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Salvianolic Acid B Attenuates Cyclooxygenase-2
Expression In Vitro in LPS-Treated Human Aortic
Smooth Muscle Cells and In Vivo in the
Apolipoprotein-E-Deficient Mouse Aorta
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Abstract Inflammation plays an essential role in atherosclerosis and post-angioplasty restenosis and the synthesis
and release of inflammatory cytokines from vascular smoothmuscle cells is an important contributor to these pathologies.
It is assumed that drugs that prevent the overproduction of inflammatory cytokinesmay inhibit cardiovascular disorders. In
the present study, the effects of a water-soluble antioxidant, salvianolic acid B (Sal B), derived from aChinese herb, on the
expression of cyclooxygenase (COX) in lipopolysaccharide (LPS)-treated human aortic smooth muscle cells (HASMCs)
and in the aortas of cholesterol-fed apoE deficient mice were investigated. In unstimulated HASMCs, COX-2 mRNA and
protein were almost undetectable, but were strongly upregulated in response to LPS. In contrast, HASMCswith or without
LPS treatment showed constitutive expression of COX-1mRNA and protein. The activation of COX-2 protein synthesis in
LPS-stimulated HASMCs was shown to involve the activation of the extracellular-signal-regulated kinase 1/2 (ERK1/2),
c-Jun NH2-terminal kinase (JNK), and p38 mitogen-activated protein kinase pathway. Incubation of HASMCs with Sal B
before LPS stimulation resulted in pronounced downregulation of COX-2 expression. Sal B treatment suppressed ERK1/2
and JNK phosphorylation and attenuated the increase in prostaglandin E2 production and NADPH oxidase activity in
LPS-treatedHASMCs.When apoE-deficientmicewere fed a 0.15%cholesterol diet with orwithout supplementationwith
0.3% Sal B for 12 weeks, the intima/media area ratio in the thoracic aortas was significantly reduced in the Sal B group
(0.010� 0.009%) compared to the apoE-deficient group (0.114� 0.043%) and therewas a significant reduction inCOX-2
protein expression in the thickened intima. These results demonstrate that Sal B has anti-inflammatory properties andmay
explain its anti-atherosclerotic properties. This new mechanism of action of Sal B, in addition to its previously reported
inhibition of LDL oxidation, may help explain its efficacy in the treatment of atherosclerosis. J. Cell. Biochem. 98: 618–
631, 2006. � 2006 Wiley-Liss, Inc.

Key words: salvianolic acid B; smooth muscle cells; COX-2; MAPKs; apoE-deficient mice

There is increasing evidence that inflamma-
tion plays a central role in the cascade of events
that eventually results in the formation of

atherosclerotic plaques and restenosis [van
der Wal et al., 1994]. Cyclooxygenase (COX),
one of the inflammatory cytokines synthesized
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and secreted by vascular smooth muscle cells,
may play an important role in the formation of
atherosclerotic plaques and restenosis [Cipol-
lone et al., 2004]. Two isoforms of COX have
been identified, namely COX-1 and COX-2
[DeWitt and Smith, 1995]. COX-1 is constitu-
tively expressed and is responsible for the
biosynthesis of prostaglandins involved in vas-
cular homeostasis. In contrast, expression of
COX-2 is induced in response to growth factors,
inflammatory stimuli, and phorbol esters, sug-
gesting that this enzyme is involved in the
generation of prostaglandins involved in
inflammatory diseases [Simon, 1999]. Consis-
tent with the hypothesis that COX-2 contri-
butes to the clinical instability of coronary
artery disease, COX-2 is expressed in athero-
sclerotic lesions, its levels increase after vascu-
lar injury, and it has been detected in the
myocardium of patients with congestive heart
failure [Cipollone et al., 2001]. Overexpression
of COX-2 has been suggested to be involved in
the pathogenesis of inflammatory and neoplas-
tic diseases [Cipollone et al., 2004]. The signal-
ing pathways that lead to induction of COX-2 in
LPS-stimulated vascular smooth cells, the
major component cells of the neointima, are
not clearly defined. In addition, COX-2 levels
may reflect the degree of inflammation and
provide a measure for assessing the effect of
drugs on the inflammatory process. The devel-
opment of COX-2 inhibitors has been a major
advance in the therapy of inflammatory pro-
cesses and their use includes the prevention or
treatment of disorders associated with the
induction of this enzyme.
The herb, Salvia miltiorrhiza Bunge (abbre-

viated as SM), is often used in folk medicine in
China, Japan, and Taiwan for the treatment of
cardiovascular disorders (called blood stasis in
traditional Chinese medicine) [Lei and Chiou,
1986]. Treatment with SM reduces intimal
thickness in the air-injured carotid artery in
rats and inhibits the proliferation of isolated
rabbit arterial smooth muscle cells [Zhou et al.,
1996]. A Salvia miltiorrhiza extract (SME)
inhibits LDL oxidation in vitro and ex vivo and
reduces atherosclerosis in hypercholesterole-
mic rabbits [Wu et al., 1998]. Sal B, a water-
soluble polyphenolic antioxidant fraction of
SME, scavenges 1,1-diphenyl-2-picryhydrazyl
(DPPH) radicals and inhibits LDL oxidation
more effectively than the antioxidant, probucol
[Wu et al., 1998]. Sal B attenuates the expres-

sion of VCAM-1 and ICAM-1 in TNF-a-stimu-
lated human aortic endothelial cells by partial
blockage of NF-kB expression and also signifi-
cantly inhibits adhesion of the human mono-
cytic cell line,U937, tohumanaortic endothelial
cells [Chen et al., 2001a]. Given that Sal B has
cytoprotective and antioxidant effects, we eval-
uated its effects onLPS-inducibleCOX-2mRNA
and protein expression in human aortic smooth
muscle cells (HASMCs). In addition, we chose
cholesterol-fed apo-E deficient mouse model
to study the effects of Sal B on intimal thicken-
ing and COX expression because it offers an
acceptedmodel for studying atherosclerosis and
inflammation. Our study shows that Sal B
attenuates the expression of COX-2 both
in vitro and in vivo, and that this effect is
mediated by partial blockage of MAPKs phos-
phorylation.

MATERIALS AND METHODS

Reagents

Sal B was purified as described previously
[Chen et al., 2001a]. In brief, dry roots of SM
were ground to a powder, which was then
extracted for 24 h at room temperature with
10 volumes of a 4:1 (vol/vol) mixture of water
and ethanol. After filtration of the mixture
throughfilter paper, the solventwas evaporated
under reduced pressure and the solid material
(SME) storedat�708C.The concentration of Sal
B in the SME, determined by reversed-phase
HPLC,was4.4%byweight. SinceSalB iswater-
soluble andhas lowpKavalues similar to that of
a carboxylic acid, the content of Sal B was
further increased by adjustment of the pHof the
concentrated SME and precipitation with acet-
one-water. After ion exchange and Sephadex
LH-20 column chromatography, Sal B was
obtained at greater than 98% purity. For use,
it was dissolved as a 14 mM stock solution
in phosphate-buffered saline, pH 7.4 (PBS).
Unless otherwise specified, all reagents were
from Sigma (Missouri).

Culture of HASMCs

HASMCs, purchased as cryopreserved ter-
tiary cultures from Cascade Biologics (OR,
USA), were grown in culture flasks in smooth
muscle cell growth medium, M231 (Cascade
Biologics, Inc.) supplemented with fetal bovine
serum (FBS, 5%), human epidermal growth
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factor (EGF, 10 ng/ml), human basic fibroblast
growth factor (bFGF, 3 ng/ml), insulin (10 mg/
ml), penicillin (100U/ml), streptomycin (100 pg/
ml), and Fungizone (1.25 mg/ml) at 378C in a
humidified 5% CO2 atmosphere. The growth
medium was changed every other day until
confluency, when the cells were passaged by
division between four Petri dishes and again
grown to confluency. Cells were used between
passages 3 and 8. The purity of the HASMC
cultures was verified by immunostaining with a
monoclonal antibody against smooth muscle-
specific a-actin. Before treatment with lipopo-
lysaccharide (LPS), the cells were serum and
growth factor (EGF, bFGF, and insulin)-starved
for 24 h.

Effect of LPS and Sal B on Cell Viability

HASMCswere plated at a density of 104 cells/
well in 96-well plates. After overnight growth,
the cells were treated with a different concen-
trations of LPS or Sal B for various times, then
cell viability was measured using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. In brief,MTT (0.5mg/ml)
was applied to the cells for 4 h to allow the
conversion ofMTT into formazan crystals, then,
after washing with PBS, the cells were lysed
with dimethyl sulfoxide and the absorbance
read at 530 and 690 nmwith a DIASMicroplate
Reader (Dynex Technologies, VA). The reduc-
tion in optical density caused by LPS or drug
treatment was used as a measurement of cell
viability, normalized to cells incubated in con-
trol medium, which were considered 100%
viable.

Testing of the Effect of Preincubation
With Sal B on the Effects of LPS

HASMCs (106 cells in 5 ml of medium in a
10 cm Petri dish) were incubated with the
indicated concentration of Sal B or medium for
the indicated time, then medium or the indi-
cated concentration of LPS was added and
incubation continued for the indicated time.

Reverse Transcriptase-Polymerase Chain Reaction
(RT-PCR) and Quantitative Real Time-PCR

Total RNA was extracted using the TRIzol
reagent method (Invitrogen) and stored at
�808C until use. For RT-PCR studies, RNA
was reverse transcribed using SuperScript II
reverse transcriptase (Invitrogen), and single-
stranded cDNA was used as a template in PCR.

cDNA aliquots were amplified with primers
specific for COX-1 and COX-2 and the house-
keeping gene, glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), inaGene-AmpPCRsystem
9600 (Perkin Elmer, CA) and the PCR products
were run on 2% tri-borate ethylenediaminete-
traacetic acid (TBE) agarose gels. Quantitative
PCRwasperformedusing continuousfluorescent
monitoring of PCR amplification (Light Cycler).
Each reaction mix (20 ml final volume) contained
4 mmol/L MgCl2, 0.4 mmol/L each primer, 1�
SYBRGreenI, 1� Titanium Tdq DNA polymer-
ase, and template cDNA. The COX-1-specific
oligonucleotide primer pair consisted of the sense
primer 50-GAGCATCTCTCGGATGAAGGand
the antisense primer 50-GCC AGT GAA TCC
CTG TTG TT, the corresponding COX-2-specific
primers being 50-ATG AGA TTG TGG GAA AAT
TGC T and 50-GAT CAT CTC TGC CTG AGT
ATC. To quantify and prove the integrity of the
isolated RNA, RT-PCR analysis for GAPDHwas
carried out using the specific sense and antisense
primers TGC CCC CTC TGC TGA TGC C and
CCT CCG ACG CCT GCT TCA CCA C. The
parameters used for PCR were an initial dena-
turation at 958C for 480 s followed by 40 cycles of
958Cfor10s,508Cfor10s,and728Cfor22s.Real-
timePCRmonitoringwasachievedbymeasuring
the fluorescent signal at the end of the annealing
phase for each cycle. Levels of COX-1 and COX-2
mRNA were normalized to GAPDH mRNA
levels.

Western Blot Analysis of Cell Lysates

Western blot analyses were performed as
described previously [Chen et al., 2002]. Briefly,
a cell lysate was prepared by lysing cells for 1 h
at 48C in 20 mMTris-HCl, 150 mMNaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM
PMSF, pH 7.4, then centrifuging the lysate at
4,000g for 30 min at 48C and taking the super-
natant. An aliquot of cell lysate (20 mg total
protein) was subjected to 12% SDS–PAGE
electrophoresis and transferred onto PVDF
membranes, which were then blocked for 1 h
at room temperature with 2% skimmed milk in
PBS-0.05% Tween 20.

To measure levels of COX-1 or COX-2, the
membranes were incubated with mouse poly-
clonal antibody against humanCOX-1 orCOX-2
(1:1,000, Cayman), then with horseradish per-
oxidase-conjugated goat anti-mouse secondary
antibodies (1:3,000, Chemicon), bound anti-
body being detected using Chemiluminescence

620 Chen et al.



Reagent Plus (NEN). The intensity of each band
was quantified using a densitometer. Anti-b-
actin antibodies (1:1,000,Oncogen)wereused to
quantify b-actin, used as the internal control. In
other studies, the antibodies used were rabbit
anti-human phospho-JNK, mouse anti-human
phopho-ERK1/2, rabbit anti-human phospho-
p38, rabbit anti-human total JNK, rabbit anti-
human totalERK1/2, andgoat anti-human total
p38 (1:1,000, Cell Signaling).

Measurement of PGE2 Levels

HASMCs were subcultured into 10 cm dishes
and cultured as indicated in the figure legends.
At the selected time points, the culture super-
natantwas centrifuged at 1,000g for 5min, then
100 ml of the supernatant was assayed for PGE2

by enzyme immunoassay (R&D Systems, Inc.).

Plasma Membrane Preparation, Nicotinamide
Adenine Dinucleotide Phosphate (NADPH)

Oxidase Assay, and Western Blot
Analysis of p47phox

For NADPH oxidase assay, plasma mem-
brane fractions were prepared by lysing the
cells by three cycles of freeze-thaw (liquid
nitrogen for 5 min, 378C for 5 min) in lysis
buffer containing 1 mM EDTA, 20 mM potas-
sium phosphate, pH 7.0, 0.5 mg/ml leupeptin,
0.7 mg/ml pepstatin, 10 mg/ml aprotinin, and
0.5 mM phenylmethylsulfonyl fluoride (PMSF)
and centrifuging the lysate at 29,000g at 48C for
20 min. The pellet was suspended in oxidase
assay buffer (50 mM potassium phosphate
buffer, pH 7.0, 1 mM EDTA, 150 mM sucrose,
10 mg/ml aprotinin, 0.5 mg/ml leupeptin, 0.7 mg/
ml pepstatin, and 0.5 mM PMSF) and assayed
for protein (Bio-Rad) and NADPH oxidase
activity measured in a lucigenin chemilumines-
cence assay using 5 mM lucigenin (Sigma) and
100 mM NADPH (Sigma) as described pre-
viously [Lin et al., 2005]. Chemiluminescence
as relative light units was measured in a
microtiter luminometer (Wallac 1420 Multi-
label counter, Perkin Elmer) as an indicator of
enzyme activity. Western blot analysis for
p47phox was performed on the cytosolic and
plasma membrane fractions as described above
using a monoclonal mouse antibody against
p47phox (BD, Biosciences Pharmingen).

Animal Care and Experimental Procedures

The apoE-deficientmicewere purchased from
Jackson Laboratory (Bar Harbor, ME). After

6 months on a commercial mouse chow diet,
20 mice were randomly allocated to one of two
groups; both of which received a 0.15% choles-
terol diet (Purina Mills, Inc., USA), supplemen-
ted in one group with 0.3% Sal B, a dose
previously shown to reduce lesion formation
in hypercholesterolemic rabbits [Chen et al.,
2001b].Waterwas available ad libitum. C57BL/
6 mice were used as the control. Mice were
allowed free access to the diets for 3 months
during the experiment and were deprived of
food overnight at the end of the experiment. The
investigation conformed with the Guide for the
Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH
publication no. 85–23, revised 1996). Blood
samples were taken periodically for assessment
of liver and renal function. After 3 months on
the diet, the mice were euthanized by intraper-
itoneal injection of 35–40 mg/kg of sodium
pentobarbital and the thoracic aortas were
gently dissected free of adherent tissue, rinsed
with ice-cold PBS, immersion-fixed in 4%
buffered paraformaldehyde, paraffin-embed-
ded, then cross-sectioned for immunohisto-
chemisty. To examine the expression of COX-1
and COX-2 protein, immunohistochemisty was
performed on serial sections of the aorta, which
were deparaffinised, rehydrated, and washed
with PBS, then non-specific binding was
blocked by preincubation for 1 h at room
temperature with PBS containing 5 mg/ml of
bovine serum albumin. The sections were then
incubated for 1 h at 378C with mouse anti-
human COX-1 or COX-2 antibody (1:15 dilution
in PBS) and for 1 h at room temperature with
biotinylated rabbit anti-mouse IgG antibody,
boundantibody being detected by incubation for
1.5 h at room temperature with avidin-biotin-
horseradish peroxidase complex, followed by
0.5 mg/ml of 3,30-diaminobenzidine/0.01%
hydrogen peroxide in 0.1 M Tris-HCl buffer,
pH 7.2, as chromogen (Vector Lab, USA).
Negative controls were performed by omitting
the primary antibodies. Semiquantification of
antigen expression was evaluated under the
light microscope at magnification 200�. Each
specimen was read by three investigators who
were blinded as to the type of immuno-stain and
they were asked to assign arbitrarily an
immuno-score of 0, no; 1, weak; 2, moderate; 3,
strong; and 4, very strong staining. A score of 0
was given to areaswhere stainingwas absent or
as weak as the same area on the control section
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without primary antibodies incubation. A score
of 4 was given to the darkest staining intensity
observed. When staining intensities ranged
between 2 levels, for example 1 and 2, a score
of 1.5 was assigned. To avoid inter-assay
variability, all sections used for quantitation
were from the same staining batch.

Statistical Analysis

All data were expressed as mean�SEM. The
difference in mean values among different
groups was analyzed by one-way ANOVA and
subsequent post-hoc Dunnett test. A value of
P< 0.05 was considered statistically signifi-
cant.

RESULTS

Sal B Reduces COX-2 mRNA and Protein
Expression in LPS-Treated HASMCs

When the cytoxicity of LPS or Sal B for
HASMCs was assessed by MTT assay after
24 h of incubation, cell viability was unaffected
by the presence of 1 mg/ml of LPS or 20 mMSal B
(data not shown). Concentrations of 10–100 ng/
ml of LPS and 2.5–10 mM Sal B were therefore
used in subsequent experiments.

To determine whether LPS or Sal B affected
levels of COX-1 and COX-2 mRNA and protein,
RT-PCR, real-time PCR, and Western blotting
were performed. Control cells expressed COX-1
mRNA and the amount was not affected by
treatment with 100 ng/ml of LPS alone or by
prior treatment for 24 h with 10 mM Sal B
(Fig. 1A). After 24 h of incubation in serum-free
medium, the unstimulated HASMCs produced
small amount of COX-2 mRNA. However, for
HASMCs treated with 100 ng/ml of LPS, the
amount of COX-2 mRNA first increased to a
maximumafter 2hof treatment, thendecreased
gradually. This increase was markedly inhib-
ited by 24 h preincubation with 10 mM Sal B
(Fig. 1B). In cells incubated with Sal B alone,
COX-2 mRNA levels were similar to those in
unstimulated samples (data not shown).

Western blot analysis showed that treatment
withLPS inducedCOX-2protein expression ina
time- and dose-dependent manner (data not
shown), but had no effect on COX-1 protein
expression (Fig. 1C). After treatment with
100 ng/ml of LPS for 8 h, COX-2 protein
expression increased by about four-fold and this
effect was significantly decreased by 24 h
pretreatment with 10 mMSal B (Fig. 1D), which

had no effect on COX-1 protein expression
(Fig. 1C). In cells incubated with Sal B alone,
COX-2protein levelswere similar to those in the
unstimulated samples (data not shown).

Sal B Attenuates PGE2 Production in
LPS-Treated HASMCs

Unstimulated HASMCs produced low
amounts of PGE2 (13.0� 0.4 pg/ml) and this
was not affected by incubation with Sal B alone
(datanot shown).When the cellswere incubated
with 100 ng/ml of LPS for various times, the
concentration ofPGE2 in themedium increased,
reaching levels of 34.0� 0.2 and 33.2� 0.5 pg/
ml at 6 and 8 h, respectively (data not shown).
When cells were precultured in medium con-
taining2.5–10mMSalB for 24h, then incubated
with 100 ng/ml of LPS for 8 h, only background
levels of PGE2were released (16.9� 2.2 pg/ml of
cell protein at 10 mM Sal B) (Fig. 2).

Sal B Reduces ICAM-1 Expression in
LPS-Treated HASMCs via COX-2

COX-2 is suggested to modulate the expres-
sion of adhesion molecules involved in the
interaction between leukocytes and vascular
cells during endotoxemia [Kyrkanides et al.,
2002; Katagiri et al., 2004]. Time-dependency
experiments showed that ICAM-1 expression
increased in an almost linear fashion in
HASMCs in response to incubation with 100 ng/
ml of LPS and that 10 mM Sal B effectively
suppressed the induction of ICAM-1 by LPS
(Fig. 3A). The amount of b-actin protein as an
internal control remained unchanged. Cotreat-
ment of cultureswith 3–30mMNS-398, aCOX-2
inhibitor [Futaki et al., 1993], markedly inhib-
ited LPS-induced ICAM-1 expression (Fig. 3B).

Sal B Reduces LPS-Induced Phosphorylation
of ERK and JNK

Previous studies have shown that LPS can
activate MAPKs in the signaling pathway
leading to inflammation [Lee and Young, 1996;
Guha and Mackman, 2001]. In the next set
of experiments, the effects of LPS on the
activation of the MAPK pathway (ERK1/2,
JNK, p38), a signaling cascade contributing to
COX-2 expression, and the effects of Sal B or
MAPK inhibitors on LPS-stimulated COX-1
and COX-2 expression were studied. As shown
inFigure 4A–C, phosphorylation of JNK1/2 and
ERK was increased to 36.2- and 4.9-fold of
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control levels, respectively, at 5 min after
addition of 100 ng/ml of LPS, whereas p38
phosphorylation was less affected (increased
to 1.4-fold of control levels). Interestingly,
pretreatment with 10 mM Sal B decreased
LPS-induced JNK and ERK phosphorylation,
but increased p38 phosphorylation. As shown in
Figure 4D, LPS-induced COX-2 expression
was inhibited by SP600125 (a JNK inhibitor),
PD98059 (an ERK inhibitor), and SB20350
(a p38 inhibitor). These results suggest that
Sal B inhibits COX-2 expression by preven-
ting LPS-induced phosphorylation of JNK and
ERK.

Sal B Inhibits the Increase in NADPH Oxidase
Activity and p47phox Translocation Seen in

LPS-Treated Hasmcs

Activation of vascular NADPH oxidase and
the production of reactive oxygen species by this
enzyme system contribute to cardiovascular
diseases, including atherosclerosis and hyper-
tension [Cai et al., 2003]. To examine whether
LPS and Sal B affected NADPH oxidase activ-
ity, HASMCs were treated with 100 ng/ml of
LPS for 40 min, then the plasma membrane
fraction was prepared to measure NADPH
oxidase activity. As shown in Figure 5A, LPS

Fig. 1. Sal B inhibits the LPS-induced increase in COX-2mRNA
and protein levels in HASMCs. HASMCswere pretreatedwith 10
mM Sal B for 24 h before addition of 100 ng/ml of LPS in the
continued presence of Sal B for the indicated time, then levels of
COX-1mRNA (A)or COX-2mRNA (B)were assessedbyRT-PCR

and real-time PCR as well as COX-1 (C) or COX-2 (D) protein
levels were examined by Western blots. The data are the
mean� SEM for three separate experiments. *P<0.05 compared
to the control cells; {P< 0.05 compared to HASMCs treatedwith
LPS alone for the same time.
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addition resulted in a significant increase in
enzymatic activity whichwas inhibited by Sal B
pretreatment. We then determined whether
this effect of Sal B was associated with translo-
cation of p47phox in HASMCs, as this transloca-
tion mechanism has been reported to play an
important role in the activation of NADPH
oxidase [Mortensen andZhong, 2000].HASMCs
were treatedwith 100 ng/ml of LPS for 20, 40, or
60 min, then cytosolic and plasma membrane
fractions were prepared and immunoblotted for
p47phox. As shown in Figure 5B and C, stimula-
tion of HASMCs with 100 ng/ml of LPS for
different times induced p47phox translocation to
themembrane.Using anLPS incubation time of
40min, 24hpretreatmentwithSalB resulted in
a decrease in the p47phox content of both the
cytosolic and membrane fractions in LPS-
treated HASMCs (Fig. 5D and E), suggesting
an effect on both expression and translocation.
In contrast, using a LPS incubation time of

40 min, 1 h pretreatment with Sal B had no
effects on the p47phox content of both the
cytosolic and membrane fractions compared
with LPS-treated HASMCs (Fig. 6A and B).

Fig. 2. Sal B inhibits the increase in PGE2 levels in LPS-
stimulated HASMCs. Cells grown to confluency in 10 cm dishes
were incubated for 24 h with 2.5, 5, or 10 mM Sal B, then
stimulated for 8 h with 100 ng/ml of LPS. The medium was then
collected and the PGE2 concentration measured by ELISA. The
data are the mean� SEM for three separate experiments.
*P<0.05 compared to control cells. {P< 0.05 compared to
HASMCs treated with LPS alone.

Fig. 3. Western blots of HASMC cell lysates showing that Sal B
inhibits the LPS-induced increase in ICAM-1 levels via theCOX-2
pathway.A: ICAM-1 expression inHASMCs treatedwith 100 ng/
ml of LPS for the indicated time, with and without preincubation
for 24 h with 10 mM Sal B, was assessed by Western blotting. B:
Cultureswere incubated for 24 hwithmediumalone, for 1 hwith
medium containing 10 mM NS-398 (a COX-2 inhibitor), for 8 h
with 100ng/ml of LPS, or for 1 hwith 3–30mMNS-398, then for 8
h with 100 ng/ml of LPS. *P<0.05 compared to control cells.
{P< 0.05 compared to LPS-treated HASMCs.

Fig. 4. Western blots of HASMC cell lysates showing that Sal B
inhibits the LPS-induced increase in ERK and JNK phosphoryla-
tion. A–C: Control cells or HASMCs pretreated with 10 mMSal B
for 24 h were incubated with 100 ng/ml of LPS for the indicated
time, then equal amounts of cell lysate protein were subjected to
immunoblottingusingantibodiesagainst JNK (A), ERK (B), or p38

(C). D: COX-1 and COX-2 expression in cells incubated for 1 h
with medium or 30 mM SP600125 (a JNK inhibitor), 30 mM
PD98059 (an ERK inhibitor), or 30 mMSB20350 (a p38 inhibitor),
followed by addition of medium or 100 ng/ml of LPS and
incubation for a further 8 h. *P< 0.05 compared to control cells.
{P< 0.05 compared to LPS-treated HASMCs.
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Fig. 4.



Fig. 5. Sal B attenuates the increase inNADPHoxidase activity
and reduces the translocation of the NADPH oxidase subunit,
p47phox, to the cell membrane in LPS-treated HASMCs. Control
cells or cells pretreated for 24 hwith the indicated concentration
of Sal Bwere incubatedwith 100 ng/ml of LPS for 40min, then 50
mg of plasmamembrane protein was assayed for oxidase activity
(A). B, C: p47phox levels in the cytosolic (B) and plasma

membrane (C) fractions of HASMCs treated with 100 ng/ml
LPS for the indicated time.D, E: p47phox levels in thecytosolic (D)
and membrane (E) fractions of HASMCs pretreated for 24 h with
the indicatedconcentrationof Sal B, then stimulatedwith 100ng/
ml of LPS for 40 min. The data are the mean� SEM of three
independent experiments. *P< 0.05 compared to untreated
controls. {P<0.05 compared to LPS-treated HASMCs.



Sal B Decreases COX-2 Protein Expression in
Thoracic Aortas of apoE-Deficient Mice

Over the experimental period, there was no
difference in weight gain and final weight of
the C57BL/6, cholesterol-fed apoE-deficient

mice, and Sal B-treated cholesterol-fed apoE-
deficient mice. Morphometric analysis showed
that the intima/media area ratio in the Sal
B-treated cholesterol-fed apoE-deficient mice
(0.010� 0.009%) was significantly less than
that in the cholesterol-fed apoE-deficient mice
(0.114� 0.043%). In the C57BL/6 control group,
the intima was very thin. To study the effect of
Sal B on COX-1 and COX-2 expression in apo
E-deficient mice, immunohistochemical stain-
ing with antibodies against COX-1, COX-2 or
anti-a-actin antibody (staining smooth muscle
cells) was carried out on serial sections. In the
cholesterol-fed apoE-deficient mice, a-actin-
positive staining was seen on the thickened
intima of the thoracic aortas (Fig. 7) and strong
COX-2 staining was seen on the thickened
intima. In Sal B-treated cholesterol-fed apoE-
deficient mice, the intimal area was reduced.
Semiquantitative analysis showed that the
expression of COX-2 in Sal B-treated group
was significantly reduced from 3.8� 0.3 to
1.5� 0.2. In contrast, there was no significant
difference in the expression of COX-1 between
the Sal B-treated group and the cholesterol-fed
apo-E deficient group (1.6� 0.3 vs. 1.8� 0.2). In
the control group, there were a little COX-1 and
COX-2 staining of the vascular walls.

DISCUSSION

In this study, we found that LPS treatment of
cultured HASMCs induced COX-2 mRNA and
protein expression in a time- and dose-depen-
dent manner, but did not affect constitutive
COX-1 mRNA and protein expression. Sal B
treatment effectively blockedCOX-2 expression
in LPS-stimulatedHASMCs and apoE-deficient
mice, but did not affect COX-1 expression.
Our data demonstrate that the inhibitory
effect of Sal B on COX-2 expression was
mediated by downregulation of JNK and ERK
phosphorylation.

Increased expression of COX-2 is associated
with inflammatory responses and also with
serious disorders, such as cardiovascular fail-
ure [Hocherl et al., 2002]. Eicosanoids, includ-
ing PGE2, which contribute to the pathogenesis
of cardiovascular diseases through proinflam-
matory and proaggregatory activities [Mura-
kami et al., 2002], are formed from arachidonic
acid inmembrane phospholipids by the action of
COX [Smith et al., 1994]. COX activity is the
rate-limiting step in the production of PGE2 and

Fig. 6. Sal B pretreatment for 1 h did not affect LPS-induced
the translocation of the NADPH oxidase subunit, p47phox in
HASMCs. p47phox levels in the cytosolic (A) and membrane (B)
fractions were examined in HASMCs pretreated for 1 h with the
indicated concentration of Sal B, then stimulatedwith 100 ng/ml
of LPS for 40 min. The data are the mean� SEM of three
independent experiments. *P< 0.05 compared to untreated
controls.

Sal B Attenuates COX-2 Expression 627



is determined by the level of the enzyme and the
presence of the activating oxidant, hydroper-
oxide [Smith and Langenbach, 2001; Nakatani
and Kudo, 2002]. Two forms of COX exist. COX-
1 is constitutively expressed and is involved
mainly in the control of normal physiologic
functions, whereas COX-2 expression is regu-
lated by growth factors, tumor promoters,
cytokines, glucocorticoids, and LPS [Masferrer
et al., 1994; Lo et al., 1998]. Rimarachin et al.
[1994] showed thatmechanical injury increases
COX-2 expression in vascular smooth muscle
cells during the development of proliferative
lesions in the injured vessels. In the present
study, we demonstrated that HASMCs treated
with LPS showed a marked increase in COX-2
expression and PGE2 production. However,
during induction of COX-2 mRNA and protein
expression, expression of the constitutive COX-
1 remained unchanged, as shown by real-time
PCR andWestern blot analyses. These findings
are consistent with the hypothesis that COX-2
has a pathophysiological role in the early
modulation of vascular responses to inflamma-
tory stimuli.

We decided to test the effects of Sal B, as it is
derived from a Chinese herb, Salvia miltior-
rhiza, commonly used in traditional Chinese
medicine for the treatment of blood stasis, a
cardiovascular-related disorder [Lei and Chiou,
1986]. Nonpolar extracts of the plant contain
tanshinones, which inhibit platelet aggregation
[Onitsuka et al., 1983] and protect the myocar-
dium against ischemia-induced derangement
[Yagi et al., 1989]. Salvia mitiorrhiza extract
(SME), an aqueous ethanolic extract of Salvia
miltiorrhiza, is rich in polyphenolic compounds
that protect liver microsomes, hepatocytes, and
erythrocytes against oxidative damage [Liu
et al., 1992]. SME scavenges DPPH radicals,
inhibits Cu2þ-induced LDL oxidation, and
reduces endothelial damage and the severity
of atherosclerosis in cholesterol-fed rabbits [Wu
et al., 1998] and inhibits intimal hyperplasia
andmonocyte chemotactic protein-1 expression
after balloon injury in cholesterol-fed rabbits
[Chen et al., 2001b]. Sal B, one of these
compounds in SME, is a potent hepatoprotec-
tive agent and water-soluble antioxidant and
attenuates ischemia-reperfusion injury-indu-

Fig. 7. Immunohistochemical staining for COX-1, COX-2, or a-
actin in serial sections of thoracic aortas from C57BL/6 mice (C),
cholesterol-fed apoE-deficient mice (Apo E), and Sal B-treated
cholesterol-fed apoE-deficient mice (Sal B). The lumen is
uppermost in all sections. The internal elastic membrane is
indicated by an arrow. Strong COX-2 staining was seen in the

markedly thickened intima of the cholesterol-fed apoE-deficient
mice, while weak COX-2 staining was seen in the less thickened
intima of the Sal B-treated cholesterol-fed apoE-deficient mice.
The intensity of COX-1 staining was similar among three groups.
[Color figure canbe viewed in theonline issue,which is available
at www.interscience.wiley.com.]
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ced skin flap necrosis [Lay et al., 2003]. In our
previous study, we demonstrated that Sal B
markedly attenuates the tumor necrosis factor-
a-induced expression of VCAM-1 and reduces
the binding of human monocytes to human
aortic endothelial cells [Chen et al., 2001a]. In
the present study, we found that pretreatment
with Sal B significantly attenuated LPS-
induced COX-2 expression in HASMCs and
inhibited PGE2 production. Collectively, these
data suggest that Sal B treatment decreases
COX-2 expression and that its arachidonic acid-
derivedproducts producedbyCOX-2actionmay
participate in the prevention of inflammation
and pathogenesis of atherosclerosis.
Mitogen-activated protein kinases (MAPKs)

play an important role in regulating the expres-
sion of proinflammatorymolecules inmany cells
[Tibbles and Woodgett, 1999; Lin et al., 2005].
Recent studies have indicated a possible role for
MAPKs in the COX-2 gene expression induced
byLPS, growth factors, and cytokines [Lo, 2003;
Lin et al., 2004]. For example, LPS has been
shown toactivatep42/44MAPKs (ERK)andp38
MAPK and induce COX-2 gene expression in
macrophages/monocytes [Niiro et al., 1998].
Consistent with these findings, the present
study showed that phosphorylation of JNK1/2
and ERK was significantly increased at 5 min
after LPS addition, whereas phosphorylation of
p38 was less affected. Interestingly, Sal B
administration decreased LPS-induced JNK
and ERK phosphorylation, but increased p38
phosphorylation. COX-2 expression in response
to LPS was partially inhibited by SP600125
(a JNK inhibitor), PD98059 (an ERK inhibitor),
or SB20350 (a p38 inhibitor). Our results
indicate that Sal B attenuates LPS-stimulated
COX-2 expression and PGE2 production via
early inactivation of ERK and JNK phosphor-
ylation, but not via p38 phosphorylation. It
appears that the COX-2 pathway is very com-
plex and may involve cross-talk between
MAPKs. Future studies should be focused on
how these MAPKs interact with each another,
leading to the ultimate cell activation.
Accumulating evidence suggests that cardio-

vascular diseases are associated with increased
oxidative stress in blood vessels. Reactive
oxygen species (ROS), such as superoxide and
H2O2, cause blood vessels to thicken and
produce inflammation in the vessel wall, and
are therefore regarded as ‘‘risk factors’’ for
vascular disease, and also act as signaling

molecules in many aspects of inflammatory
cytokine-mediated physiological responses.
Activation of vascular NADPH oxidase and the
production of ROS by these enzyme systems are
common in cardiovascular disease [Touyz et al.,
2003]. Recently, efforts have been devoted to
developing NADPH oxidase inhibitors that will
provide useful experimental tools and might
have therapeutic potential in the treatment of
humandiseases.NADPHoxidase is localized on
the cell surface and generates superoxide
extracellularly. After synthesis, the compo-
nents of this oxidase are transported to the cell
membrane where the functional NADPH oxi-
dase complex is assembled. In the present
study, LPS treatment of HASMCs resulted in
a significant increase in enzymatic activity of
NADPH oxidase. The amount of p47phox, a key
component ofNADPHoxidase,wasdecreased in
the cytosolic fraction of LPS-treated cells com-
pared to untreated controls, while p47phox levels
in the cell membrane increased after 40 min of
treatment.Thesedata suggest thatLPS induces
p47phox translocation from the cytoplasm to the
membrane. Sal B pretreatment for 24 h inhib-
ited the LPS-induced expression and activation
of NADPH oxidase and resulted in a decrease in
the p47phox content of both the cytoplasmic and
membrane fractions in LPS-treated HASMCs.
These results suggest thatSalBmayserve as an
inhibitor of NADPH oxidase and have thera-
peutic potential in the treatment of inflamma-
tion and cardiovascular diseases.

COX-2 has been detected in fatty streaks
in both humans and mice [Hong et al., 2000;
Burleigh et al., 2002], strongly suggesting that
it is as an important determinant in the
formation of atherosclerotic lesions. In our
previous study [Chen et al., 2001a], we used
cholesterol-fed endothelium-denuded rabbits as
an animal model and found that SME signi-
ficantly reduce areas of atheroma and MCP-1
expression. In the present study, we used apoE-
deficient mice as an animal model with severe
hypercholesterolemia and extensive athero-
sclerosis to test the effects of Sal B, a pure
compound, on the generation of atherosclerotic
lesions and inflammatory cytokine expression.
The intima/media area ratio in thoracic aortas
in cholesterol-fed apoE deficientmicewas signi-
ficantly decreased by Sal B treatment. Immu-
nohistochemical studies using anti-COX-2
antibody showed that COX-2 was localized to
smoothmuscle cells in atherosclerotic lesions of
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apoE-deficient mice and that COX-2 expression
was significantly reduced in apoE-deficient
mice pretreated with Sal B, whereas COX-1
expression was not affected. Although the
previous study showed that neither selective
COX-2 inhibitor (tricyclic) nor non-selective
COX inhibitor (sulindac) influenced the devel-
opment of advanced atherosclerosis in apoE-
deficient mice [Olesen et al., 2002], our findings
suggest an additional mechanism by which Sal
B can prevent the progress of atherosclerosis,
namely by inhibiting COX-2 expression. The
difference between these findings may be
related to differences of the dosage and duration
of drug treatment and the drugs’ properties.

In conclusion, this study shows that LPS
induces COX-2 expression in HASMCs. This is
the first study to show that Sal B, a water-
soluble antioxidant, reduces COX-2 expression
and consequently decreases PGE2 production
byHASMCs. Sal B inhibits LPS-inducible COX-
2 expression inHASMCs by suppression of JNK
and ERK phosphorylation. Since PGE2 produc-
tion by smooth muscle cells after COX-2 over-
expression is a crucial step in the pathogenesis
of atherosclerosis and restenosis, our study
implies that antioxidants may have a therapeu-
tic potential in the prevention of cardiovascular
disease. Water-soluble polyphenolic antioxi-
dants, such as Sal B, may have an additional
beneficial effect in multiple pathological events
involving inhibition of COX-2 expression,
including inflammation and atherosclerosis.

ACKNOWLEDGMENTS

We thank Miss Hsiao-Jung Wang and
Mr. Shou-Shing Wu for technical assistance
in manuscript preparation.

REFERENCES

Burleigh ME, Babaev VR, Oates JA, Harris RC, Gautam S,
Riendeau D, Marnett LJ, Morrow JD, Fazio S, Linton
MF. 2002. Cyclooxygenase-2 promotes early athero-
sclerotic lesion formation in LDL receptor-deficient mice.
Circulation 105:1816–1823.

Cai H, Griendling KK, Harrison DG. 2003. The vascular
NAD(P)H oxidases as therapeutic targets in cardiovas-
cular diseases. Trends Pharmacol Sci 24:471–478.

Chen YH, Lin SJ, Ku HH, Shiao MS, Lin FY, Chen
JW, Chen YL. 2001a. Salvianolic acid B attenuates
VCAM-1 and ICAM-1 expression in TNF-alpha-treated
human aortic endothelial cells. J Cell Biochem 82:512–
521.

Chen YL, Yang SP, Shiao MS, Chen JW, Lin SJ. 2001b.
Salvia miltiorrhiza inhibits intimal hyperplasia and

monocyte chemotactic protein-1 expression after balloon
injury in cholesterol-fed rabbits. J Cell Biochem 83:484–
493.

Chen YH, Lin SJ, Chen JW, Ku HH, Chen YL. 2002.
Magnolol attenuates VCAM-1 expression in vitro in TNF-
alpha-treated human aortic endothelial cells and in vivo
in the aorta of cholesterol-fed rabbits. Br J Pharmacol
135:37–47.

Cipollone F, Prontera C, Pini B, Marini M, Fazia M, De CD,
Iezzi A, Ucchino S, Boccoli G, Saba V, Chiarelli F,
Cuccurullo F, Mezzetti A. 2001. Overexpression of
functionally coupled cyclooxygenase-2 and prostaglandin
E synthase in symptomatic atherosclerotic plaques as a
basis of prostaglandin E2-dependent plaque instability.
Circulation 104:921–927.

Cipollone F, Rocca B, Patrono C. 2004. Cyclooxygenase-2
expression and inhibition in atherothrombosis. Arterios-
cler Thromb Vasc Biol 24:246–255.

DeWitt D, Smith WL. 1995. Yes, but do they still get
headaches? Cell 83:345–348.

Futaki N, Arai I, Hamasaka Y, Takahashi S, Higuchi S,
Otomo S. 1993. Selective inhibition of NS-398 on
prostanoid production in inflamed tissue in rat carragee-
nan-air-pouch inflammation. J Pharm Pharmacol 45:
753–755.

Guha M, Mackman N. 2001. LPS induction of gene
expression in human monocytes. Cell Signal 13:85–94.

Hocherl K, Dreher F, Kurtz A, Bucher M. 2002. Cycloox-
ygenase-2 inhibition attenuates lipopolysaccharide-
induced cardiovascular failure. Hypertension 40:947–953.

Hong BK, Kwon HM, Lee BK, Kim D, Kim IJ, Kang SM,
Jang Y, Cho SH, Kim HK, Jang BC, Cho SY, Kim HS,
Kim MS, Kwon HC, Lee N. 2000. Coexpression of
cyclooxygenase-2 and matrix metalloproteinases in
human aortic atherosclerotic lesions. Yonsei Med J 41:
82–88.

Katagiri H, Ito Y, Ishii K, Hayashi I, Suematsu
M, Yamashina S, Murata T, Narumiya S, Kakita A,
Majima M. 2004. Role of thromboxane derived from
COX-1 and -2 in hepatic microcirculatory dysfunction
during endotoxemia in mice. Hepatology 39:139–
150.

Kyrkanides S, Moore AH, Olschowka JA, Daeschner JC,
Williams JP, Hansen JT, Kerry OM. 2002. Cyclooxygen-
ase-2 modulates brain inflammation-related gene expres-
sion in central nervous system radiation injury. Brain
Res Mol Brain Res 104:159–169.

Lay IS, Hsieh CC, Chiu JH, Shiao MS, Lui WY, Wu CW.
2003. Salvianolic acid B enhances in vitro angiogenesis
and improves skin flap survival in sprague-dawley rats.
J Surg Res 115:279–285.

Lee JC, Young PR. 1996. Role of CSB/P38/RK stress
response kinase in LPS and cytokine signaling mechan-
isms. J Leukoc Biol 59:152–157.

Lei XL, Chiou GC. 1986. Studies on cardiovascular actions
of salvia miltiorrhiza. Am J Chinese Med 14:26–32.

Lin CC, Hsiao LD, Chien CS, Lee CW, Hsieh JT, Yang CM.
2004. Tumor necrosis factor-alpha-induced cyclooxygen-
ase-2 expression in human tracheal smooth muscle cells:
Involvement of P42/P44 and P38 mitogen-activated
protein kinases and nuclear factor-kappaB. Cell Signal
16:597–607.

Lin SJ, Shyue SK, Hung YY, Chen YH, Ku HH, Chen JW,
Tam KB, Chen YL. 2005. Superoxide dismutase inhibits

630 Chen et al.



the expression of vascular cell adhesion molecule-1 and
intracellular cell adhesion molecule-1 induced by tumor
necrosis factor-alpha in human endothelial cells through
the JNK/p38 pathways. Arterioscler Thromb Vasc Biol
25:334–340.

Liu GT, Zhang TM, Wang BE, Wang YW. 1992. Protective
action of seven natural phenolic compounds against
peroxidative damage to biomembranes. Biochem Phar-
macol 43:147–152.

Lo CJ. 2003. MAPK regulation of prostaglandin E2
production by lipopolysaccharide-stimulated macro-
phages is not dependent on nuclear factor kappaB.
J Surg Res 113:189–194.

Lo CJ, Cryer HG, Fu M, Lo FR. 1998. Regulation of
macrophage eicosanoid generation is dependent on
nuclear factor kappaB. J Trauma 45:19–23.

Masferrer JL, Reddy ST, Zweifel BS, Seibert K, Needleman
P, Gilbert RS, Herschman HR. 1994. In vivo glucocorti-
coids regulate cyclooxygenase-2 but not cyclooxygenase-1
in peritoneal macrophages. J Pharmacol Exp Ther 270:
1340–1344.

Mortensen RF, Zhong W. 2000. Regulation of phagocytic
leukocyte activities by C-reactive protein. J Leukoc Biol
67:495–500.

Murakami M, Nakatani Y, Tanioka T, Kudo I. 2002.
Prostaglandin E synthase. Prostaglandins Other Lipid
Mediat 68-69:383–399.

Nakatani Y, Kudo I. 2002. Prostaglandin E2 synthases.
Nippon Yakurigaku Zasshi 120:373–378.

Niiro H, Otsuka T, Ogami E, Yamaoka K, Nagano S,
Akahoshi M, Nakashima H, Arinobu Y, Izuhara K, Niho
Y. 1998. MAP kinase pathways as a route for regulatory
mechanisms of IL-10 and IL-4 which inhibit COX-2
expression in human monocytes. Biochem Biophys Res
Commun 250:200–205.

Olesen M, Kwong E, Meztli A, Kontny F, Seljeflot I,
Arnesen H, Lyngdorf L, Falk E. 2002. No effect of
cyclooxygenase inhibition on plaque size in atherosclero-
sis-prone mice. Scand Cardiovasc J 36:362–367.

Onitsuka M, Fujiu M, Shinma N, Maruyama HB. 1983.
New platelet aggregation inhibitors from Tan-Shen;
radix of salvia miltiorrhiza bunge. Chem Pharm Bull
31:1670–1675.

Rimarachin JA, Jacobson JA, Szabo P, Maclouf J, Cremi-
non C, Weksler BB. 1994. Regulation of cyclooxygenase-2
expression in aortic smooth muscle cells. Arterioscler
Thromb 14:1021–1031.

Simon LS. 1999. Role and regulation of cyclooxygenase-2
during inflammation. Am J Med 106:37S–42S.

Smith WL, Langenbach R. 2001. Why there are two
cyclooxygenase isozymes. J Clin Invest 107:1491–1495.

Smith WL, Meade EA, DeWitt DL. 1994 . Pharmacology of
prostaglandin endoperoxide synthase isozymes-1 and -2.
Ann NY Acad Sci 714:136–142.

Tibbles LA, Woodgett JR. 1999. The stress-activated
protein kinase pathways. Cell Mol Life Sci 55:1230–
1254.

Touyz RM, Tabet F, Schiffrin EL. 2003. Redox-dependent
signalling by angiotensin II and vascular remodelling in
hypertension. Clin Exp Pharmacol Physiol 30:860–866.

van der Wal AC, Becker AE, van der Loos CM, Das PK.
1994. Site of intimal rupture or erosion of thrombosed
coronary atherosclerotic plaques is characterized by an
inflammatory process irrespective of the dominant
plaque morphology. Circulation 89:36–44.

WuYJ, Hong CY, Lin SJ,Wu P, ShiaoMS. 1998. Increase of
vitamin E content in LDL and reduction of atherosclero-
sis in cholesterol-fed rabbits by a water-soluble antiox-
idant-rich fraction of salvia miltiorrhiza. Arterioscler
Thromb Vasc Biol 18:481–486.

Yagi A, Fujimoto K, Tanonaka K, Hirai K, Takeo S. 1989.
Possible active components of Tan-Shen (salvia miltior-
rhiza) for protection of themyocardium against ischemia-
induced derangements. Planta Med 55:51–54.

Zhou XM, Lu ZY, Wang DW. 1996. Experimental study of
salvia miltiorrhiza on prevention of restenosis after
angioplasty. Zhongguo Zhong Xi Yi Jie He Za Zhi 16:
480–482.

Sal B Attenuates COX-2 Expression 631


