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BACKGROUND AND PURPOSE
Cryptotanshinone (CTS) is a major bioactive diterpenoid isolated from Danshen, an eminent medicinal herb that is used to
treat cardiovascular disorders in Asian medicine. However, it is not known whether CTS can prevent experimental
atherosclerosis. The present study was designed to investigate the protective effects of CTS on atherosclerosis and its
molecular mechanisms of action.

EXPERIMENTAL APPROACH
Apolipoprotein E-deficient (ApoE−/−) mice, fed an atherogenic diet, were dosed daily with CTS (15, 45 mg kg−1 day−1) by oral
gavage. In vitro studies were carried out in oxidized LDL (oxLDL)-stimulated HUVECs treated with or without CTS.

KEY RESULTS
CTS significantly attenuated atherosclerotic plaque formation and enhanced plaque stability in ApoE−/− mice by inhibiting the
expression of lectin-like oxLDL receptor-1 (LOX-1) and MMP-9, as well as inhibiting reactive oxygen species (ROS) generation
and NF-κB activation. CTS treatment significantly decreased the levels of serum pro-inflammatory mediators without altering
the serum lipid profile. In vitro, CTS decreased oxLDL-induced LOX-1 mRNA and protein expression and, thereby, inhibited
LOX-1-mediated adhesion of monocytes to HUVECs, by reducing the expression of adhesion molecules (intracellular adhesion
molecule 1 and vascular cellular adhesion molecule 1). Furthermore, CTS inhibited NADPH oxidase subunit 4
(NOX4)-mediated ROS generation and consequent activation of NF-κB in HUVECs.
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CONCLUSIONS AND IMPLICATIONS
CTS was shown to have anti-atherosclerotic activity, which was mediated through inhibition of the LOX-1-mediated signalling
pathway. This suggests that CTS is a vasculoprotective drug that has potential therapeutic value for the clinical treatment of
atherosclerotic cardiovascular diseases.

LINKED ARTICLES
This article is part of a themed section on Chinese Innovation in Cardiovascular Drug Discovery. To view the other articles in
this section visit http://dx.doi.org/10.1111/bph.2015.172.issue-23

Abbreviations
ApoE−/−, apolipoprotein E deficient; CD36, cluster of differentiation 36; CTS, cryptotanshinone; HCD, high cholesterol
diet; ICAM-1, intracellular adhesion molecule 1; LOX-1, lectin-like oxidized low-density lipoprotein receptor-1; NOX4,
NADPH oxidase subunit 4; oxLDL, oxidized low-density lipoprotein; ROS, reactive oxygen species; SMCs, smooth
muscle cells; SR-A, scavenger receptor-A; VCAM-1, vascular cellular adhesion molecule 1

Introduction
Atherosclerotic cardiovascular disease, driven and regulated
by lipid retention (in the artery wall), lipid oxidation, per-
sistent inflammation and immune response disturbances, is
the leading cause of premature death in developed and
developing countries (Ross, 1999; Libby et al., 2013). One
critical event in the initiation of atherosclerosis is the adhe-
sion of leukocytes to activated endothelium and their sub-
sequent migration into the vessel wall. These cellular
processes are mediated by the up-regulation of adhesion
molecules in endothelial cells (ECs) and an increased
expression of leukocyte chemotactic factors in the vascular
wall (Libby, 2002). One major determinant of this alteration
could be oxidative stress. Modified LDL, in particular oxi-
dized LDL (oxLDL; the pathological form of oxidatively
modified LDL), exerts several pro-atherogenic effects to
facilitate atherosclerosis (Li and Glass, 2002). The plasma
oxLDL level is transiently increased before the development
of atherosclerotic lesions in apolipoprotein E-deficient
(ApoE−/−) mice (Kato et al., 2009), suggesting that oxLDL
may play a crucial role in the early stages in the formation
of atherosclerotic lesions. Previous studies have shown that
lectin-like oxLDL receptor-1 (LOX-1), a primary scavenger
receptor expressed in ECs (Sawamura et al., 1997), is
up-regulated in atherosclerotic plaques of experimental
animals and humans (Kataoka et al., 1999). LOX-1 facilitates

the uptake of oxLDL by ECs and macrophages, thus medi-
ating several of its biological effects (Li et al., 2003; Li and
Mehta, 2009; Xu et al., 2012; 2013b): oxLDL induces (i) apo-
ptosis of ECs and phagocytosis of aged and apoptotic cells;
(ii) the adhesion of monocytes to activated endothelium;
and (iii) macrophage-derived foam cell formation. More
recently, it has been demonstrated that LOX-1 is the main
culprit that transduces the signal of the adverse effects of
dysfunctional high-density lipoprotein (HDL; such as oxi-
dized HDL and HDL from patients with coronary artery
disease) (Besler et al., 2011). In vitro, LOX-1 expression is
up-regulated by various pro-atherogenic stimuli, including
oxLDL, TNF-α, angiotensin II, shear stress, homocysteine
and high glucose (Xu et al., 2013b). Therefore, LOX-1 has
recently been suggested as an attractive therapeutic target
for atherosclerosis (Xu et al., 2013b).

Danshen (Salvia miltiorrhiza Bunge) is a versatile tradi-
tional Chinese medicine that has been widely used in Asian
countries for the treatment of cardiovascular diseases (Gao
et al., 2012). To date, over 90 kinds of constituents from
Danshen have been reported. Of these phytochemicals, tan-
shinones are a group of lipophilic abietane diterpene com-
pounds that include tanshinone I, tanshinone IIA (TSN),
cryptotanshinone (CTS), dihydrotanshinone I and so on. As
the most abundant and bioactive constituents from Danshen,
TSN and CTS, by modifying numerous signalling pathways,
have demonstrated therapeutic effects in many diseases (Xu
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and Liu, 2013a). Recent work from our laboratory has dem-
onstrated that TSN exerts a potent anti-atherogenic effect in
hyperlipidaemic rabbits (Chen et al., 2012), rats (Tang et al.,
2007) and ApoE−/− mice (Tang et al., 2011a; Xu et al., 2011; Liu
et al., 2014). CTS, another major tanshinone compound iso-
lated from Danshen, is structurally very similar to TSN except
for the C-15 position of the dihydrofuran ring (Supporting
Information Fig. S1). Reports from our laboratory and others
have demonstrated that CTS possesses potent anti-oxidative,
anti-inflammatory and immunomodulatory properties, con-
tributing to its therapeutic effects on neurodegenerative dis-
eases (Mei et al., 2009; 2012), diabetes (Kim et al., 2007) and
cancers (Shin et al., 2009; Chen et al., 2010). However, there is
no report on the potential anti-atherosclerotic effects of CTS
in vivo.

Therefore, in the present study, we investigated the poten-
tial effects of CTS on atherosclerotic plaque development in
ApoE−/− mice kept on a high cholesterol diet (HCD). Addition-
ally, we examined the modulation of LOX-1 expression by
CTS in HUVECs stimulated with oxLDL.

Methods

Preparation of CTS
CTS was kindly provided by Professor Lianquan Gu at the
Department of Chemistry, School of Pharmaceutical Sciences,
Sun Yat-sen University (Guangzhou, China). The structure of
the compound was established based on MS and NMR data
and by comparison with those of an authentic sample. The
chemical purities of CTS were >98% as judged by HPLC. In
animal experiments, we prepared a complex of CTS with
hydroxypropyl-β-cyclodextrin in order to improve the bioavail-
ability of CTS in vivo as described previously (Pan et al., 2008).

Animal experiment
Experimental protocols were approved by the Animal Care
and Use Committee of Sun Yat-sen University (Guangzhou,
China). All animal experimental procedures were performed
in accordance with the Guide for the Care and Use of Laboratory
Animals (NIH Publication, revised 1999, No. 3040-2,
Bethesda, MD, USA). All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). Male ApoE−/− mice on C57BL/6J
background and age-matched wild-type C57BL/6J controls
were purchased from Peking University Experimental Animal
Center (Beijing, China). The mice were housed under a 12-h
light/dark cycle in specific pathogen-free facility at Institu-
tional Experimental Animal Center. Starting from 6 weeks,
the mice were fed with a HCD (10% fat, 1.25% cholesterol,
0% cholic acid) for 16 weeks. All ApoE−/− mice were dosed
daily via intragastric gavage with 15 or 45 mg kg−1 CTS dis-
solved in 0.5% carboxy-methyl-cellulose sodium (CMC-Na)
or administered 0.5% CMC-Na alone (vehicle control) (n = 10
per group). The dose of CTS used in this study was based on
previous reports of its effectiveness in animals with Alzhei-
mer’s disease and acute lung injury (Mei et al., 2009; Tang
et al., 2014). Ten male age-matched C57BL/6J mice were used
as a control group; they were treated with the vehicle for CTS.

All animals received food and water ad libitum. Body weight
and food intake were monitored during the study.

Histology and immunohistochemistry
Aortic sinus morphometric and immunohistochemical analy-
sis was performed as described previously in detail (Xu et al.,
2011). Sections of 8 μm thickness were used for immunohis-
tochemical staining with CD68 (Boster, Wuhan, China),
LOX-1 and NF-κB p65 antibodies (Abcam, Cambridge, MA,
USA). Colour reaction was developed with diaminobenzidine
(Sigma-Aldrich, St. Louis, MO, USA). For immunohistochemi-
cal analysis, sections of each aortic sinus were stained with
MMP-9 (Abcam) and α-smooth muscle actin (α-SMA; Boster).
The remainders of the sections were utilized for hematoxylin-
eosin (H&E) staining to examine basic lesion morphology
and Masson’ trichrome staining for collagen.

Detection of serum lipid profile and
pro-inflammatory cytokines
For measurement of the lipids, blood samples were collected at
baseline (6 week) and the end of the diet treatment period (22
week), by retro-orbital venous plexus bleeding, from animals
that had been fasted overnight. Serum total cholesterol, HDL
cholesterol, LDL cholesterol and triglycerides were measured
by colorimetric assays as previously described (Xu et al., 2011).
Serum pro-inflammatory cytokines were detected using Bio-
Plex Pro Mouse Cytokine Assay Kit (Bio-Rad, Hercules, CA,
USA) according to the manufacturer’s protocol.

Morphometric analysis of
atherosclerotic lesions
The en face and aortic sinus cryosection techniques (Xu et al.,
2011) were used to quantify atherosclerosis development
throughout the aorta as well as at the vessel origin. Oil Red O
(ORO) staining was used to measure lesion area in en face
aorta and aortic sinus. For quantitative analysis of the total
lesion area in aortic sinus, eight separate cryosections
(spacing 50 μm apart) from each mouse were manually ana-
lysed with the Leica Qwin PLUS Software (Leica Microsys-
tems, Heidelberg, Germany). For plaque area in whole aorta,
the percentage of ORO-positive stained area in relation to
total luminal surface area was quantified using computer-
assisted morphometry with NIH ImageJ software
(http://imagej.nih.gov). Lesion size in the aortic sinus and en
face arterial tree was measured by two observers blinded to
experimental groups.

Reactive oxygen species (ROS) production
in situ
The production of ROS in aortic root cryosections was
assessed in situ by fluorescence microscopy of dihydro-
ethidium (DHE)-stained sections as described, in detail, pre-
viously (Xu et al., 2011). The fluorescence was quantified
using NIH ImageJ software.

Cell culture
HUVECs were obtained from fresh umbilical cord veins from
women with normal pregnancies, with patients’ informed
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consent, and cultured in Medium 199 supplemented
with 20% FBS, 1% penicillin/streptomycin, 1% L-glutamine,
10 U mL−1 heparin and 25 μg mL−1 EC growth supplement.
The cells were grown at 37°C in humidified 5% CO2 and used
for experiments between passages 3 and 5. The time of incu-
bation and the concentration of drugs used are based on
results from previous studies (Suh et al., 2006; Ang et al.,
2011). CTS at a concentration from 1 to 10 μM had no sig-
nificant effect on cell viability as determined by the MTT
assay (data not shown).

Real-time PCR
Real-time PCR was conducted as previously described (Xu
et al., 2011). Sequences for the oligonucleotide primers used
were designed with Primer 5.0 software (Premier Biosoft, Palo
Alto, CA, USA) and were custom synthesized by Invitrogen
(listed in Supporting Information Table S1). mRNA levels of
target genes were measured by qRT-PCR and quantified with
respect to the GAPDH housekeeping gene. The fold increase/
decrease versus control cells presented was calculated by the
2−ΔΔCt method (Livak and Schmittgen, 2001). Statistical differ-
ences between the treatment group and control group were
subjected to Student’s unpaired t-tests.

Western blot analysis
Western blot analyses were performed as previously described
(Xu et al., 2009). The levels of MMP-9, LOX-1, intracellular
adhesion molecule 1 (ICAM-1), vascular cellular adhesion
molecule 1 (VCAM-1) and NADPH oxidase subunit 4 (NOX4)
were analysed with the following antibodies, respectively:
rabbit anti-MMP-9 and LOX-1 antibody was purchased from
Abcam. Rabbit anti-ICAM-1 and VCAM-1 antibodies were
obtained from Epitomics (Burlingame, CA, USA). Rabbit anti-
NOX4 antibody was from Upstate (Merck Millipore, Billerica,
MA, USA). Mouse anti-α-tubulin antibody was purchased
from Sigma-Aldrich. The densitometric intensities of the
protein bands were analysed by Quantity-One software (Bio-
Rad), and data are presented as the ratio of intensity of band
of interest to that of α-tubulin.

Gelatin zymography
Rat aortic smooth muscle cells (SMCs) were pretreated with
CTS for 3 h, then stimulated with oxLDL (80 μg mL−1) for
24 h. The gelatinolytic activities of MMP-9 in conditioned
media were evaluated as previously described (Xu et al.,
2011). The band intensities were analysed by Quantity-One
software (Bio-Rad).

ROS production in HUVECs
The generation of ROS was monitored using the fluorescence
of a DHE probe. Cells were pretreated with CTS for 3 h and
then further incubated for 30 min with 10 μM DHE dye. Cells
were then switched to serum-free medium containing
80 μg mL−1 oxLDL for 2 h. The fluorescence intensities were
acquired at 540 nm excitation and 590 nm emission using
high-content screening (Array Scan VT1, Thermo Scientific,
Hudson, NH, USA).

In vitro monocyte adhesion assay
The human monocyte leukaemia cell line THP-1 was cultured
in RPMI 1640 medium supplemented with 10% FBS and

washed three times with PBS. Then THP-1 monocytes
(106 cells mL−1) in M199 medium were added to monolayers
of HUVECs and incubated for 40 min. Non-adherent THP-1
cells were removed by washing four times with PBS. Attached
cells were then observed by an inverted microscope with a
40× lens. The adhesion of monocytes to ECs was quantified
by calculating the number of monocytes attached to ECs.

Electrophoretic mobility shift assay (EMSA)
NF-κB DNA binding activity was analysed by EMSA using the
LightShiftTM chemiluminescent EMSA kit (Pierce, Rockford,
IL, USA). Nuclear extracts (4 μg) were incubated with a 3′
biotin-labelled NF-κB (5′-TGG AAA TGG GAA GTC TCA TAG
GAC-3′) probe (consensus sequence underlined). The DNA/
protein complex formed was separated from free oligonucleo-
tides on 6% native PAGs (0.5× Tris/Borate/EDTA buffer at
100 V for 60 min). Chemiluminescent detection was per-
formed using enhanced chemiluminescence reagents accord-
ing to the vendor’s protocols (Pierce). For cold competition
experiments, 100-fold molar excess of unlabelled duplex oli-
gonucleotides containing NF-κB consensus sequence was
added to the nuclear extracts before incubation with the
biotin-labelled oligonucleotides.

Luciferase reporter gene assay
NF-κB-dependent transcriptional activity was conducted as
described, in detail, previously (Yu et al., 2013). In brief,
HUVECs were co-transfected with NF-κB reporter plasmid
and pRL-TK as an internal control using jetPEI-HUVEC (Poly-
plus Transfections, Illkirch, France) according to the manu-
facturer’s instructions. The luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Promega,
Madison, WI, USA) according to the manufacturer’s protocol.

Statistical analysis
Thirty ApoE−/− mice were randomly allocated to groups and
equal group sizes were obtained (n = 10 per group). Data are
presented as mean ± SEM unless specified otherwise. Images
shown are representative of five or more independent experi-
ments. Statistical significance of differences was calculated
using one-way ANOVA with Bonferroni post hoc for multiple
group comparison or Student’s unpaired t-test for two-group
comparison where appropriate. The analyses were performed
using GraphPad Prism Software version 5.02 (GraphPad Inc., La
Jolla, CA, USA). A P value < 0.05 was considered to be statisti-
cally significant.

Results

CTS reduces atherosclerotic plaque
development in ApoE−/− mice
We first examined the efficacy of CTS in diet-induced athero-
sclerosis in ApoE−/− mice. Notably, compared with vehicle
control group, CTS treatment (15 and 45 mg kg−1 day−1) sig-
nificantly attenuated atherosclerotic lesion formation in the
en face prepared aorta (Figure 1A and B) and aortic sinus
(Figure 1C and D) of ApoE−/− mice fed a HCD for 16 weeks.
Biochemical analysis of the lipid profile and serum pro-
inflammatory cytokines indicates that CTS significantly
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reduced the serum levels of pro-inflammatory cytokines
IL-1β, IL-6, IL-17A, IFN-γ and TNF-α (Table 1), without alter-
ing serum lipid levels (Supporting Information Table S2).
These data suggest that CTS has potent anti-inflammatory
and anti-atherosclerotic effects in experimental atherosclero-
sis independent of serum lipid levels.

CTS favours features of plaque stability in
ApoE−/− mice
To further evaluate the effect of CTS on the biology of
plaques, we analysed plaque composition in ApoE−/− mice. As
shown in Figure 2A, atherosclerotic plaques in mice treated
with CTS contained smaller necrotic core areas (P < 0.01 for

CTS-15 group and P < 0.001 for CTS-45 group, compared with
vehicle group). There was also a marked decrease in mac-
rophage accumulation, as indicated by the immunostaining
of the macrophage marker CD68 (Figure 2B) in atheroscle-
rotic plaques of CTS-treated mice compared with vehicle-
treated control mice. In contrast, a dramatic increase in
collagen content, as determined by Masson’ trichrome stain-
ing (Figure 2C), in atherosclerotic lesions from CTS-treated
mice was observed.

MMP-9 is a crucial factor that determines atherosclerotic
plaque instability. Therefore, we examined the effects of CTS
on MMP-9 expression/activity. Interestingly, we did not
observe any significant alterations in the expression or

Figure 1
CTS attenuates atherosclerotic lesion size in ApoE−/− mice. (A) Atherosclerosis in the arterial tree was evaluated by Oil Red O staining. (B)
Quantification of Oil Red O-positive areas in en face aorta by NIH ImageJ software. n = 6 for each group. (C) Representative photomicrographs
of Oil Red O staining of the atherosclerotic lesions in the aortic sinus. Original magnification, ×50. (D) Morphometric analysis of atherosclerotic
lesion size in aortic sinus. Average sizes of atherosclerotic lesions were calculated from eight sections in ApoE−/− mice fed an atherogenic diet.
n = 10 for each group. *P < 0.05, **P < 0.01, ***P < 0.001 compared with vehicle group respectively.
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Table 1
Serum levels of pro-inflammatory mediators in all treatment groups

WT ApoE−/− ApoE−/− + CTS-15 ApoE−/− + CTS-45

IL-1β (pg mL−1) 49.6 ± 5.1 286.6 ± 13.3### 212.6 ± 10.6** 109.3 ± 6.9***

IL-6 (pg mL−1) 5.4 ± 0.1 47.1 ± 2.5### 27.9 ± 1.2*** 12.8 ± 0.7***

IL-17A (pg mL−1) 86.7 ± 5.2 288.3 ± 11.6### 222.3 ± 9.9* 140.5 ± 6.3***

IFN-γ (pg mL−1) 18.2 ± 0.1 31.3 ± 1.8## 23.9 ± 1.2* 19.5 ± 1.0**

TNF-α (pg mL−1) 157.5 ± 7.5 443.8 ± 18.4### 412.3 ± 22.1 238.0 ± 12.2***

Data are represented as mean ± SEM. ##P < 0.01, ###P < 0.001 compared with WT group (n = 6–10 per group).
*P < 0.05. **P < 0.01. ***P < 0.001 compared with ApoE−/− group (treated with vehicle control).

Figure 2
CTS induces features of atherosclerotic plaque stability in ApoE−/− mice. Photomicrographs of sectioned aortic sinus were stained with H&E to
calculate necrotic core area (panel A, original magnification, ×100) or immunohistochemically stained for macrophage deposition (CD68 positive,
panel B, original magnification, ×100), and collagen content (indicated in blue colour with Masson’s trichrome staining, panel C, original
magnification, ×50). Corresponding positive areas (CD68 and collagen content) were analysed and quantified using Image-Pro Plus 6.0 software
and the percentages of the above plaque components in the entire plaque were evaluated. n = 6 for each group. **P < 0.01, ***P < 0.001
compared with vehicle group respectively.
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activity of MMP-9 in oxLDL-treated macrophages (data not
shown). However, in SMCs, treatment with CTS significantly
decreased MMP-9 protein expression and activity induced by
oxLDL in a dose-dependent manner (Figure 3A and B). Con-
sistent with these results, immunohistochemical analysis
showed that the expression of MMP-9 was reduced in lesional
SMCs within atherosclerotic plaques from CTS-treated
ApoE−/− mice compared with vehicle-treated mice (Figure 3C).
Moreover, the α-SMA-positive area in atherosclerotic plaques
was significantly increased in the CTS treatment group
(Figure 3C).

CTS inhibits LOX-1 expression, ROS
generation and NF-κB activation in
ApoE−/− mice
LOX-1 is a critical scavenger receptor implicated in the initia-
tion and progression of atherosclerosis (Xu et al., 2013b). We
next determined whether CTS protects against atherosclerosis
by inhibiting LOX-1-mediated signalling pathway in ECs.
Immunohistochemistry studies in the aortic sinus from
vehicle- and CTS-treated ApoE−/− mice suggest that CTS inhib-
ited aortic LOX-1 expression in a dose-related manner

Figure 3
CTS reduces MMP-9 expression and activity. Effect of CTS on oxLDL-stimulated MMP-9 expression and activity in SMCs. Rat aortic SMCs were
pretreated with CTS for 3 h then stimulated with oxLDL (80 μg mL−1) for 24 h. Whole cell lysates were subjected to MMP-9 protein expression
(A). The conditioned medium from each treatment group was collected and subject to gelatin zymography (B). n = 6. ###P < 0.001 compared with
untreated control group; *P < 0.05, **P < 0.01 compared with oxLDL-treated group respectively. (C) MMP-9 immunohistochemical staining (red)
of aortic sinus from ApoE−/− mice receiving CTS or vehicle treatment. SMCs were stained with α-SMA (green) and nuclei were stained with
4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar, 50 μm. n = 8 for each group.
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Figure 4
CTS decreases the expression of LOX-1 and NF-κB p65 within the atherosclerotic lesions. (A) Effect of CTS treatment on the expression of LOX-1
and NF-κB p65 in the aorta by immunohistochemistry. (B) Quantitative morphometric analysis of the expression of LOX-1 and NF-κB p65 relative
to total plaque size. n = 8–10 for each group. *P < 0.05, **P < 0.01, ***P < 0.001 compared with vehicle group respectively.

Figure 5
CTS reduces vascular superoxide anion production in aortic vessels from ApoE−/− mice. (A) Representative fluorescent photomicrographs of
confocal microscopy of sections labelled with oxidative dye DHE; scale bar, 50 μm. (B) Quantitative analysis of in situ superoxide anion production.
n = 6–8 for each group. ###P < 0.001 compared with wild-type group, ***P < 0.001 compared with vehicle group.
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(Figure 4, CTS-15 group, *P < 0.05; CTS-45 group, **P < 0.01
respectively). Further analysis of in situ generation of ROS by
DHE staining suggested that CTS significantly inhibited ROS
generation (Figure 5). Moreover, immunostaining analysis
indicated that the activation of NF-κB was markedly increased
in the aortic sections from ApoE−/− mice fed a HCD and this
activation was significantly inhibited by CTS in a dose-
dependent manner (Figure 4; P < 0.01 for CTS-15 group and
P < 0.001 for CTS-45 group, compared with ApoE−/− group).

CTS inhibits oxLDL-induced LOX-1
expression in HUVECs
Previous studies have demonstrated that oxLDL up-regulates
the expression (mRNA and protein) of endothelial LOX-1 (Li
and Mehta, 2000a,b; Li et al., 2001; Mehta et al., 2004). To
examine the effect of CTS on LOX-1 expression, cells were
pretreated with CTS for 3 h before exposure to oxLDL. As
shown in Figure 6, incubation of HUVECs with oxLDL
(80 μg mL−1) for 24 h increased the mRNA and protein expres-
sion of LOX-1, but this increase was attenuated by pretreat-
ment with CTS. The higher concentration of CTS (10 μM) had
a more pronounced effect than the lower concentration
(2.5 μM) in this regard (Figure 6). Similar results were obtained
when TNF-α was used to induce the up-regulation of LOX-1
(Supporting Information Fig. S2), suggesting that CTS has a
non-specific inhibitory effect on the expression of LOX-1.

CTS suppresses oxLDL-induced monocytes
adhesion to HUVECs
An increase in oxLDL-induced adhesion of monocytes to ECs
is a hallmark of early atherogenesis (Kim et al., 1994; Ramos
et al., 1999). LOX-1 activation plays an important role in the
adhesion of monocytes to ECs (Mitra et al., 2011; Xu et al.,
2013b). To determine the biological significance of the inhibi-
tory effect of CTS on LOX-1 expression, we evaluated the
adhesion of monocytes to activated ECs. As shown in
Figure 7A and B, oxLDL stimulated th eadhesion of THP-1
monocytes to HUVECs; however, this effect was significantly
inhibited by CTS treatment in a dose-dependent manner.
Mechanistically, the effect of CTS on the surface expression of
adhesion molecules on HUVECs exposed to oxLDL was subse-
quently examined. As shown in Figure 7C and D, the expres-
sion levels of ICAM-1 and VCAM-1 were markedly increased in
HUVECs after treatment with oxLDL for 24 h but decreased by
treatment with CTS in a dose-dependent manner.

CTSCTS inhibits the generation of superoxide
radicals and NF-κB activation in HUVECs
Previous studies have shown that LOX-1 expression and acti-
vation are associated with the generation of ROS followed by
NF-κB activation (Xu et al., 2013b). Therefore, we conducted
experiments to examine superoxide radical generation in
response to oxLDL and its modulation by CTS in HUVECs. As
shown in Figure 8A and B, treatment of cells with oxLDL
resulted in a more than doubling of superoxide anion genera-
tion (P < 0.001 compared with baseline). Pretreatment of cells
with CTS (5 and 10 μM) markedly reduced the generation of
superoxide radicals (P < 0.001 compared with that in cells
treated with oxLDL). It is well established that endothelial

NADPH oxidase (NOX) is a major source of ROS in ECs and
aberrant atherogenic oxLDL levels potently induce the gen-
eration of NOX-derived ROS. Figure 8C shows that the level of
NOX4, one of the most important NOX subunits in ECs (Ago
et al., 2004), was approximately twofold higher in cells treated
with oxLDL for 24 h than in untreated cells. This effect was
inhibited by pretreatment with CTS in a dose-dependent
manner. To determine the intracellular mechanism of the
inhibitory effect of CTS on LOX-1, we explored the potential
role of the redox-sensitive transcription factor NF-κB as the
LOX-1 gene promoter has several putative NF-κB binding sites.
We observed that oxLDL activated NF-κB DNA binding activity
and transcriptional activity, and these effects were attenuated
by CTS treatment (Figure 9A and B). Therefore, our data con-

Figure 6
CTS inhibits oxLDL-induced expression of LOX-1 mRNA and protein
in HUVECs. HUVECs were pretreated with CTS (2.5–10 μM) for 3 h
followed by exposure to oxLDL (80 μg mL−1) for an additional 24 h.
At the end of the incubation period cells were lysed, and LOX-1
mRNA (A) and protein (B) were analysed by real-time PCR and
Western blot respectively. mRNA levels were quantified versus the
GAPDH housekeeping gene. The fold increase versus control cells,
calculated by the 2−ΔΔCt method, is shown. n = 5. ###P < 0.001
compared with untreated control group; *P < 0.05, **P < 0.01,
***P < 0.001 compared with oxLDL-treated group respectively.
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vincingly suggest that CTS attenuates the expression of LOX-1
by inhibiting the ROS-NF-κB signalling pathway.

Discussion

In this study, we investigated the effect of CTS on the develop-
ment of atherosclerosis in HCD-fed ApoE−/− mice, a well-
established model for studying atherogenesis. Our data showed
that treatment with CTS (15, 45 mg kg−1 day−1) resulted in a
significant reduction in the size of the atherosclerotic plaque
(in aortic sinus and en face aorta) and favoured plaque stability
(as seen by a reduction in the necrotic core areas and mac-
rophage accumulation, and increased SMC and collagen
content), extending observations from previous studies in vitro
demonstrating the vasculoprotective effects of CTS in mac-
rophages (Don et al., 2007; Tang et al., 2011b), SMCs (Suh et al.,
2006; Jin et al., 2009) and ECs (Zhou et al., 2006).

There is increasing evidence that LOX-1, a versatile scav-
enger receptor that is ubiquitously expressed in vascular cells

(ECs, SMCs and macrophages), is critical for the initiation
and progression of atherosclerosis (Inoue et al., 2005; Mehta
et al., 2007; White et al., 2011). The present study, for the first
time, shows the effectiveness of CTS, one of the most abun-
dant lipophilic tanshinones in Danshen at suppressing the
expression of LOX-1 within atherosclerotic lesions, suggest-
ing that its anti-atherosclerotic effect is associated with a
decrease in the expression of LOX-1. Furthermore, we found
that ROS generation and activation of the redox-sensitive
NF-κB in the arterial wall was attenuated by CTS treatment,
which indicates that the anti-atherogenic effect of CTS is
mediated in part through an inhibitory effect on oxidative
stress. These in vivo observations were repeated in CTS-treated
HUVECs stimulated with oxLDL. Moreover, the inhibitory
effect of CTS on endothelial LOX-1 expression appears to be
exerted at the transcriptional level as reflected by the parallel
decrease in LOX-1 mRNA and protein levels in CTS-treated
ECs. Previous studies have demonstrated that CTS has pleio-
tropic effects on cardiovascular and cerebrovascular diseases,
neurodegenerative diseases and cancers by regulating several

Figure 7
CTS reduces oxLDL-induced expression of adhesion molecules and the adhesion of monocytic cell THP-1 to HUVECs. HUVECs were incubated with
the indicated concentrations of CTS for 3 h and then incubated with oxLDL (80 μg mL−1) for an additional 24 h. (A and B) Dose-dependent effect
of CTS (2.5–10 μM) on oxLDL-induced adhesion of THP-1 monocytes to HUVECs was measured as described in Methods. n = 5. (C and D) Western
blot analysis and quantification of ICAM-1 and VCAM-1 protein expression. n = 6. ###P < 0.001, compared with untreated control group; *P < 0.05,
**P < 0.01, ***P < 0.001 compared with oxLDL-treated group respectively.
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signalling pathways. Therefore, the beneficial effects of CTS
on the development of atherosclerosis may be a combined
result of various actions and LOX-1 might be one of the key
regulators. One important question that arises from this
study and will need to be addressed in the future is whether
the protective effects of CTS on atherosclerotic plaque
formation are abolished in systemic LOX-1 knockout mice
and EC-specific LOX-1 knockout mice. Moreover, considering
that Danshen has been widely used in preventing diseases
including cardiovascular disorders in humans (Wang et al.,
2007; Han et al., 2008), it would be of interest to evaluate the
anti-atherosclerotic effect of CTS in atherosclerotic patients.

A major finding of this study is the observation that CTS
inhibits ROS production in ECs exposed to oxLDL. The
oxLDL-mediated endothelial activation via ROS-induced
signal transduction is crucial for endothelial dysfunction in
the early phase of atherosclerosis (Li and Mehta, 2000b;
Rueckschloss et al., 2001). A recent study found that CTS
prevented mitochondrial dysfunction by reducing mitochon-
drial superoxide production and enhancing mitochondrial
SOD activity in hypoxia-induced H9c2 cells (Jin and Li,
2013), suggesting that CTS may have antioxidant properties.
It has been shown that ROS can induce the expression of
LOX-1 (Cominacini et al., 2000) and LOX-1 activation can in
turn stimulate ROS production (Xu et al., 2007), indicating a
positive feedback loop between ROS and LOX-1. In this

regard, the binding of oxLDL to LOX-1 initiates ROS forma-
tion and NF-κB activation, which in turn up-regulates LOX-1
expression and activity, and thus amplifies the vicious cycle
of oxLDL. Here, we showed that CTS inhibited oxLDL-
induced ROS production and LOX-1 expression in HUVECs,
which suggests that the inhibition of LOX-1 expression by
CTS might be exerted by reducing ROS generation and block-
ing the positive feedback loop (Figure 10).

To gain further insight into the mechanism by which CTS
inhibits the generation of ROS in HUVECs, we next examined
the effect of CTS on NOX4 expression. The NADPH family
consists of seven members: NOX1–5, Duox1 and Duox2
(Krause, 2007). Among these, NOX4 expression is 100-fold
higher in ECs than in other cell types (Xu et al., 2008), sug-
gesting that NOX4 may play a pivotal role in endothelial ROS
generation. In fact, NOX4 is considered to be the predomi-
nant NOX subtype in ECs (Ago et al., 2004). The present
results showed that CTS attenuated NOX4 expression and
ROS production in oxLDL-treated HUVECs, implying that the
reduced generation of ROS mediated by CTS is associated
with a decrease in the expression of NOX4.

As the regulation of LOX-1 gene expression is redox sen-
sitive and involves NF-κB activation, the suppression of
oxLDL-induced ROS production by CTS may contribute to
the reduction in LOX-1-mediated activation of NF-κB and
subsequent up-regulation of a number of pro-inflammatory

Figure 8
CTS inhibits oxidative stress in HUVECs. HUVECs were pre-incubated with CTS (2.5–10 μM) for 3 h and then exposed to oxLDL (80 μg mL−1) for
2 h. ROS generation was monitored by DHE staining (A) and quantification of superoxide production is shown (B). Western blot analyses and
quantification of NOX4 protein expression in HUVECs pretreated with CTS for 3 h followed by 80 μg mL−1 oxLDL for 24 h (C). n = 6. ###P < 0.001
compared with untreated control group; *P < 0.05, **P < 0.01, ***P < 0.001 compared with oxLDL-treated group respectively.
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cytokines and adhesion molecules as well as LOX-1 itself
(Figure 10). Therefore, one possible mechanism by which CTS
protects against oxLDL-induced endothelial dysfunction is by
blocking the LOX-1-mediated signalling pathway, in which
binding of oxLDL to LOX-1 activates NOX4 on the cell mem-
brane, resulting in the overproduction of intracellular ROS
and the subsequent activation of NF-κB signalling (Figure 10).

Atherosclerosis is a chronic inflammatory and maladap-
tive immune disease (Libby, 2002; Libby et al., 2011; Moore
and Tabas, 2011). There is cumulative evidence suggesting
that CTS has a prominent anti-inflammatory effect in mac-
rophages (Jeon et al., 2008; Tang et al., 2011b), ECs (Zhou
et al., 2006; Jin et al., 2009), SMCs in vitro (Suh et al., 2006) as
well as rats and mice in vivo (Jin et al., 2009; Tang et al., 2014).
In line with these studies, our results showed that CTS inhib-
its NF-κB expression in atherosclerotic plaque and reduces the
serum levels of pro-inflammatory cytokines in ApoE−/− mice.

Previously, we reported that Tanshinone II-A (TSN), another
major tanshinone compound isolated from Danshen, pos-
sesses anti-atherogenic properties without altering the lipid
profile (Xu et al., 2011), which is similar to the results with
CTS obtained in the present study. Due to the similar chemi-
cal structure, the pharmacokinetic properties of CTS and TSN
are also similar (Pan et al., 2008). Therefore, we further com-
pared the effects of CTS and TSN on the expression of LOX-1
and MMP-9, and the results show that CTS is more effective at
reducing the expression of LOX-1 and the activity of MMP-9
than TSN (Supporting Information Fig. S3). In comparison
with the chemical structure of TSN, CTS has a unique
dihydrofuran ring in the C-15 position (Supporting Informa-
tion Fig. S1), which may contribute to the increased ability of
CTS to act as an anti-inflammatory and inhibit the expression
of LOX-1 compared to TSN. In a previous study, we found
that TSN inhibited the expression of CD36 by inactivating
PPARγ and decreasing the uptake of DiI-oxLDL, whereas it did
not alter the expression of scavenger receptor-A (SR-A) in
macrophages exposed to oxLDL (Tang et al., 2011a). However,
recent work from our laboratory has demonstrated that CTS
has no significant effect on the internalization of DiI-oxLDL
in macrophages (Cheng et al., 2014). Further studies showed
that CTS down-regulates CD36 and PPARγ expression but
up-regulates SR-A expression in oxLDL-treated macrophages
(Supporting Information Fig. S4). Therefore, the effects of
CTS on the internalization of Dil-oxLDL may be a combined
result of various actions and warrants further investigation.

Taken together, our present results have identified a novel
atheroprotective effect of CTS, which was extracted from the
traditional Chinese medicine Danshen, and indicated the
novel mechanisms by which CTS prevents atherogenesis. CTS

Figure 9
CTS inhibits oxLDL-induced NF-κB DNA binding and transcriptional
activity in HUVECs. HUVECs were treated with CTS (2.5–10 μM) for
3 h followed by stimulation with oxLDL (80 μg mL−1) for 24 h. (A)
Nuclear extracts (4 μg aliquots) were complexed with a biotin-
labelled NF-κB probe and assayed for NF-κB DNA binding activity by
EMSA. The specificity of the binding was confirmed by cold compe-
tition experiments with a 100-fold molar excess of unlabelled NF-κB
duplex oligonucleotide. The graph shows one representative experi-
ment of five independent experiments. (B) Dual luciferase reporter
assays were performed to evaluate the influence of CTS treatment on
NF-κB-dependent transcriptional activity. Relative luciferase activity
was calculated as the ratio of firefly luciferase activity to that of Renilla
luciferase. n = 6. #P < 0.05 compared with untreated control group;
*P < 0.05 compared with oxLDL-treated group respectively.

Figure 10
Schematic diagram illustrating the molecular mechanisms underly-
ing the atheroprotective effects of CTS. As depicted, CTS inhibits the
LOX-1-mediated signalling cascade to exert its protection against
endothelial dysfunction. An arrowhead indicates activation or induc-
tion, and a red vertical bar indicates inhibition or blockade.
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was shown to suppress the ROS/NF-κB signalling pathway,
thereby reducing the expression of the endothelial scavenger
receptor LOX-1 and diminishing the adhesion of monocytes
to ECs. These observations indicate that CTS could be
exploited as an innovative cardiovascular drug to prevent or
retard the pathogenesis of atherosclerotic cardiovascular
diseases.
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