
Anti-inflammatory effects of a Chinese herbal medicine
in atherosclerosis via estrogen receptor b mediating
nitric oxide production and NF-jB suppression in
endothelial cells
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Bu-Shen-Ning-Xin Decoction (BSNXD) administration has alleviated the early pathologic damage of atherosclerosis by inhibiting
the adhesion molecule expression and upregulating the estrogen receptor (ER) b expression in endothelial cells, and increasing
the serum nitric oxide (NO) level without any effect on serum lipid status, endometrium and fat deposition in liver in
ovariectomized rabbits. The BSNXD-derived serum increases ER b expression in the human umbilical vein endothelial cells
(HUVECs), and decreases malondialdehyde (MDA) production, and upregulates eNOS expression then increases NO synthesis
through ERb-dependent pathway. NO not only suppresses the LPS-induced NF-jB transcription in HUVECs, but also decreases
apoptosis of endothelial cells. The BSNXD-derived serum decreases monocyte chemoattractant protein-1 production, and
suppresses cell adhesion molecules (ICAM-1, VCAM-1 and E-selectin) expression in HUVECs injured by oxidized low-density
lipoproteins (ox-LDL), and these effects can be abolished by ERb antagonist (R,RTHC) and NO synthase inhibitor (L-NAME). The
BSNXD-derived serum-treated HUVECs supernatant reduces CCR2, LFA-1 and VLA-4 expression in monocytes cell line U937
cells, which in turn inhibits adherence of U937 to injured endothelial cells. NO synthesis increases, and MDA production
decreases through ERb-mediated pathway that suppresses apoptosis and NF-jB activity in endothelial cells that downregulates
adhesion molecules expression on endothelial cells via ERb/NO/NF-jB pathway, and in turn leukocyte adhesion, which
suggests BSNXD potential value in prophylaxis atherosclerosis.
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Atherosclerosis is one sort of inflammatory disease.1 An early
step in the atherogenic process is transmigration of blood
monocytes across an injured or dysfunctional endothelium
into the subendothelial space where they differentiate into
macrophages.2 The cell adhesion molecules have been
implicated as one of the most important factors in athero-
sclerosis. The cytokine-mediated cell adhesion molecule
expression is regulated by the activity of transcription factors,
such as NF-kB (NF-kB).3 Nitric oxide (NO) is a widespread
signaling molecule in the cardiovascular system, and func-
tions in multiple ways to protect from the initiation and
progression of atherosclerosis.4 NO prevents from the
adhesion and aggregation of blood cells.5 It has also been
shown that the induction and stabilization of I-k-B-a by NO are
important mechanisms by which NO inhibits NF-kB and

attenuates atherogenesis.6 NO is synthesized by NO
synthase (NOS) with L-arginine as a substrate. The promotion
of NO production and prevention from cell adhesion may be
an effective approach to control atherosclerosis.
Ovarian dysfunction has been recognized as a major risk

factor for the accelerated atherosclerotic vascular disease.
A lot of studies in vitro have identified mechanisms by which
estrogen exerts beneficial effects on cardiovascular system.7

Epidemiological and experimental evidence indicates several
atheroprotective effects of endogenous estrogen, which
intervenes from atherosclerosis progression and inflamma-
tion.8 Estrogen effects are generally ascribed to transcrip-
tional modulation of target genes through estrogen receptors
(ERs), ERa and ERb. The functional ERs are expressed in
vascular endothelial cells.9 Normal coronary arteries of
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premenopausal women show normal ER expression,
whereas in the atherosclerotic vessels of postmenopausal
women, ERs are downregulated. ERa plays an important role
in mediating estrogen’s vascular protection,9–11 but the
precise mechanisms of ERb in vascular homeostasis remains
elusive. It is reported that the intimal ERb expression
correlates with atherosclerosis in postmenopausal women;12

polymorphisms in ERb gene are associated with risk of
cardiovascular disease in women;13 ERb is the predominant
mRNA transcript in normal human vascular smooth muscle
cells and in the media of human arteries.14,15 The current
understanding of ER does not allow one to clearly discern the
importance of one isotype receptor over another. Indeed,
important concepts are likely yet to be uncovered regarding
receptor roles.
Traditional Chinese medicines (TCMs) have been used in

Asian countries for over 5000 years to prevent and treat
diseases. TCM uses a holistic and synergistic approach to
restore the balance of Yin-Yang of body energy so that the
body’s normal function and homeostasis is maintained.16

Traditional Chinese herbal medicines often consist of
different herbs. The objective of doing this is to form
specific formulae aimed to increase therapeutic efficiency
and reduce adverse effects.17 According to the hypothesis
of TCM, multiple active phytochemical components in the
TCM formulae may simultaneously target multiple mole-
cules/pathways, and thus potentially achieve superior
effect to single compound.18 Traditional Chinese herbs
have long been used for preventing atherosclerosis with
less side-effect.19–21 Bu-Shen-Ning-Xin Decoction
(BSNXD) has long been used in the prophylaxis of the
atherosclerosis associated with estrogen deficiency, which
have already been proved to possess clear prophylactic
action on human bodies in the clinical setting, but there is
little information about its pharmacological properties and
biochemical activities. In this paper, we summarized their
anti-inflammatory effects in atherosclerosis animal models
and some mechanisms at the cellular and molecular levels
here. In order to clarify the effects of BSNXD on athero-
sclerosis in postmenopause, we use OVX in female rabbits
to deplete ovarian function. The present study is to
investigate the mechanisms of BSNXD ameliorating ather-
osclerosis in the OVX rabbits. In vitro, we have demon-
strated that the BSNXD-derived serum increases ERb
expression in the human umbilical vein endothelial cells

(HUVECs), and decreases malondialdehyde (MDA) pro-
duction and upregulates eNOS expression then increases
NO synthesis through ERb-dependent pathway.

Results

BSNXD upregulates NO with no effect on E2 and lipid
concentration in serum. A significant increase of body
weight was observed in the sham group, OVX group and
OVXþBSNXD group (ovariectomized rabbits treated with
BSNXD) after high cholesterol chow diet. There was no
significant difference in final body weight between sham
group, OVX group and OVXþBSNXD group (P40.05, data
not shown). We examined whether there was a difference in
plasma E2, NO and lipid levels among sham group, OVX and
OVXþBSNXD group after 12 weeks of hypercholesterole-
mic diet. As shown in Figure 1a, the serum E2 concentrations
in the OVX group decreased significantly compared with the
sham group (Po0.01). BSNXD treatment did not affect the
serum E2 level. The ovariectomy resulted in a significantly
decreased NO concentration in serum (Po0.01); OVX
rabbits with BSNXD treatment exhibited significantly higher
serum NO concentration than that of the OVX control
(Po0.01, Figure 1b). Since the hypercholesterolemic diet
led to hyperlipidemia, lipid concentrations were measured in
plasma. As expected, we have not found any change in TC,
TG, HDL-C and LDL-C levels in OVXþBSNXD rabbits
compared with that of the OVX control or sham (Figure 1c).

BSNXD alleviates atherosclerotic lesions and reduces
leukocytes adherent to the injured endothelial cells.
High cholesterol diet led to atheromatous plaque formation in
aorta luminal surface. A marked lipid deposition accompa-
nied by continuous plaque formation was observed,
and marked intimal thickening with focal endothelial injury
in the aortas from OVX rabbits. All of the animals subjected
to high cholesterol chow developed atheromatous plaque
lesion, which consisted of lipid-rich deposits adhering
to the aortic wall (Figure 1d). HE staining showed that
the atheromatous plaque lesion was characterized by a
hyperplasic transformation of the intima that contained
elastic fibers, fibroblast-like cells, collagen deposits and
foam cells (Figure 1e).
The extent and degree of atherosclerosis were estimated

by calculating the percentage of the plaque area to total aorta

Figure 1 Effect of BSNXD on serum E2, nitric oxide (NO), lipid, atherosclerotic lesions and estrogen receptor (ER) isotype, VCAM-1 expression in thoracic aortic tissues.
The sham rabbits underwent a mock operation and received high cholesterol chow. The ovariectomized rabbits underwent bilateral oophorectomy, and then were randomly
divided into two groups: OVX group treated by high cholesterol chow; OVXþBSNXD group received high cholesterol chow plus 5ml mixed row herbs (BSNXD) per kilogram
body weight daily. Blood samples were harvested after 12 weeks treatment. Serum E2 concentration (a), Serum NO levels (b) and plasma lipids such as TC, TG, HDL-C and
LDL-C levels (c) were measured. Macroscopic observation of the atheromatous plaque formation on the luminal surface of the aorta (d). Representative micrographs of the
intimal lesions (H&E staining) (e); original magnification was � 200. Average percentage of aortic lesion area relative to entire aorta area, intima cross-sectional thickness,
intima/media thickness ratio and intimal/medial area ratio (f) was quantified at aortic lesions. S.E.M. of thoracic aorta endothelium, endothelial cells in the OVX group showed
irregular in shape, only partially preserved, and the subendothelial surface is visible; aggregated platelets and leukocytes adhering to the endothelium; BSNXD treatment
significantly ameliorated the endothelial disruption region; platelets and leukocytes sticking to endothelium were significantly reduced; number of leukocytes per mm2 adhering
to the endothelium was decreased by BSNXD treatment (g). Immunohistochemistry staining of ER was performed in artery after BSNXD treatment, and ER expression was
much more intense in the artery layer (h). As shown in (i, j), both ERa and ERb expression in artery wall layer of OVX group were markedly lower than that in Sham animals.
In all, 12-week treatment with BSNXD significantly increased ERb expression, while did not alter the ERa expression. Immunohistochemistry staining for VCAM-1 was
performed in artery. The VCAM-1 expression in endothelial cells, subendothelial and smooth muscle cell layers near the endothelium of arterial wall was significantly
decreased after BSNXD treatment compared to the OVX control (k); Data are expressed as mean values±S.E.M. (n¼ 6). **Po0.01 compared with the OVX group
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surface area; intimal hyperplasia in the aortic lesions that
expressed as the intima cross-sectional thickness, intima/
media thickness ratio and intimal/medial area ratio. It was
shown that the OVX rabbit with high cholesterol chow showed
severe atherosclerosis. Animals in the sham group showed
less atherosclerosis compared with the OVX (Po0.01). The
intima cross-sectional thickness, intima/media thickness ratio
and intimal/medial area ratio at the site of aortic lesions in the
OVX significantly increased when compared with the sham
(Po0.01). The average percentage of aortic lesion area in
inner surface, intima cross-sectional thickness, intima/media
thickness ratio and intimal/medial area ratio in the aortic
lesions was significantly decreased after having been treated
with BSNXD (all Po0.01) (Figure 1f). The atherosclerosis
degree in OVX with BSNXD was significantly decreased
compared with the OVX.
S.E.M. analysis showed a wide spectrum of pathological

alterations in the luminal surface of thoracic aorta from the
OVX. In OVX rabbits, the aorta luminal vessel surface was
covered by irregularly orientated endothelial cells; the
endothelial cells showed cuboidal appearance protruding into
the lumen of the vessel; some endothelial cells contained
‘craters’ disrupting the continuous surface of the endothelium
and numerous microvilli; platelets and leukocytes adhering to
endothelium were more frequently observed compared with
the sham (Po0.01); in regions of the vessel with endothelial
denudation, the underlying connective tissue was visible.
After BSNXD treatment, vessel surface walls in endothelial
disruption region were significantly ameliorated compared
with the OVX, and the platelets and leukocytes sticking to
endothelium were obviously decreased (Po0.01, Figure 1g).

BSNXD regulates ERb, VCAM-1 expression in artery
wall. Immunohistochemistry staining showed that the stain-
ing intensity of ER was significantly lower in each artery wall
layer (intima, media or adventitia) in the OVX than that of the
sham (Po0.01); OVX with BSNXD administration signifi-
cantly enhanced ER expression (Po0.01) (Figure 1h),
suggesting that ER mediates the effects of BSNXD on
atherosclerosis. To provide further evidence regarding which
ER isotype involved in the modulation of BSNXD on
endothelial cells, we further checked the protein levels of
ERa and ERb expression. Our results showed that both
ERa and ERb expression in artery wall layer of OVX group
were markedly lower than that in Sham animals. As shown in
Figures 1i and j, BSNXD treatment did not alter the ERa
expression, while significantly increased ERb expression in
artery wall layer of OVX animals. Furthermore, selective
ERa antagonist (Methyl-piperidino-pyrazole, MPP) and
ERb antagonists (R,R-tetrahydrochrysene, R,RTHC) were
used in an additional set of experiments of HUVECs in vitro.
Adhesion molecule such as VCAM-1 plays an important role

in the pathogenesis of atherosclerosis. To determine whether
VCAM-1 was involved in the effect of BSNXD on athero-
sclerosis, expression of VCAM-1 in artery wall layer was
detected. As shown in Figure 1k, endothelial cell, subendothe-
lial and smooth muscle cell in the arterial wall of the OVX
expressing higher level VCAM-1 than that of the sham
(Po0.01); OVX with BSNXD treatment significantly decreased
VCAM-1 expression than that of the OVX control (Po0.01).

The effects of BSNXD on uterus and liver. Photomicro-
graphs depicting OVX uterine columnar epithelium atrophied,
and uterine glands number reduced. Our previous data
showed that the relative weights of uterus markedly
decreased after ovariectomy.22 Administration of BSNXD
for 12 weeks after ovariectomy resulted in no significant
change (data not shown) in the relative uterus wet weight and
endometrial glands compared with the OVX control.
We found that multifocal depositions of lipids in liver of the

OVX rabbits after high cholesterol chow that showed more
incidence of fatty liver compared with the sham (Po0.01).
OVX with BSNXD treatment were less prone to high
cholesterol chow-induced liver steatosis, as revealed by the
pathological and histological analysis (data not shown).
Moreover, BSNXD administration presented less incidence
of fatty liver on the high-fat diet comparedwith theOVX control
(Figure 2).

BSNXD has prophylactic effect but not therapeutic effect
on established atherosclerosis associated with estrogen
deficiency. The other in vivo experiment (treatment experi-
ments) is to treat ovariectomized rabbit with established
atherosclerotic plaques to see whether the BSNXD could
revert the phenotype and not only prevent it. Determinations
of lesion area by enface preparation of the aorta showed
extensive lesion formation by the end of the inductive phase.
There was a little reduction of lesions when animals were
switched to a normal chow with or without BSNXD. Also,
BSNXD group had similar aortic lesions when compared with
the saline group (data not shown). So from our study, we can
see BSNXD has prophylactic effect but not therapeutic effect
on established atherosclerosis associated with estrogen
deficiency.

Figure 2 Effect of BSNXD on morphology of liver. (a) Representative liver
images are shown. (b) fatty liver incidence of different group are represented. As
evaluated by the pathological and morphological analysis of the liver from each
group, OVXþBSNXD rabbits showed less incidence of fatty liver on the high-fat
diet compared with OVX rabbits. Data are expressed as mean values±S.E.M.
(n¼ 6). **Po0.01 compared with the OVX group
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BSNXD-derived serum increases ERb expression in
HUVECs. Real-time PCR and western blot were used to
analyze the transcription and translation levels of ERa and
ERb in HUVECs. The results showed that ERa and ERb were
steadily expressed in HUVECs. We tried to add the BSNXD
drug directly to the culture medium of HUVEC in our in vitro
experiments, it has no effect on ERa or ERb expression (data
not shown); while BSNXD-derived serum increased signifi-
cantly the transcription and translation of ERb, but not ERa in
HUVECs (Po0.01, Figures 3a and b).

BSNXD-derived serum upregulates eNOS expression,
increases NO and downregulates MDA production via
ERb-dependent pathway in HUVECs. We further analyzed
the modulation of the BSNXD drug directly on eNOS
expression, NO and MDA production in HUVECs induced by
ox-LDL. eNOS expression, NO and MDA production was not
changed by the drug directly (data not shown); but eNOS
expression, NO production was enhanced, and MDA was
decreased by the drug-derived serum (Po0.05 or Po0.01,
respectively). Meanwhile, we pretreated, respectively, the

Figure 3 BSNXD regulates estrogen receptor b mediating nitric oxide production and NF-kB suppression in human umbilical vein endothelial cells (HUVECs). The
primary HUVECs were exposed to control serum or 10% BSNXD-derived serum for 48 h; in the final 24 h culture the ox-LDL was added. The supernatants were collected, and
ERa/ERb mRNA (a) and protein (b) expression were analyzed; eNOS expression (c), NO (d) and malondialdehyde (MDA) (e) concentrations were determined; eNOS
expression, NO production was enhanced and MDA was downregulated by the drug-derived serum. The primary HUVECs were collected, dual-stained with Annexin
V-FITC/PI, and then analyzed by FCM (f); the 10% drug-derived serum could inhibit the ox-LDL-induced apoptosis. BSNXD-derived serum inhibited the LPS-induced NF-kB
transcription in HUVECs (g). BSNXD treatment increased ERb transcription and translation in HUVECs. Pretreatment of selective ERb antagonist (R, R-tetrahydrochrysene,
R, RTHC) but not ERa antagonist (methyl-piperidino pyrazole, MPP) could block these effects on (eNOS, NO, MDA expression, apoptosis, NF-kB transcription, etc.), which is
induced by the drug-derived serum. Meanwhile, pretreatment with the NO synthase inhibitor (NG-nitro-L-arginine methyl ester, L-NAME) significantly decreased the NO
production, blocked the anti-apoptosis and NF-kB activity inhibition effect of BSNXD in HUVECs. Data are expressed as mean values±S.E.M. (n¼ 6). *Po0.05, **Po0.01
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HUVECs with 10� 6M MPP or 10nM R,RTHC, which revealed
that the ERb other than ERa antagonist could block these
effects induced by the drug-derived serum (Po0.05)
(Figures 3c–e). Moreover, pretreatment with the NOS inhibitor
(NG-nitro-L-arginine methyl ester, L-NAME) also significantly
decreased the NO production in HUVECs (Po0.05)
(Figure 3d). Therefore, BSNXD-derived serum upregulates
eNOS expression, increases NO and decreases MDA
production via ERb other than a pathway in endothelial cells.

BSNXD-derived serum inhibits apoptosis and NF-jB
activity in HUVECs through NO and ERb pathway. To
investigate the protective effects of BSNXD on HUVECs
apoptosis induced by ox-LDL, we analyzed the percentage of
the early apoptotic cells with the Annexin V-FITC/PI dual-
labeling assay. The 10% drug-derived serum could relieve the
ox-LDL-induced apoptosis (Po0.01). The anti-apoptosis effect
of BSNXD could be blocked by NOS inhibitor (Po0.01) or
ERb antagonist (Po0.05), but not ERa antagonist (Figure 3f),
which suggests that BSNXD inhibits the endothelial cells
apoptosis in an ERb and NO-dependent manner.
The activity of the transcription factor NF-kB in the LPS-

stimulated HUVECs was also examined. It was found that
NF-kB-luciferase activity decreased significantly after 10%
drug-derived serum treatment (Po0.01); this effect of BSNXD-
derived serum was significantly inhibited by ERb antagonist or
NOS inhibitor (Po0.01) (Figure 3g). It may be proposed that
BSNXD exerts NF-kB activity suppression by increasing NO
production via ERb mediating pathway in endothelial cells.

BSNXD-derived serum suppresses adhesion molecules
expression in HUVECs through ERb/NOS/NF-jB path-
way. We further investigated the effect of BSNXD on
chemotactic factors such as monocyte chemoattractant
protein-1 (MCP-1), adhesion molecules such as ICAM-1,
VCAM-1 and E-selectin expression in HUVECs. The MCP-1
(Figure 4a), ICAM-1 (Figure 4b), VCAM-1 (Figure 4c) and
E-selectin (Figure 4d) expression were greatly decreased
after treatment with the 10% drug-derived serum (Po0.01);
and ERb antagonist (Po0.01) other than ERa antagonist
(P40.05) could block these effects of BSNXD-derived
serum. Meanwhile, NOS inhibitor could also abolish these
effects of BSNXD-derived serum (Po0.01). Our results
suggest that BSNXD-derived serum downregulates chemo-
tactic factor MCP-1 and adhesion molecules expression via
ERb/NO/NF-kB pathway in endothelial cells.

BSNXD-derived serum-treated HUVECs supernatant
inhibits CCR2, LFA-1, VLA-4 expression in U937 and
U937 cell adhesion. We further examined the effects of
HUVECs supernatant under different treatments on CCR2
(Figure 5a), LFA-1 (Figure 5b) and VLA-4 (Figure 5c) expres-
sion in U937. Our previous results showed that the supernatant
from ox-LDL-treated HUVECs induced a significant increase
of CCR2, LFA-1 and VLA-4 expression in U937;22 the
ox-LDL-induced increasing could be inhibited by the 10%
drug-derived serum (Po0.01). Thereafter, we investigated the
BSNXD effect on U937 cell adhesion to HUVECs. The 10%
BSNXD-derived serum could suppress U937 cell adhesion
(Po0.01); ERb antagonist (Po 0.05) but not ERa antagonist

(P40.05) could block the effect of the 10% drug-derived
serum. Simultaneously, NOS inhibitor (Po0.01) could also
abolish this effect of BSNXD-derived serum (Figure 5d). Our
results suggest that the anti-atherogenic effect of BSNXD on
U937 cells adhesion is also via ERb/NO/NF-kB pathway.

Discussion

The development of an atherosclerotic lesion requires a
complex interplay betweenmononuclear cells and endothelia.
Our histopathological analysis has demonstrated that BSNXD
significantly relieves the extent and degree of atherosclerosis;
S.E.M. examination also shows that BSNXD ameliorates
vessel wall injury, and the platelets and leukocytes adhering to
the endothelium are obviously decreased. BSNXD reduces
lipids deposition in liver and consequently the incidence of
fatty liver, and has no stimulating effects on the uterus.
Disruptions of ovarian function are associated with increased
risk of metabolic disease, it causes ectopic lipid deposition.
In our experiments, there was no significant difference in final
body weight and serum lipid levels between sham, OVX and
OVXþBSNXD group. Meanwhile, multifocal depositions of
lipids in the liver of the OVX rabbits showed more incidence of
fatty liver compared with the sham. OVX with BSNXD
treatment were less prone to liver steatosis and fatty liver.
There is strong difference in liver steatosis, without relevant
differences in circulating fatty acid; suggesting that
E2 deficiency induced hepatic lipid accumulation. The present
findings support a role for disruptions of ovarian function in the
development of visceral adiposity,23 which in humans is
known to precede the development of the metabolic syn-
drome. BSNXD could reduce E2 deficiency associated with
ectopic lipid deposition. Some anti-atherosclerotic drugs can
prevent from atherosclerosis by protecting LDL from oxidation
and anti-hypercholesterolemic effect.24,25 Estrogen treatment
prevents from the development of fatty streaks.11 Our data
show that lipid parameters (TC, LDL-C, HDL-C) have not been
changed by BSNXD. As other studies have showed, the
changes in lipid parameters are too minor to explain the
atheroprotective effect of the hormone.11 There are plasma
lipid-dependent and -independent effects of anti-athero-
sclerotic drugs. Our results show that the effects of BSNXD
on atheroma regression occur completely independent of
systemic cholesterol levels. This effect seems to be a direct
anti-inflammatory effect of BSNXD on the arterial wall.
Previous research also showed the crucial role of intact
endothelium, as the anti-atherogenic effect of E2 was
abolished.26

It is important to concludewhether the effects of BSNXD are
specific or represent a combined effect with estrogen
generated from BSNXD. The present study shows that
BSNXD treatment does not change serum E2 concentration
and ERa expression in thoracic aortic tissues, but does
increase ERb expression. BSNXD may exert roles directly
through ERb. BSNXD may enhance proliferation of estrogen-
sensitive cells, and thereby increase endothelial reactivity to
E2.27 Also, we can see that BSNXD has prophylactic effect
but not therapeutic effect on established atherosclerosis
associated with estrogen deficiency. In postmenopausal
women with established atherosclerosis, E2 had no effect
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Figure 4 BSNXD suppresses adhesion molecules expression on HUVECs through ERb/NO/NF-kB pathway. The primary HUVECs were exposed to control serum or
10% BSNXD-derived serum for 48 h; in the final 24 h culture the ox-LDL was added. The supernatants were collected, and MCP-1 concentrations were determined. The
MCP-1 expression of HUVECs was determined by western blot analysis. The mRNA and protein expression levels of cell adhesion molecules (ICAM-1, VCAM-1 and
E-selectin) were assessed by RT-PCR, western blot and FACS. The MCP-1(a), ICAM-1 (b), VCAM-1 (c) and E-selectin (d) expression was greatly decreased after treatment
with the 10% drug-derived serum. NOS inhibitor (L-NAME), ERb antagonist (R, RTHC) other than ERa antagonist (MPP) could block these effects induced by the drug-derived
serum. Data are expressed as mean values±S.E.M. (n¼ 6). *Po0.05, **Po0.01
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Figure 5 BSNXD-treated HUVECs supernatant inhibits CCR2, LFA-1, VLA-4 expression in U937 and attenuates U937 cell adhesion. After HUVECs were treated as
above, the supernatant was collected and used to treat U937 cells. CCR2 (a), LFA-1 (b) and VLA-4 (c) mRNA and protein expression levels in treated U937 cells were
assessed by RT-PCR, flow cytometry and western blot. The ox-LDL-induced increase (Control group) could be inhibited by the 10% drug-derived serum. Furthermore, 10%
BSNXD could suppress U937 cell adhesion; NOS inhibitor (L-NAME) and ERb antagonist (R, RTHC) but not ERa antagonist (MPP) could block the anti-adhesion effect of the
10% drug-derived serum (d). Data are expressed as mean values±S.E.M. (n¼ 6). *Po0.05, **Po0.01
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on the progression of atherosclerosis.28 Cumulated data
support a ‘window-of-opportunity’ for maximal reduction of
CHD and minimization of risks with HRT initiation before age
60 and/or within 10 years of menopause.29,30

Atherosclerosis is an inflammatory disease characterized
by endothelial dysfunction, impairment of NO production,4,31

etc. NO is a crucial mediator in endothelial vasodilator
function. It is synthesized from the terminal guanidine nitrogen
of L-arginine by NOS enzymes.32 The bioavailability of NO is a
representation of endothelial function. Our results show that
eNOS expression and NO is increased by BSNXD, and the
atheroprotective effect may be dependent on NO production.
Adhesion molecule such as VCAM-1 plays an important role
in the pathogenesis of atherosclerosis. Our results showed
that VCAM-1 expression in artery wall is significantly
decreased by BSNXD treatment, which suggests that BSNXD
plays direct anti-inflammatory effects on arterial wall.33

Our results showed that BSNXD-derived serum but not
BSNXD raw herbs itself has effective action on HUVECs
In vitro. After oral administration of BSNXD, compounds
absorbed into the bloodstream then become active com-
pounds. Compounds may be functional by oxidation, hydro-
lysis or reduction; primary metabolites may also undergo
conjugation reactions to form secondary metabolites.34,35 Our
results show that the BSNXD-derived serum increases ERb
expression in HUVECs, and results in an enhanced NO and
reduced MDA production. ERb other than ERa antagonist can
block these effects induced by the drug-derived serum;
meanwhile, NOS inhibitor can significantly decrease the NO
production in HUVECs. BSNXD appears to increase NO and
decrease MDA production via ERb-dependent pathway.
Furthermore, BSNXD treatment can inhibit the apoptosis of
HUVECs in the ERb and NO-dependent manner.
Nuclear transcription factor NF-kB is known to be the key

regulator for modulate functional genes expression including

adhesion molecule. We have investigated whether NF-kB
activity is involved in the inhibitory mechanism of BSNXD on
adhesion molecule expression. As expected, BSNXD sig-
nificantly inhibits NF-kB-luciferase transcription activity, which
suggests that BSNXD attenuates the inflammatory reaction
by inhibition of NF-kB in the vascular endothelium. It is
reported that the induction and stabilization of I-kB-a by NO
are important mechanisms by which NO inhibits NF-kB and
attenuate atherogenesis.6 Our data also confirm that the
effect of BSNXD-derived serum on NF-kB activity in endothe-
lial cells is significantly inhibited by ERb antagonist or NOS
inhibitor. It is proposed that BSNXD exerts NF-kB activity
downregulation by increasing NO production via ERb-
dependent pathway in endothelial cells, which subsequently
attenuates atherogenesis.
Inflammatory cells play a crucial role in the pathogenesis of

atherosclerosis.36,37 Penetration of atherogenic lipoproteins is the
first step of the atheromatous process.38 Adhesion molecules,
such as ICAM-1, VCAM-1 and E-selectin, mediate the binding of
monocytes and lymphocytes to vascular endothelial cells through
interactions with the counter-receptor LFA-1, VLA-4, etc. Che-
mokineMCP-1may recruitmonocytes tomigrate into the intimaof
the arterial wall, and enhance the progression of the athero-
sclerotic lesions.39 Our results demonstrated that BSNXD
decreases VCAM-1 expression in thoracic aortic tissues, inhibits
the chemotactic factor such as MCP-1, adhesion molecules such
as ICAM-1, VCAM-1 and E-selectin expression in HUVECs, and
in turn attenuates the ox-LDL-induced inflammation in the
endothelial cells. Inhibition of ERb or NOS with selective
antagonist or inhibitor in HUVECs can block these effects of
BSNXD, which suggests that the anti-inflammatory and anti-
atherogenic effect of BSNXDon endothelial cells is dependent on
ERb/NO/NF-kB pathway. Furthermore, supernatant from the
BSNXD-treated HUVECs can inhibit CCR2, LFA-1 and VLA-4
expression in U937 cells, and efficiently suppress the increased

Figure 6 Summary of anti-inflammatory roles of BSNXD in atherosclerosis. BSNXD upregulates estrogen receptor b (ERb) pathway mediating nitric oxide synthesis and
downregulates malondialdehyde (MDA) production. NO in turn suppresses apoptosis and NF-kB activity in endothelial cells. BSNXD suppresses monocyte chemoattractant
protein-1 (MCP-1), and cell adhesion molecules expression in HUVECs via ERb/NO/NF-kB pathway. Moreover, BSNXD can induce HUVECs to downregulate CCR2, LFA-1
and VLA-4 expression in U937 cells, and in turn inhibit adherence of U937 to injured endothelial cells, which postpones the progression of atherosclerosis
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adhesion of U937 cells to HUVECs, suggesting that the effects of
BSNXD on monocytes might participate in the anti-atherogenic
effects. TheNOS inhibitor orERbantagonist couldblock theeffect
of BSNXD on U937 cell adhesion, suggesting that the anti-
atherogenic effect of BSNXD on U937 cells adhesion is also
through ERb/NO/NF-kB pathway.
Taken together, the effect of BSNXD on endothelial cells

seems to increase ERb expression, NO production, and
decrease MDA production through ERb-mediated pathway.
The newly formed NO suppresses apoptosis and NF-kB
activity of endothelial cells; thus, BSNXD suppresses adhesion
molecules expression on HUVECs through ERb/NO/NF-kB
pathway, and attenuates leukocyte adhesion (Figure 6), which
provides evidence that BSNXD can alleviate inflammation in
endothelial cells, prevent from the migration and adherence of
monocytes to endothelial cells, and postpone the progression
of atherosclerosis. Consequently, BSNXD presents potential in
clinical prophylaxis for atherosclerosis.

Materials and Methods
Chinese medicinal formula. Herbal formula BSNXD is composed of eight
crude herbs that is prepared as seen in Table 1. The rule of compositions comes
from Traditional Chinese Medicinal theory, and the compositions are due to our
clinical experience.

Reagents. The 0.2% cholesterol-enriched rabbit diet was obtained from the
Laboratory Animal Facility of Chinese Academy of Sciences (Shanghai, China).
Sudan III, LPS and L-NAME were provided by Sigma-Aldrich (St. Louis, MO,
USA). MPP and R,RTHC were purchased from Tocris Cookson Inc. (Ellisville, MO,
USA). The malondialdehyde (MDA) and NO assay kit were supplied by Institute of
Nanjing Jiancheng Biology Engineering (Nanjing, PR China). Triglycerides (TG),
total cholesterols (TC), low-density lipoprotein cholesterol (LDL-C) and high-
density lipoprotein cholesterol (HDL-C) were analyzed by using Boehringer
Mannheim reagent kits (Mannheim, Germany). The human CCL2/MCP-1
Quantikine ELISA Kit was from R&D Systems, Minneapolis, MN, USA). The
estradiol (E2) EIA kit was a product of BioCheck Inc. (Burlingame, CA, USA). All
other antibodies were commercially obtained: annexin V-fluorescein isothiocyanate
(FITC) (Bender Med Systems, Vienna, Austria); goat anti-mouse IgG1-FITC
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA); phycoerythrin (PE) anti-
human CD54 (ICAM-1) (mouse IgG1, k) and PE anti-human CD106 (VCAM)
(mouse IgG1, k) (eBioscience, San Diego, CA, USA); FITC-conjugated mouse
anti-human CD11a (LFA-1) and FITC-conjugated mouse anti-human CD49d (VLA-
4) antibodies (Becton Dickinson, Palo Alto, CA, USA); FITC labeled anti-CCR2
(clone 48607) antibody (Dakocytomation, Kyoto, Japan); ER Ab-17 (NeoMarkers
Inc. Fremont, CA, USA); Rabbit polyclonal to ERa antibody (Abcam, Cambridge,
UK); Rabbit polyclonal to ERb antibody (Upstate Biotechnology, Lake Placid, NY,
USA); murine monoclonal anti-E-selectin (CD62E) antibody (Sigma-Aldrich);
mouse monoclonal antibody against rabbit VCAM-1(Santa Cruz Biotechnology).

Experiment and drug administration. The experimentation of animals
was carried out according to the Principles of Laboratory Animal Care (NIH
publication number 85-23, revised 1985). Twelve female New Zealand rabbits
underwent bilateral oophorectomy, which were purchased from the Laboratory
Animal Facility of Chinese Academy of Sciences (Shanghai, China). In 2 weeks
after OVX, the rabbits were then randomly divided into two groups (OVX and
OVXþBSNXD) of six rabbits each. The OVX group serving as controls received
saline treatment and high cholesterol chow made of the standard rabbit chow and
additives of 0.5% cholesterol, 15% egg yolk and 5% pork lard.40 Those from group
OVXþBSNXD received high cholesterol chow plus 5ml mixed row herbs
(BSNXD) per kilogram body weight daily, a dosage equivalent to the human adult
dose based on an established formula for human–rabbit drug conversion.41 The
sham group underwent a mock operation and received high cholesterol chow daily
(n¼ 6). After 12 weeks of treatment, all rabbits were weighed; the animals were
killed after the last treatment, and the blood samples and tissues were harvested
for further investigation.
The other in vivo experiment (treatment experiments) is to treat ovariectomized

rabbit with established atherosclerotic plaques to see whether the BSNXD could revert
the phenotype and not only prevent it. Twelve female New Zealand rabbits underwent
bilateral oophorectomy. In 2 weeks after OVX, the rabbits were fed an atherogenic high
fat, high cholesterol diet for 3 months. At the end of the 3months (inductive phase), four
rabbits were killed, and surface area of the lesions in the aorta were measured. The
remaining rabbits (n¼ 8) were divided into two groups, and placed on a normal chow
diet and saline (n¼ 4), or normal chow and BSNXD (n¼ 4) for 43 months
(regressive phase). The lesion areas were measured in these animals.

The drug-derived serum preparation. At 1 h after the last intragastric
administration of BSNXD, the serum was acquired from auricular arteriae of
rabbits, inactivated at 561C for 30min, and filtrated by 0.2mm of filtrator and put
into use with different concentrations, or followed by storage at � 701C until
application.

Serum lipids, NO and E2 determination. Blood samples were acquired
from rabbits’ ear marginal vein in the morning after an overnight fast. Serum lipids
(including TC, TG, HDL-C and LDL-C) were measured once before beginning the
hypercholesterolemic diet again after treatment for 12 weeks, through standard
enzymatic techniques on an automated analyzer (Hitachi 911, Tokyo, Japan) by
using Boehringer Mannheim reagent kits according to the manufacturer’s protocol.
NO was determined as NO2� /NO3� concentrations by using NO assay kit
following the manufacturer’s protocol. The absorbance was measured at 550 nm
by microplate reader (Molecular Devices, Sunnyvale, CA, USA). The NO
concentration was quantified by extrapolation from potassium nitrate standard
curve in each experiment. All the assays were done in triplicate. Serum E2
concentrations were measured by using an E2 enzyme immunoassay kit
according to the manufacturer’s protocol.

Characterization and quantification of aortic atherosclerotic
lesions. Rabbits were euthanized after blood sampling, and the thoracic aortas
(including aortic arch) were excised, cut longitudinally, and fixed in 4%
paraformaldehyde for 48 h. The aortas were then washed briefly in 70% alcohol
and immersed in a solution of Sudan III (4% w-v in 70% alcohol) for 45min. The
images of the aorta inner surface segment were processed with an image analysis

Table 1 The composition and preparation of herbal formula BSNXD

Crude herbs Content Main components

Drying Rehmannia Root (Radix Rehmanniae) 15 g 0.11% Catalpol
Common Anemarrhena Rhizome (Rhizoma Anemarrhenae) 15 g Sarsasapogenin mangiferin
Bark of Chinese Corktree (Phellodendron amurense Rupr.) 9 g Berberine; palmatine
Barbary Wolfberry Fruit (Fructus Lycii barbari) 15 g Betaine Lycium barbarum polysaccharide (LBP)
Chinese Dodder Seed (Semen Cuscutae Chinensis) 12 g Rutin
Shorthorned Epimedium Herb (Herba Epimedii) 12 g Icariin total flavonoids of Epimedium (TFE)
Spina Date Seed (Semen Ziziphi spinosae) 9 g Betulinic acid
Oriental Waterplantain Rhizome (Rhizoma Alismatis) 12 g Alisol B monoacetate

Note: based on the traditional method. The crude herbs above (� 100) were mixed, immersed in deionized water (10 times of the herbs total weight) overnight, and
then boiled at 901C for 60min for the first decoction. The soluble extract was recovered, and repeated two times. The three extracts were combined and concentrated
by rotary evaporator. The yield of the BSNXD extract was 2675.7ml with the total raw herbs 3.7 g/ml

Anti-inflammatory roles of TCM in atherosclerosis
L Wang et al

10

Cell Death and Disease



program (Olympus Microimage 3.0; Olympus Optical Co, LTD, Tokyo, Japan). The
severity of aortic atherosclerosis was evaluated as the lesion area relative to the
inner surface.42

The aortas were embedded in paraffin blocks. Serial 3 mm thick slices of the
artery were provided for histological and immunohistochemical analysis. Serial
sections with 500mm intervals were stained with hematoxylin–eosin for histological
analysis. We analyzed five slides with three to four sections on each slide. The
medial and intimal thicknesses and areas were measured by image processing
software, and the intima/media thicknesses and area ratios were determined.43

For scanning electron microscopy (S.E.M.) analysis, thoracic aorta was
fixed overnight at 41C in a buffered glutaraldehyde solution. The samples were
then post-fixed in osmium tetroxide for 1 h, rinsed, dehydrated in a graded ethanol
series, immersed in amyl acetate and dried in a critical point dryer (Bio-Rad E3000;
Polaron, West Sussex, UK). All tissue samples lumens were opened, and coated
with gold. Examination was performed by using S.E.M. (JEOL JSM 5200, Tokyo,
Japan).
Immunohistochemical characterization and quantitative analysis are as

described previously.44 For immunohistochemical staining, paraffin sections were
cleared in xylene, rehydrated in graded ethanol (100–70%), and subjected to
antigen retrieval by microwave (320W, 11min). Thereafter, the sections were
incubated in 3% hydrogen peroxide (H2O2) for 30min to abolish endogenous
peroxidase activity. The specimens were then blocked for 1 h in blocking serum, and
incubated overnight at 41C in a humidified chamber with and without mouse
monoclonal antibody against rabbit VCAM-1, ER Ab-17, rabbit polyclonal to ERa
antibody or rabbit polyclonal to ERb antibody. The samples were then rinsed in PBS
and incubated with biotinylated secondary antibody for 30min at room temperature
followed by peroxidase-conjugated streptavidin for 30min, and developed with
3,30-diamino-benzidine. Sections were counterstained with Mayer’s hematoxylin for
1min and mounted. Negative controls were obtained by substituting the primary
antibodies with isotype. The aortic expressions of VCAM-1, ER, ERa and ERb were
determined by quantitative immunohistochemistry by using ImagePro Plus 4.5
software (Media Cybernetics, Silver Spring, MD, USA).44

Uterus and liver histomorphometry. After euthanasia, the uterus and
liver were removed from the rabbits. The wet weights of the organs were measured.
Macroscopic examination followed, and representative sections were taken.
Samples were fixed in 4% formalin, embedded in paraffin. Routine histochemistry
was performed on sections 4mm in thickness, including staining with H&E.

HUVECs culture and the drug-derived serum treatment
in vitro. Ox-LDL was prepared as described previously.22 The primary HUVECs
were isolated, grown and identified as described previously.45 The passage 3 of
the cells in EBM was for experiments. When cells were at 75% confluency,
changed culture medium to phenol red-free EBM-2 medium supplemented with
10% charcoal/dextran-treated FBS, and maintained for 24 h. The starved cells in
serum-free EBM for further 24 h, then exposed to control serum from the
ovariectomized rabbits treated with saline, or 10% BSNXD drug-derived serum for
48 h. To determine if NO or ER subtype is involved in the effects of the BSNXD
drug-derived serum, NOS inhibitor, selective ERa and ERb antagonists were used
in an additional set of experiments. In all, 0.1 mM L-NAME (NOS inhibitor),46

10� 6 M MPP (ERa antagonist) or 10 nM R,RTHC (ERb antagonist) was
administered 1 h before exposure to BSNXD drug-derived serum, and continued
during the subsequent 48 h in combination with BSNXD drug-derived serum.47,48

Finally, the cells were treated with ox-LDL for 24 h.
The supernatant was collected as conditioned medium (CM) or for measurement

of NO, MDA and MCP-1. NO and MDA production were determined by using
commercially available kits. NO was detected as described above; MDA was
measured at a wavelength of 532 nm by reacting with thiobarbituric acid (TBA) to
form a stable chromophoric product. MCP-1 was quantified with a sandwich ELISA,
and a curve calibrated from MCP-1 standards according to the manufacturer’s
instructions.
The HUVECs were collected for the analysis of apoptosis, ERa/ERb,

chemotactic factor MCP-1 or adhesion molecules (ICAM-1, VCAM-1 and E-selectin)
expression. U937 cells were treated with the different CM from HUVECs for 24 h
prior to analyzing CCR2, LFA-1 and VLA-4 mRNA and protein expression.

Cell apoptosis analysis. For cell apoptosis assays, according to the
manufacturer’s instructions, HUVECs were washed with PBS, stained with
Annexin V-FITC and propidium iodide, and then analyzed by FACS Calibur

(Becton Dickinson, Palo Alto, CA, USA). In every sample, 1� 105 cells were
counted.

Cell adhesion assay. U937 cells were labeled with the fluorescent dye
2,7-bis(2-carboxyethyl)-5(6)-carboxyfluorescenin acetoxymethylester (BCECF-AM,
Acros, Geel, Belgium) at a 10mM final concentration in RPMI1640 complete
medium containing 10% FBS at 371C for 1 h. After HUVECs were stimulated and
washed, the labeled U937 cells were added to each well, and allowed to interact
for 1 h at 371C. U937 cells bound to HUVECs were lysed with 50mM Tris-HCl,
pH8.0, containing 0.1% SDS. The quantitative results were obtained by using a
Fluoroscan ELISA plate reader at 485 nm excitation and 535 nm emission
wavelengths. The detailed methodology was previously reported.22

RT-PCR. RT-PCR was carried out to evaluate HUVECs adhesion molecules
(ICAM-1, VCAM-1, E-selectin) and U937 cells adhesion molecules (CCR2, LFA-1,
VLA-4) mRNA expression. Total RNA was isolated from cells by using TRIzol
reagent. The forward and reverse primers for these genes are as our previous
reports.22 All the reactions were normalized using b-actin as control. PCR
products were detected by electrophoresis on a 1.5% agarose gel with ethidium
bromide. The annealing temperature was for ICAM-1 was 621C, for VCAM-1 and
E-selectin was 551C, for CCR2, LFA-1, VLA-4 and b-actin was 571C. The number
of PCR cycles was 30–35 for each reaction.

Quantitative real-time PCR. Real-time PCR was carried out to evaluate
ERa and ERb mRNA in HUVECs by using the method described in the previous
study.49–51 RNA samples were extracted by using the TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA). ERa and ERb expression were analyzed by using TaqMan
probes (Hs00174860 and Hs00230957, respectively; Applied Biosystems,
Warrington, UK) according to the manufacturer’s description. GAPDH was used
as endogenous reference gene (Hs00266705). Standard curves for all analyzed
genes were run on each plate, by using serial diluted cDNA to normalize the runs.
The data obtained from GAPDH were used to normalize the sample variation in
the amount of input cDNA.

Flow cytometry. HUVECs adhesion molecules (ICAM-1, VCAM-1, E-selectin)
and U937 cells adhesion molecules (CCR2, LFA-1, VLA-4) protein expression
were analyzed by flow cytometry. HUVECs were incubated with PE-conjugated
monoclonal antibodies against human ICAM-1 and VCAM-1, and U937 cells were
incubated with FITC-labeled monoclonal antibodies against human CCR2, CD11a
and CD49d for 30min at 41C. E-selectin expression on HUVECs was detected by
indirect immunofluorescence. The cells were incubated with mouse monoclonal
antibody against human E-selectin. The cells were then washed twice with ice-cold
PBS-1%FCS. A goat anti-mouse IgG FITC-conjugated secondary antibody was
added to the cells, and incubated for 30min in the dark before being washed twice
as above. The cells were analyzed by flow cytometry on a FACS Calibur (Becton
Dickinson) by using the (Becton Dickinson).

Western blot. Western blot analysis was carried out to evaluate ERa, ERb,
eNOS,52 MCP-1, ICAM-1, VCAM-1 and E-selectin protein levels in HUVECs, also
adhesion molecules (CCR2, LFA-1, VLA-4) protein expression in U937 cells.
A volume of 150ml of lysis buffer (0.1% Triton X-100, 0.5% sodium deoxicholate
acid, 0.1% SDS, 0.1% PMSF, in 100ml of PBS containing protease inhibitors:
1 mg/ml leupeptin, 0.5 mg/ml pepstatin and 1mg/ml bestatin) was added and
maintained at 41C for 30min. Thereafter, the cells were collected, boiled for 5min
and sonicated for 10 s. Protein content was measured by using Bradford protein
assay. Equal amounts of proteins were then separated by 10% of SDS-
polyacrylamide gel electrophoresis, and the proteins were transferred to a PVDF
membrane by electrotransfer for 1.5 h. The membranes were blocked with 5%
non-fat-milk in TBS-T, and then incubated with anti-ERa (sc-8002; Santa Cruz
Biotechnology), anti- ERb (sc-8974; Santa Cruz Biotechnology), anti-eNOS (Cell
Signaling Technology Inc., Beverly, MA, USA), anti-MCP-1 (Santa Cruz
Biotechnology), anti-ICAM-1 (Cell Signaling Technology), anti-VCAM-1 (Santa
Cruz Biotechnology), anti-E-selectin (Santa Cruz Biotechnology), mouse mono-
clonal antibodies for human CCR2 (Abcam), anti-CD11a antibody (LFA-1)
(Abcam), Anti-Integrin a 4 antibody (VLA-4) (Abcam) or anti-b-actin (Cell Signaling
Technology) overnight at 41C followed by secondary horseradish peroxidase-
conjugated antibody (Rockland Co., Gilbertsville, PA, USA). The proteins of
interest were identified by detection of HRP-labeled antibody complexes with
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chemiluminescence with ECL Western Blotting Detection Kit (GE Healthcare,
Buckinghamshire, UK). The intensity of the band was scanned, and analyzed with
(Alpha Innotech Corporation, San Leandro, CA, USA). Data were presented as a
ratio of ERa, ERb or eNOS versus b-actin, respectively.

Transfection and luciferase assay. Transient transfection with NF-kB-
luciferase was constructed by using Lipofectamin (Gibco BRL, Gaithersburg, MD,
USA). HUVECs cell cultures, luciferase transfection and control experiments, LPS
stimulation, luciferase activity assay by using dual luciferase kit (Promega,
Madison, WI, USA) and TD-20/20 luminometer (TurnerDesigns, Sunnyvale, CA,
USA) that have been extensively described.22 Briefly, cells were transfected with
2mg of NF-kB-luciferase, allowed to recover for 24 h, and then 0.1 mM L-NAME
(NOS inhibitor), 10-6 M MPP (ERa antagonist) or 10 nM R,RTHC (ERb antagonist)
was administered 1 h before stimulated with LPS (10mg/ml) in the presence of the
drug-derived serum or the control. The cells were harvested 8 h after treatment,
and luciferase activity was determined.

Statistical analysis. All values are expressed as the mean±S.E.M. Data
were analyzed with aid of SPSS database. The difference between experimental
groups of equal variance was analyzed by using Student’s t-test with Po0.05
being considered significant.
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