation of PDGF signaling pathway is associated

with PDGF-BB-stimulated cell proliferation of VSMCs.

The level of ERK1/2, the early signals related to prolifera-

tion, was determined in PDGF-BB-stimulated VSMCs.

PDGF-BB-induced ERK1/2 phosphorylation was inhibited

by andro in a concentration-dependent manner (Figure

2B). These results indicated that andro may inhibit cell

proliferation through ERK1/2 signaling pathway.

Effects of andro on LPS-induced iNOS and COX-2

expressions

Western blot analyses were performed to deter-

mine the effects of andro on LPS-stimulated COX-2 and

iNOS expressions in CECs. CECs upon stimulation with

LPS (10, 20 and 50 �g/ml) significantly increased the ex-

pressions of the pro-inflammatory enzymes, such as

COX-2 (Figure 3B) and iNOS (Figures 3C) in a concentra-

tion-dependent manner. Moreover, expression of iNOS

protein was significantly increased by stimulation with

LPS and co-treatment with andro expressively inhibited

iNOS expression in a concentration-dependent manner

(Figure 4A). Under the same conditions, andro markedly

decreased the expression of COX-2 (Figure 4B).

DISCUSSION

The abnormal growth of VSMCs is a prominent fea-

311 Acta Cardiol Sin 2014;30:308�315

Andrographolide on VSMCs Proliferation and CECs Inflammation

Figure 1. Effects of andrographolide on cell proliferation in vascular

smooth muscle cells (VSMCs) stimulated by platelet-derived growth fac-

tor-BB (PDGF-BB). (A) VSMCs (2 � 10
4

cells/well) were treated with PBS

(resting) or pretreated with andro (20 and 50 �M), or an isovolumetric

solvent control (0.1% DMSO), followed by the addition of PDGF-BB (10

ng/ml). Cell numbers were evaluated by an MTT assay as described un-

der Materials and Methods. (B) VSMCs (2 � 105 cells/dish) were treated

with PBS (resting) or pretreated with solvent control (0.1% DMSO) or

20-100 �M andro, followed by the addition of PDGF-BB (10 ng/ml).

Compiled statistical data are shown on the right. * p < 0.01 compared to

the resting (PBS treatment) group;
#

p < 0.01;
†

p < 0.001, compared to

the PDGF-BB group. Data are presented as the mean � SEM (N = 5).

A

B



ture of vascular disease, including atherosclerosis and

postangioplasty restenosis.
22

Neointimal thickening is

mainly due to VSMCs, which proliferate and migrate

from the vascular media. Inhibition of VSMC prolifera-

tion and migration represents a potentially important

therapeutic strategy for the treatment of cardiovascular

diseases.
23

Our previous study
19

demonstrated that the

therapeutic potential use of andrographolide in cardio-
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Figure 2. Effects of andrographolide on proliferating cell nuclear anti-

gen (PCNA) and signal-regulated kinase (ERK)1/2 phosphorylation in

platelet-derived growth factor-BB (PDGF-BB) stimulated vascular

smooth muscle cell (VSMC)s. VSMCs (2 � 105 cells/dish) were treated

with PBS (resting) or pretreated with a solvent control (0.1% DMSO) or

andro (20, 50 and 100 �M), followed by the addition of PDGF-BB (10

ng/ml) to trigger (A) PCNA and (B) ERK1/2 phosphorylation. * p < 0.001,

compared to the resting (PBS treatment) group;
#

p < 0.05;
†

p < 0.01

and
§

p < 0.001, compared to the PDGF-BB group. Data are presented as

the means � SEM (N = 5).

Figure 3. LPS-induced expressions of cyclooxygenase-2 (COX-2) and in-

ducible nitric oxide synthase (iNOS) in cerebral endothelial cell (CEC)s.

(A) Morphology of primary cerebral endothelial cell. Cerebral endothe-

lial cells (5 � 10
5

cells in 6-well plates) were treated with vehicle (0.5%

DMSO) or various concentrations of lipopolysaccharide (LPS) (10, 20,

and 50 �g/ml) for 24 hr. Cell lysates were obtained and analyzed for (B)

COX-2 and (C) iNOS protein expression by Western blotting. �-tubulin

normalized to the resting condition. Data are shown as the mean � SEM

of three independent experiments.* p < 0.05,
#

p < 0.01 and
†

p < 0.001,

compared with the resting group.

B

B

A

A

C



vascular diseases is thought to be associated with the

inhibition of LPS/IFN-�-induced iNOS and MMP-9 ex-

pressions in rat VSMCs. It also demonstrated that andro-

grapholide inhibited p65 Ser536 phosphorylation, re-

duced nuclear translocation of p65, and diminished p65

�B oligonucleotide binding in LPS/IFN-�-stimulated rat

VSMCs. In addition, (PP2A) contributed to these actions

of andrographolide in rat VSMCs. A rat carotid injury

model also demonstrated that andrographolide had

beneficial effects in inhibiting balloon injury-induced

neointimal formation and iNOS expression. In the present

study, we investigated the inhibitory effect of andro-

grapholide on PDGF-BB-induced proliferation, and its

underlying mechanism in cultured VSMCs. This study

also investigated the anti-inflammatory effect of andro

via inhibiting LPS-induced COX2 and iNOS expressions in

CEC cells. To our knowledge, this is first report shows

that andro has potent effect on inhibiting PDGF-BB in-

duced proliferation of VSMCs through suppressing

ERK1/2 and PCNA expression and it also inhibited LPS-

induced COX2 and iNOS expressions in CECs.

It is well-established that different stimuli are in-

volved in the pathophysiology of cardiovascular dis-

eases, which stimulate MAP kinase (MAPK) family mem-

bers ERK1/2 and p38 and JNK in vascular cells.
24

More

importantly, these MAPK, particularly the ERK1/2 path-

way, have an important role in VSMC proliferation.
25

PDGF-BB activates the ERK1/2 pathway by triggering

RAS-RAF activation, MEK1 phosphorylation, and ERK1

and ERK2 phosphorylations. Because PDGF-BB stimula-

tion increases level of p44/p42 phosphorylation ex-

pressed in VSMC cells, it is assumed that ERK1/2 may

modulate the reduced adhesion and increased prolifera-

tion of VSMCs. Moreover, ERK1/2 activation is required

for its mitogenic signaling through a number of tyrosine

kinase growth factor receptors, and the upregulation of

PDGF-R expression is known to be associated with the

development and progression of proliferative cardiovas-

cular diseases such as hypertension
26

and atherosclero-

sis.
27

Therefore, an understanding of its inhibition on

PDGFBB-stimulated VSMC proliferation is important in

terms of developing methods of treating cardiovascular

disease. Our results demonstrated that PDGF-BB in-

duces activation of ERK1/2 and this activation was sig-

nificantly suppressed by andro in a concentration-de-

pendent manner. A work by Kim and Yun
28

established

that (NQ304), a newly synthesized 1,4-naphthoquinone

derivative, significantly inhibited PDGF-BB-stimulated

ERK1/2 activation in a concentration-dependent man-

ner. One study also indicated that inhibition of MAPK/

ERK may inhibit VSMC proliferation and reduce neo-

intima formation.
29
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Figure 4. Effects of andrographolide on LPS-induced expression of

cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) in

cerebral endothelial cell (CEC)s. Cerebral endothelial (2 � 10
5
) cells were

pretreated with the vehicle (DMSO, 0. 1%, v/v) or andro (10 and 20 �M)

for 3 hr and then stimulated by lipopolysaccharide (LPS) (50 �g/mL) for

24 h. Cell lysates were obtained and analyzed for (A) COX-2 and (B) iNOS

protein expressions by Western blotting. �-tubulin is used as an internal

control. Data are shown as the mean � SEM of three independent exper-

iments. * p < 0.001 compared with the resting group,
#

p < 0.001, com-

pared with the vehicle group.

A

B



VSMCs proliferation and PCNA expression are cri-

tical events in the development and progression of

atherosclerosis. PCNA, a protein synthesized early in the

G1 and S phases of the cell cycle, functions in cell pro-

gression, DNA replication and DNA repair. It is a very

sensitive measure of cell proliferation including VSMC

proliferation.
30

In this study, PDGF-BB markedly pro-

moted cell proliferation in proliferative VSMCs together

with increased expression of PCNA. A study established

that isorhynchophylline, an alkaloid from a traditional

Chinese medicine, significantly blocked cell cycle pro-

gression in Ang II-treated VSMCs by decreasing the per-

centage of cells in S and G2/M phases and increasing

cells in G0/G1 phase together with decreased expres-

sion of PCNA mRNA.
31

Thus, our results indicated that

andrographolide-mediated inhibition of PDGF-induced

proliferation was associated with a remarkable reduc-

tion in ERK1/2 phosphorylation and decreased expres-

sion of PCNA in VSMCs.

The inflammation response is a complex reaction of

the immune system that is regulated by many inflam-

matory mediators, such as NO, prostaglandins, and

cytokines. Overproduction of iNOS-derived NO can have

cytotoxic effects in pathological processes, especially in

inflammatory and autoimmune disorders.
32

COX-2-

derived prostaglandin E2 (PGE2) is another important

mediator that plays a regulatory role in a variety of

physiological and pathological processes following an

immune response and inflammation.
33

It is well-known

that the expression of iNOS and COX-2, the key enzymes

for NO and PGE2 production, is up regulated in activated

macrophages. In a variety of diseases, prostanoids pro-

duced by COX2 are responsible for the inflammatory

processes by inducing vasodilation and disturbing the

integrity of the vascular barrier.
34

The iNOS is induced in

cerebral blood vessels and inflammatory cells in re-

sponse to cerebral ischemia.
35

Nitric oxide produced ex-

cessively by iNOS contributes to oxidative injury, abnor-

mal mitochondrial respiration, and DNA damage.
36

In

the present study, we showed that pre-treatment of

CECs with LPS dose dependently increased COX-2 and

iNOS expression. The reduction of COX2 and iNOS by

andro (10-20 �M) may induce anti-inflammatory effects

against LPS-induced toxicity, which may suppress COX-

2-derived PGE2 as well as iNOS-derived NO production.

In addition, although the present study was conducted

in a cell culture environment, these findings should pro-

vide information concerning useful molecular mecha-

nisms and the beneficial effects of andro in vascular dis-

eases. In the future, further study will undoubtedly test

whether these observations can be confirmed in in vivo

experiments.

CONCLUSIONS

The results of the present study demonstrated that

andrographolide, a novel NF�B inhibitor, at non-cyto-

toxic concentrations, inhibits PDGF-BB induced cell pro-

liferation via suppressing ERK1/2 and PCNA expressions

in VSMCs. Furthermore, andrographolide inhibits LPS-

induced expression of iNOS and COX-2 proteins expres-

sion in mouse cerebral endothelial cells. Therefore,

these results suggest that andrographolide can be used

as a potential therapeutic compound for the prevention

and treatment of vascular diseases.
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