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Abstract. To aim of the present study was to determine 
whether Tanshinone IIA (Tan IIA) inhibits lipopolysaccharide 
(LPS)‑induced inflammation in vascular smooth muscle cells 
(VSMCs) from rats and elucidate the underlying molecular 
mechanism. VSMCs were primarily cultured and then treated 
with LPS (1 µg/l) and Tan IIA (25, 50 and 100 µmol/l) for 
24  h. Monocyte chemoattractant protein (MCP)‑1, inter-
leukin (IL)‑6 and tumor necrosis factor (TNF)‑α levels were 
detected by ELISA and reverse transcription‑quantitative 
polymerase chain reaction. Nitric oxide (NO) production 
was measured using the Griess reaction. The expression of 
Toll‑like receptor 4 (TLR4), nuclear factor (NF)‑κB (p65), 
and inducible NO synthase (iNOS), and the phosphorylation 
of transforming growth factor‑β‑activated kinase 1 (TAK1) 
were detected by western blot analysis. Tan IIA inhibited the 
LPS‑induced expression of MCP‑1, IL‑6, and TNF‑α in a 
concentration‑dependent manner and inhibited iNOS‑medi-
ated NO production. In addition, Tan IIA suppressed the 
expression of TLR4, the phosphorylation of TAK1, and the 
nuclear translocation of NF‑κB (p65). The anti‑TLR4 antibody 
and TAK1 inhibitor 5Z‑7‑oxozeaenol partially attenuated 
the LPS‑induced expression of proinflammatory cytokines. 
In conclusion, Tan IIA inhibits LPS‑induced inflammatory 
responses in VSMCs in vitro through the partial suppression 
of the TLR4/TAK1/NF‑κB signaling pathway.

Introduction

A long‑lasting and low‑grade inflammatory response may 
serve a critical role in the pathogenesis of atherosclerosis, a 
multi‑pathogenic process that occurs within arterial inner 
and middle walls (1,2). In addition to macrophages, vascular 
smooth muscle cells (VSMCs) contribute to the progression 
of atherosclerosis by upregulating inflammatory factors and 
pathological proliferation (3). Lipopolysaccharides (LPS) are 
primarily located on the outer membrane of Gram‑negative 
enteric bacteria and can increase the expression of various 
types of inflammation‑associated cytokines, including mono-
cyte chemoattractant protein (MCP)‑1, interleukin (IL)‑6 
and tumor necrosis factor (TNF)‑α in VSMCs (4,5). These 
proinflammatory factors have all been proven to promote the 
progression of atherosclerosis and increase the number of 
vulnerable atherosclerotic plaques in several clinical trials (6). 
Therefore, controlling excessive inflammatory responses, 
especially inhibiting the proinflammatory cytokines expressed 
by VSMCs, may be an effective way to suppress the progres-
sion of atherosclerosis and enhance atherosclerotic plaque 
stability.

The Toll‑like receptor (TLR) family are pattern recogni-
tion receptors that recognize pathogen‑associated molecular 
patterns. A key member of this family is TLR4, which may be 
associated with the innate and adaptive immunity caused by 
various stimulants, such as LPS, low‑density lipoprotein and 
heat shock protein (7). Initially, TLR4 was revealed to activate 
the host defense against invasive infection, but more recent 
evidence has indicated that activation of TLR4 contributes 
to the progression of atherosclerosis by inducing excessive 
inflammation (8). TLR4 overexpression has been observed in 
atherosclerotic plaques in human and animal models, and was 
accompanied with an increase in various pro‑inflammatory 
factors, including MCP‑1, IL‑1β and IL‑6 (9,10). By contrast, 
suppression of TRL4 activation inhibited the progression 
of atherosclerotic plaques in TLR4 knockout models  (11). 
TGF‑β‑activated kinase 1 (TAK1) belongs to the mitogen‑acti-
vated protein kinase (MAPK) family and was initially 
observed to activate the phosphorylation of MAPK induced 
by morphogenetic protein and transforming growth factor 
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(TGF) (12). As a downstream molecule in the TLR4 signaling 
pathway, TAK1 can induce the phosphorylation of inhibitor 
of nuclear factor (NF)‑κB (IκB) kinase (IKK) and then cause 
NF‑κB activation, which may be a key mediator of various 
inflammatory responses. A previous study has suggested 
that inhibition of TAK1 activation suppresses LPS‑induced 
inflammation (13).

Tanshinone IIA (Tan IIA) is primarily extracted from the 
root of Salvia miltiorrhiza Bunge, known as ‘Danshen’ in 
Chinese traditional medicine. For centuries Danshen has been 
used to treat cardiovascular diseases, including coronary heart 
disease (14). Tan IIA is an important constituent of Tans which 
are abietane‑type norditerpenoid quinone natural products. 
Tan  IIA has been shown to have various pharmacological 
effects, including anti‑proliferation (15), anti‑inflammation (16), 
anti‑oxidation (17), and anti‑tumor influences (18). Fan et al (19) 
described a Tan IIA anti‑inflammatory effect on LPS‑induced 
RAW264.7 cells, where the TLR4‑MyD88‑NF‑κB signaling 
pathway was shown to impede microRNA expression and 
regulate the production of a series of cytokines. However, it is 
unknown if Tan IIA can inhibit LPS‑induced inflammation in 
VSMCs or if Tan IIA's anti‑inflammatory effects are associated 
with the TLR4/TAK1/NF‑κB signaling pathway. Therefore, 
the aim of the present study was to define unknown molecular 
mechanisms that underpin the anti‑inflammatory effects of 
Tan IIA, which may be beneficial for the treatment of coronary 
heart disease.

Materials and methods

Reagents. Tan IIA was obtained from the National Institute for 
the Control of Pharmaceutical and Biological Products (Beijing, 
China). The purity of Tan IIA was 99%. Dulbecco's modified 
Eagle's medium (DMEM) and fetal bovine serum (FBS) were 
provided by Gibco (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). Penicillin, streptomycin, Tris‑Buffered saline‑0.5% 
Tween, ethylenediaminetetraacetic acid (EDTA), LPS from 
Escherichia coli 0111:B4, pyrrolidine dithiocarbamate (PDTC), 
3‑[4,5‑dimethylthiazol‑​2‑yl]‑2,5‑diphenyltetrazolium bromide 
(MTT) and the enhanced chemiluminescence (ECL) kit were 
purchased from Sigma‑Aldrich (Merck KGaA, Darmstadt, 
Germany). Calbiochem (Merck KGaA) was the commercial 
provider of 5Z‑7‑oxozeaenol (cat.  no. 499610). Antibodies 
against TLR4, inducible nitric oxide (NO) synthase (iNOS), 
TAK1, phosphorylated (p)‑TAK1, α‑SMA, osteopontin (OPN), 
NF‑κB (p65), p47phox, IκBα, p‑IκBα, anti‑rabbit horseradish 
peroxidase (HRP)‑conjugated, anti‑mouse HRP‑conjugated 
and histone were purchased from Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA). Transzol, EasyScript Reverse 
Transcriptase, TransStrat Green Qpcr SuperMix, 2X Power 
Taq PCR MasterMix and SYBR‑Green, and the β‑actin anti-
body were purchased from Beijing Transgen Biotech Co., Ltd. 
(Beijing, China). MCP‑1, IL‑6, and TNF‑α enzyme‑linked 
immunosorbent assay (ELISA) kits were purchased from 
Sigma‑Aldrich (Merck KGaA).

VSMC culture. The present study was carried out in strict 
accordance 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) (20) and was approved 

by the Ethics and Animal Welfare Committee of Zhengzhou 
University (Henan, China). A total of 6 four‑week‑old male 
Sprague‑Dawley rats (weighing 150‑200 g) were obtained 
from the Laboratory Animal Institute of Zhengzhou University 
and were housed in a temperature (22˚C) and humidity (55%) 
controlled animal facility maintained with a 12‑h light/dark 
cycle and ad libitum access to food and water. Experiments 
were conducted during the light phase of the cycle. VSMCs 
were isolated from the thoracic aorta of rats as previously 
described  (21). Cells were cultured in DMEM containing 
15% FBS, 100 µg/ml streptomycin and 100 U/ml penicillin 
in a humidified atmosphere of 5% CO2 and 95% air at 37˚C. 
Morphological examination was used to identify VSMCs. 
Cells between passage 3 and passage 11 were used for all 
experiments. When the cells reached 80‑95% confluence, the 
medium was replaced with serum‑free medium, and cells were 
cultured for 12 h prior to subsequent experiments.

Cell viability assay. VSMCs were seeded at a density of 
5,000 cells/well in 96‑well plates containing 100 µl DMEM 
with 15% FBS and incubated for 12 h. Tan IIA was dissolved 
in dimethylsulfoxide (DMSO). Cell viability was determined 
by an MTT reduction assay. The cells were either treated with 
Tan IIA at the indicated concentrations (0, 6.25, 12.5, 25, 50, 
100 and 200 µmol/l) for 24 h at 37˚C, or cells were pretreated 
with Tan IIA (0, 6.25, 12.5, 25, 50, 100 and 200 µmol/l) and 
then stimulated with LPS (1 µg/ml) for 24 h at 37˚C. The 
medium was removed and cells were then incubated with MTT 
solution (5 mg/ml) for 4 h at 37˚C. The dark blue formazan 
crystals that formed within and on intact cells were solubilized 
with 150 µl of DMSO, and then the absorbance was measured 
at 490 nm on a microplate reader (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA).

ELISA. VSMCs were seeded at a density of 5x106 cells/well 
in 6‑well plates. Cells were pretreated with Tan IIA (5, 10 
or 30 µmol/l) for 1 h, then LPS (1 µg/ml) was added to the 
VSMC culture medium for 24 h. VSMCs were pretreated 
with an antibody against TLR4 (1:250; cat. no. 542‑0006), 
the TAK1 inhibitor 5Z‑7‑oxozeaenol (0.5 µmol/l), and PDTC 
(100 µmol/l) for 1 h at 37˚C and were then incubated with 
LPS (1 µg/ml) for an additional 24 h at 37˚C. The MCP‑1, 
IL‑6 and TNF‑α concentrations in the culture medium were 
measured using the aforementioned ELISA kits (MCP‑1 kit: 
cat. no. BYK‑1021R; IL‑6 kit: cat. no. EK‑0411; TNF‑α kit: 
cat. no. BK‑0657) at 37˚C, according to the manufacturer's 
instructions.

Measurement of NO production. The accumulation of nitrite, 
a stable precursor of NO in culture medium, was measured 
according to the Griess reaction, as described previously (22). 
Briefly, 50  µl of the culture supernatant was mixed with 
50 µl of Griess reagent (0.1% naphthyl‑ethylenediamine, 1% 
sulfanylamide, and 2.5% phosphoric acid) for 1 min at 37˚C. 
Absorbance was measured at 540 nm using a calibration curve 
with sodium nitrite standards. Fresh culture medium was used 
as a control.

Reactive oxygen species (ROS) production measurement. The 
2',7'‑dichloro‑dihydro‑fluorescein diacetate (DCFH‑DA) assay 
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kit was purchased from Biyuntian Biotechnology Research 
Institute (Jiangsu, China; cat. no. S0076) and was used to 
measure intracellular ROS levels, based on the ROS‑dependent 
oxidation of DCFH to highly fluorescent dichlorofluorescein. 
DCFH (10 mmol/l) was dissolved in methanol and then diluted 
by a factor of 500 in Hanks' balanced salt solution (HBSS) to 
produce a 20 µmol/l DCFH solution. The cells were incubated 
with DCFH‑DA for 1 h at 37˚C and then treated with HBSS 
containing Tan IIA (25, 50 or 100 µmol/l) or LPS (1 µg/ml) for 
a further 90 min at 37˚C. Fluorescence was measured imme-
diately at a wavelength of 485 nm for excitation and 528 nm 
for emission on an iMark™ Microplate Absorbance Reader 
(Bio‑Rad Laboratories, Inc.).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Once the cells were treated with Tan IIA at 
the indicated concentrations (25, 50 and 100 µmol/l) for 24 h 
at 37˚C, total RNA was extracted using a TransZol reagent 
and DNA was removed using a DNA‑free kit (Ambion; 
Thermo Fisher Scientific, Inc.). The quality of mRNA was 
verified by performing denaturing agarose gel electro-
phoresis containing 1.5% formaldehyde. The total RNA 
concentration and purity were determined through UV‑Vis 
spectroscopy using the Bio‑Rad SmartSpec 5000 system 
(Bio‑Rad Laboratories, Inc.). To synthesize cDNA, 1 µg of 
total RNA was used in a 20 µl reaction using oligo(dT)18 
Primer and EasyScript Reverse Transcriptase kit (Thermo 
Fisher Scientific, Inc.). Reverse transcription reaction condi-
tions were as follows: 37˚C for 15 min, then 85˚C for 5 sec 
with the reverse transcription reagent and enzyme, and then 
kept at 4˚C. Primers for rat MCP‑1, IL‑6, TNF‑α, iNOS, 
TLR4, p47phox and β‑actin were chosen using the Beacon 
designer v4.0 (Premier Biosoft International, Palo Alto, CA, 
USA; Table I). β‑actin was used as an endogenous control. 
The mRNA levels of MCP‑1, IL‑6, TNF‑α, TLR4, iNOS, and 
β‑actin were performed using 2X Power Taq PCR MasterMix 
and SYBR‑Green (Beijing Transgen Biotech Co., Ltd.), 
and the ABI PRISM 7000 sequence detection PCR system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
qPCR thermocycling conditions for MCP‑1, IL‑6, TNF‑α, 
TLR4, iNOS, and β‑actin were as follows: 94˚C for 5 min, 
94˚C for 10 sec, 60˚C for 20 sec and 72˚C for 30 sec, followed 
by 40 cycles of denaturation for 150 sec at 72˚C, annealing for 
90 sec at 40˚C and extension from 60 to 94˚C, followed by 1˚C 
for 1 sec. A single melting curve peak confirmed the presence 
of a single product. Results were expressed as fold differences 
relative to β‑actin using the 2‑ΔΔCq method (23).

Western blot analysis. Following cell treatment with Tan IIA at 
the indicated concentrations (25, 50 and 100 µmol/l) for 24 h at 
37˚C, VSMC lysates were prepared with 200 µl of ice‑cold lysis 
buffer (pH 7.4; 50 mmol/l HEPES, 5 mol/l EDTA, 100 mmol/l 
NaCl, 1% Triton X‑100, and protease inhibitor cocktail; Roche 
Diagnostics GmbH, Mannheim, Germany) in the presence of 
phosphatase inhibitors (50 mmol/l sodium fluoride, 1 mmol/l 
sodium orthovanadate, 10 mmol/l sodium pyrophosphate and 
1 nmol/l microcystin). The activated NF‑κB (p65) protein, 
located in the nucleus, was extracted using the Pierce NE‑PER 
Nuclear and Cytoplasmic Extraction kit (Pierce; Thermo 
Fisher Scientific, Inc.). A bicinchoninic acid protein assay kit 

was used to determine protein concentrations. A total of 30 µg 
protein was loaded per lane, then samples were separated by 
10% SDS‑PAGE and transferred onto a polyvinylidene difluo-
ride membrane in a semi‑dry system (Bio‑Rad Laboratories, 
Inc.), which was blocked with 5% fat‑free milk in TBST buffer 
(20 mmol/l Tris‑HCl, 137 mmol/l NaCl and 0.1% Tween‑20) for 
120 min at 37˚C. Membranes were then incubated with primary 
antibodies against TLR4 (1:500; cat. no. sc‑2213), TAK1 (1:400; 
cat. no. sc‑2501), p‑TAK1 (1:500; cat. no. sc‑1152), p47phox 
(1:400; cat. no. sc‑0032), SMA (1:100; cat. no. sc‑SC19483), 
OPN (1:100; cat. no. sc‑03652), (1:1,000; cat. no. sc‑0096), 
β‑actin (1:2,000; cat.  no.  sc‑21764), histone (1:1,000; 
cat.  no.  sc‑1179), IκBα (1:100; cat.  no.  sc‑89320) and 
p‑IκBα (1:100; cat.  no.  sc‑20076) in TBST buffer over-
night at 37˚C, following which membranes were washed 
and then incubated with secondary antibodies (1:5,000; 
anti‑rabbit HRP‑conjugated; cat. no. sc‑276002; anti‑mouse; 
HRP‑conjugated; cat. no. sc‑450039) for 110 min at 37˚C. The 
optical densities of bands were quantified using the ECL kit 
(Sigma‑Aldrich; Merck KGaA) and Gel‑Pro Analyzer soft-
ware version 4.0 (Media Cybernetics, Inc., Rockville, MD, 
USA). β‑actin or histone were used as the endogenous control, 
and the results were expressed relative to their corresponding 
control and ultimately as fold differences compared with the 
control.

Statistical analysis. Results are expressed as the mean ± standard 
error of the mean of six experiments. Differences between 
groups were assessed by one‑way analysis of variance followed 
by least significant difference post hoc tests. Statistical tests 
were performed using SPSS 16.0 software (SPSS, Inc., Chicago, 
IL, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Table I. Primers used for reverse transcription‑quantitative 
polymerase chain reaction analysis.

Gene	 Oligonucleotide primer sequences (5'‑3')

IL‑6	 Forward: GAGAAAAGAGTTGTGCAATGGC
	 Reverse: ACTAGGTTTGCCGAGTAGACC
TNF‑α	 Forward: TCCCAACAAGGAGGAGAAGT
	 Reverse: TGGTATGAAGTGGCAAATCG
MCP‑1	 Forward: TCTCACTTGGTTCTGGTCCAGT
	 Reverse: AGTCAGCGATGGCCCGATAG
iNOS	 Forward: CCACGCTCTTCTGTCTACTGAAC
	 Reverse: ACGGGCTTGTCACTCGAG
TLR4	 Forward: GGCATCATCTTCATTGTCCTTG
	 Reverse: AGCATTGTCCTCCCACTCG
p47phox	 Forward: GGCAGGACCTGTCGGAGAAGGT
	 Reverse: AAGGATGATGGGGCCTGTGATG
GADPH	 Forward: ATCGGCAATGAGCGGTTCC
	 Reverse: AGCACTGTGTTGGCATAGAGG

IL‑6, interleukin‑6; TNF‑α, tumor necrosis factor‑α; MCP‑1, mono-
cyte chemoattractant protein 1; iNOS, inducible nitric oxide synthase; 
TLR4, Toll‑like receptor 4.
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Results

Cytotoxity of Tan IIA in VSMCs. Cells were treated with 
different concentrations of Tan IIA (0‑200 µmol/l) or LPS 
(1 µg/ml) for 24 h and then cytotoxity was measured by an 
MTT assay. As shown in Fig. 1, 0‑100 µmol/l Tan IIA was not 
cytotoxic against VSMCs with or without LPS (1 µg/ml).

Tan IIA inhibits LPS‑induced VSMC phenotypic switching. 
VSMC phenotypic switching is involved in the LPS‑induced 
inflammatory response. When VSMCs transform from 
the contractile phenotype to the synthetic phenotype, they 
produce lower levels of contractile proteins  (24), such as 
α‑SMA, and higher levels of OPN. As shown in Fig.  2A, 
following VSMC treatment with LPS (1  µg/ml) for 24  h, 
the protein expression of α‑SMA decreased; however, OPN 
levels increased. Pretreatment with Tan IIA attenuated the 
downregulation of α‑SMA and suppressed the upregulation of 
OPN in LPS‑stimulated VSMCs, in a concentration‑dependent 
manner. Similar results were obtained from mRNA level 
measurements via RT‑qPCR (Fig. 2B).

Tan IIA inhibits the LPS‑induced expression of MCP‑1, IL‑6, 
and TNF‑α in VSMCs. A significant increase in the expres-
sion of MCP‑1, IL‑6, and TNF‑α in the conditioned media of 
VSMCs treated with LPS (1 µg/ml) for 24 h was observed. 
Treatment with Tan IIA inhibited the LPS‑induced protein 
expression of MCP‑1, IL‑6, and TNF‑α in VSMCs in a concen-
tration‑dependent manner (Fig. 3A‑C). In addition, Tan IIA also 
reduced the mRNA expression of MCP‑1, IL‑6, and TNF‑α in 
LPS‑stimulated VSMCs in a concentration‑dependent manner 
(Fig. 3D‑F). However, treating cells with Tan IIA (100 µmol/l) 
alone did not affect either the mRNA or protein expression of 
these proinflammatory cytokines.

Inhibitory effect of Tan IIA on iNOS‑mediated NO produc‑
tion in LPS‑stimulated VSMCs. Results from the Griess assay 
revealed that Tan IIA inhibited LPS‑induced NO production 
in VSMCs in a concentration‑dependent manner. However, 
treating the cells with Tan IIA (100 µmol/l) alone did not affect 
NO production (Fig. 4). To investigate how Tan IIA decreased 
LPS‑induced NO production, the expression of iNOS was 
measured. As shown in Fig. 4A and B, Tan IIA reduced the 
LPS‑induced expression of iNOS at the mRNA and protein 
levels in a concentration‑dependent manner. Treatment with 
Tan IIA alone did not affect the mRNA or protein expression 
of iNOS when compared with control. Similar results were 
observed when measuring the NO levels (Fig. 4C). These 
results suggest that iNOS activation may serve a role in the 
inhibitory effects of Tan IIA on LPS‑induced NO production 
in VSMCs.

Tan IIA downregulates p47‑phox and decreases ROS levels. 
p47‑phox protein (Fig. 5A) and mRNA (Fig. 5B) expression, 
and ROS production (Fig.  5C) in cultured VSMCs were 
significantly increased by stimulation with LPS; this effect 
was dose‑dependently inhibited by co‑treatment with Tan IIA.

Associations between the inhibitory effect of Tan IIA on 
LPS‑induced inflammation and TLR4 expression in VSMCs. 

As shown in Fig. 6A and B, LPS (1 µg/ml) treatment signifi-
cantly increased the mRNA and protein expression of TLR4. 
Pretreatment with Tan IIA inhibited the LPS‑induced expres-
sion of TLR4 at the mRNA and protein level in VSMCs 
(Fig. 6A and B). Treating VSMCs with Tan IIA (100 µmol/l) 
alone did not affect the expression of TLR4 (Fig. 6A and B). 
Next, the present study explored if the anti‑inflammatory 
effect of Tan IIA on the LPS‑induced expression of proinflam-
matory cytokines may function partially through TLR4 in 
VSMCs. Cells were treated with or without anti‑TLR4 neutral-
izing antibody (8 µg/ml) for 1 h, and then Tan IIA (100 µmol/l) 
was added and incubated for 1 h. This was followed by LPS 
(1 µg/ml) stimulation in VSMCs for 24 h. The TLR4 inhibitor 
and Tan IIA partially inhibited the LPS‑induced increase in the 
levels of p‑TAK1 (Fig. 6C), MCP‑1 (Fig. 6D), TNF‑α (Fig. 6E), 
IL‑6 (Fig. 6F), and NO (Fig. 6G) in VSMCs. These results 
indicate that the inhibitory effect of Tan IIA on LPS‑induced 
inflammation may be partially dependent on TLR4 in VSMCs.

Associations between the inhibitory effect of Tan IIA on 
LPS‑induced inflammation and TAK1 activation in VSMCs. 

Figure 1. Cytotoxicity of Tan IIA in VSMCs. VSMCs were treated with 
different concentrations of Tan IIA (0‑200 µmol/l) for 24 h, (A) the results of 
the MTT assay indicated that Tan IIA concentrations between 0‑100 µmol/l 
had no influence on the viability of VSMCs. (B) Treating VSMCs with Tan IIA 
(0‑100 µmol/l) and LPS (1 µg/ml) for 24 h did not induce VSMC cytotoxicity; 
however, 200 µmol/l Tan IIA with 1 µg/ml LPS did significantly reduce cell 
viability. Data are presented as the mean ± standard error of the mean from 
six independent experiments. #P<0.001 vs. control. Tan IIA, Tanshinone IIA; 
VSMCs, vascular smooth muscle cells; LPS, lipopolysaccharide.
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To explore which intracellular signaling pathway downstream 
of TLR4 is involved in the inhibitory effect of Tan IIA on 
LPS‑induced inflammation, the phosphorylation of TAK1 
was detected in LPS‑stimulated VSMCs. As shown in Fig. 7, 
treating VSMCs with different concentrations of Tan IIA 
(25, 50 and 100 µmol/l) alone did not affect the phosphory-
lation of TAK1. However, treatment with LPS (1 µg/ml) for 
30 min significantly increased the levels of p‑TAK1 in VSMCs 
(Fig. 7B). Pretreating the cells with Tan IIA attenuated the 
LPS‑induced phosphorylation of TAK1 in a concentra-
tion‑dependent manner (Fig. 7A and B). To determine if the 
inhibitory effect of Tan IIA on LPS‑induced inflammation is 
dependent on the reduced expression of p‑TAK1, the VSMCs 
were pretreated with or without 5Z‑7‑oxozeaenol (0.5 µmol/l), 
which is a specific inhibitor of TAK1 activation. The results 
confirmed that 5Z‑7‑oxozeaenol significantly decreased 
p‑TAK1 (Fig. 7B). In addition, 5Z‑7‑oxozeaenol and Tan IIA 
partially inhibited the LPS‑induced expression of MCP‑1, 
IL‑6, TNF‑α and NO in VSMCs (Fig. 7C‑F). These results 
suggest that the reduction in p‑TAK1 levels induced by 
Tan IIA may contribute to its anti‑inflammatory influence on 
LPS‑stimulated VSMCs.

Tan IIA inhibits LPS‑induced NF‑κB activation in VSMCs. 
The activation of NF‑κB serves a key role in controlling 
the inflammatory response in various cell types, including 
VSMCs, by upregulating the expression of inflammatory 
genes. Following stimulation with different proinflammatory 
factors, including LPS, NF‑κB is activated and translocated 
from the cytoplasm to the nucleus (25). As shown in Fig. 8A, 
treating cells with different concentrations of Tan IIA 
alone for 24  h did not affect the nuclear translocation of 
NF‑κB (p65). Treating VSMCs with LPS (1 µg/ml) for 24 h 
significantly increased the expression of NF‑κB (p65) in the 
nucleus. However, pretreatment with Tan IIA attenuated the 

LPS‑induced nuclear translocation of NF‑κB in VSMCs in a 
concentration‑dependent manner (Fig. 8A). By contrast, cyto-
plasmic NF‑κB was decreased by LPS, which was reversed 
by co‑treatment with Tan IIA (Fig. 8A). Furthermore, the 
present study measured the levels of total‑ and p‑IκBα, which 
is a negative regulator of NF‑κB, by western blot analysis. 
As shown in Fig. 8B, following VSMC treatment with LPS 
(1 µg/ml) for 6 h, the total IκBα levels decreased while p‑IκBα 
levels significantly increased. Pretreating the cells with 
Tan IIA (25, 50 and 100 µmol/l) attenuated the LPS‑induced 
decrease in total IκBα and increase in p‑IκBα in a concen-
tration‑dependent manner (Fig. 8B). Treatment of VSMCs 
with Tan IIA (100 µmol/l) alone did not affect the levels of 
total‑ and p‑IκBα (Fig. 8B).

Discussion

The present study demonstrated that Tan IIA inhibits 
LPS‑induced MCP‑1, IL‑6, TNF‑α and iNOS‑mediated NO 
production in VSMCs in  vitro. Tan IIA also reduced the 
LPS‑induced expression of TLR4 and TAK1 and reduced 
the nuclear translocation of NF‑κB in a concentration‑depen-
dent manner. These results provide a novel association 
between the anti‑inflammatory effect of Tan IIA and the 
TLR4/TAK1/NF‑κB signaling pathway in LPS‑stimulated 
VSMCs.

Multiple factors have been shown to contribute to 
the progression of atherosclerosis, but chronic low‑grade 
inflammation may be a critical factor in the acceleration of 
atherosclerosis progression and plaque instability. Various 
inflammation‑associated factors contribute to this process (1). 
MCP‑1 is a potential monocyte chemoattractant cytokine that 
can induce the migration of monocytes and macrophages to 
the intima of the arterial walls and accelerate their develop-
ment into foam cells (26). LPS is a powerful pro‑inflammatory 

Figure 2. Tan IIA inhibits LPS‑induced VSMC phenotypic switching. VSMCs were pretreated with the indicated concentrations of Tan IIA (25, 50 and 100 µmol/l) 
for 1 h, and then stimulated with LPS (1 µg/ml) for a further 24 (for western blotting) or 6 h (for RT‑qPCR). The (A) protein and (B) mRNA expression of α‑SMA 
and OPN were measured by western blotting and RT‑qPCR, respectively. Data are presented as the mean ± standard error of the mean of six independent 
experiments. #P<0.001 vs. control; **P<0.01 and ***P<0.001 vs. LPS. Tan IIA, Tanshinone IIA; VSMCs, vascular smooth muscle cells; LPS, lipopolysaccharide; 
α‑SMA, α‑smooth muscle actin; OPN, osteopontin; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.
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factor that can induce the expression of various inflamma-
tion‑associated cytokines, including MCP‑1, IL‑6 and TNF‑α, 
in VSMCs (4). In addition, there a growing body of evidence 
that indicates that there is a strong correlation between LPS 
and atherosclerosis (27). Tan IIA has been reported to have 
diverse pharmacological effects, including anti‑inflammation, 
anti‑apoptosis, and regulation of the immune response (28). 
Previous studies have indicated that Tan IIA may inhibit the 
LPS‑induced expression of inflammation‑associated cyto-
kines in various cell types (19,29,30). In the present study, 
LPS significantly increased the expression of MCP‑1, IL‑6, 

and TNF‑α in VSMCs, which is consistent with a previous 
study (4). However, Tan IIA treatment could attenuate the 
LPS‑induced expression of inflammation‑associated cyto-
kines in a dose‑dependent manner, which may be a potential 
mechanism of the anti‑inflammatory activity of Tan IIA. In 
addition, Tan IIA also inhibited the oxidized‑low‑density lipo-
protein‑induced inflammatory response in various organs (31), 
which suggests that Tan IIA has multiple anti‑inflammatory 
activities against more than just LPS.

NO is mainly produced by the endothelium of the arterial 
walls, and it serves an important role in regulating inflammation 

Figure 3. Tan IIA inhibits the LPS‑induced expression of MCP‑1, IL‑6, and TNF‑α in VSMCs. VSMCs were pretreated with the indicated concentrations of 
Tan IIA (25, 50 and 100 µmol/l) for 1 h, and then stimulated with LPS (1 µg/ml) for a further 24 h. One group of cells were treated with Tan IIA (100 µmol/l) 
alone for 24 h. The protein expression of (A) MCP‑1, (B) TNF‑α and (C) IL‑6 was measured by an ELISA assay. Then cells were pretreated with the indicated 
concentrations of Tan IIA (25, 50 and 100 µmol/l) for 1 h, and then stimulated with LPS (1 µg/ml) for a further 6 h. The mRNA the expression levels of 
(D) MCP‑1, (E) TNF‑α and (F) IL‑6 was measured by reverse transcription‑quantitative polymerase chain reaction in which GAPDH was used as an internal 
control. Data are presented as mean ± standard error of the mean of six independent experiments. #P<0.001 vs. control; *P<0.05, **P<0.01 and ***P<0.001 
vs. LPS. Tanshinone IIA; VSMCs, vascular smooth muscle cells; LPS, lipopolysaccharide; IL‑6, interleukin‑6; TNF‑α, tumor necrosis factor‑α; MCP‑1, 
monocyte chemoattractant protein 1.
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throughout the process of atherosclerosis (32). While NO is 
also synthesized by neuronal NOS and endothelial NOS, NO 

produced by iNOS is the chief contributor to the regulation 
of immunomodulatory activity (33). Although NO produced 
by the endothelium may exhibit some beneficial effects that 
protect endothelial function, high concentrations of NO have 

Figure 5. Tan IIA inhibits p47‑phox‑mediated ROS production in 
LPS‑treated VSMCs. VSMCs were pretreated with the indicated concentra-
tions of Tan IIA (25, 50 and 100 µmol/l) for 1 h and then stimulated with 
LPS (1 µg/ml) for a further 24 h (for western blotting) or 6 h (for RT‑qPCR). 
The (A) protein and (B) mRNA expression of p47‑phox were measured by 
western blotting and RT‑qPCR, and (C) the ROS production was detected 
by dichloro‑dihydro‑fluorescein oxidation. #P<0.001 vs. control; **P<0.01 
and ***P<0.001. Tanshinone IIA; VSMCs, vascular smooth muscle cells; 
LPS, lipopolysaccharide; RT‑qPCR, reverse transcription‑quantitative 
polymerase chain reaction; ROS, reactive oxygen species.

Figure 4. Inhibitory effect of Tan IIA on iNOS‑mediated NO production 
in LPS‑stimulated VSMCs. VSMCs were pretreated with the indicated 
concentrations of Tan IIA (25, 50 and 100 µmol/l) for 1 h, and then stimu-
lated with LPS (1 µg/ml) for a further 24 h. One group of cells was treated 
with Tan IIA (100 µmol/l) alone for 24 h. (A) iNOS proteins were detected 
by western blotting, in which β‑actin was used as an internal control. 
Then cells were pretreated with the indicated concentration of Tan IIA 
(25, 50 and 100 µmol/l) for 1 h, and then stimulated with LPS (1 µg/ml) for 
a further 6 h. (B) The mRNA expression of iNOS was measured by reverse 
transcription‑quantitative polymerase chain reaction in which GAPDH was 
used as an internal control. (C) The production of NO was measured by the 
Griess assay. Data are presented as mean ± standard error of the mean of 
six independent experiments. #P<0.001 vs. control; **P<0.01 and ***P<0.001. 
Tanshinone IIA; VSMCs, vascular smooth muscle cells; LPS, lipopolysac-
charide; NO, nitric oxide; iNOS, inducible nitric oxide synthase.
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been revealed to accelerate the progression of atherosclerosis 
by increasing oxidative stress  (34). In addition to athero-
sclerosis, the overproduction of NO has also been shown to 
contribute to the progression of various inflammation‑ and 
immune‑associated diseases, such as Alzheimer's disease (35) 
and Crohn's disease (36). Previous studies have demonstrated 
that inhibiting NO production through the use of an inhibitor 

of iNOS or by knockout of the iNOS gene can reduce the area 
of atherosclerotic plaques and attenuate plaque vulnerability 
in high fat diet‑fed ApoE‑/‑ mice (37). Therefore, in the present 
study, the effect of Tan IIA on iNOS‑mediated NO production 
was investigated. Previous studies have demonstrated that Tan 
can inhibit LPS‑induced and iNOS‑mediated NO production 
in macrophages and endothelium (38). In the present study, 

Figure 6. Association between the inhibitory effect of Tan IIA on LPS‑induced inflammation and TLR4 expression in VSMCs. VSMCs were pretreated 
with the indicated concentrations of Tan IIA (25, 50 and 100 µmol/l) for 1 h, and then stimulated with LPS (1 µg/ml) for a further 24 h (for western blotting) 
or 6 h (for RT‑qPCR). The (A) protein and (B) mRNA expression of TLR4 were measured by western blotting and RT‑qPCR, respectively. Cells were then 
pretreated with anti‑TLR4 (5 µg/ml), Tan IIA (100 µmol/l), or anti‑TLR4 (5 µg/ml) plus Tan IIA (100 µmol/l) for 1 h, and then stimulated with LPS (1 µg/ml) 
for a further 24 h. (C) The protein expression of p‑TAK1 was detected by western blotting. The expression levels of (D) MCP‑1, (E) TNF‑α and (F) IL‑6 were 
measured by an ELISA assay. (G) NO production was detected by the Griess assay. Data are presented as mean ± standard error of the mean of six independent 
experiments. #P<0.001 vs. control; **P<0.01 and ***P<0.001 vs. LPS; &P<0.05 vs. LPS+anti‑TLR4. Tanshinone IIA; VSMCs, vascular smooth muscle cells; LPS, 
lipopolysaccharide; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; NO, nitric oxide; IL‑6, interleukin‑6; TNF‑α, tumor necrosis 
factor‑α; MCP‑1, monocyte chemoattractant protein 1; TLR4, Toll‑like receptor 4; p‑, phosphorylated; TAK1, transforming growth factor‑β‑activated kinase 1.
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Tan IIA significantly inhibited LPS‑induced NO production, 
which was accompanied by a reduction in iNOS expression. 
These results suggest that Tan IIA suppresses iNOS‑mediated 
NO production in LPS‑stimulated VSMCs, which may provide 
a novel molecular mechanism for the cardiovascular protective 
effect of Tan IIA.

Previous evidence has demonstrated that the activa-
tion of TLR4 serves an important role in the acceleration 

of atherosclerosis by inducing an excessive inflammatory 
response (9). In human and animal models, an increase in 
TLR4 expression has been observed in atherosclerotic plaques, 
which was accompanied by an overexpression of various 
inflammation‑associated factors (39). Our previous study also 
demonstrated that LPS increases the expression of TLR4 in 
VSMCs  (4). However, when given the same high‑choles-
terol diet, TLR4‑knockout mice exhibited a reduction in 

Figure 7. Associations between the inhibitory effect of Tan IIA on LPS‑induced inflammation and TAK1 activation in VSMCs. (A) One group of VSMCs 
were only treated with Tan IIA (25, 50 and 100 µmol/l) for 30 min; (B) another group of cells were pretreated with the indicated concentrations of Tan IIA 
(25, 50 and 100 µmol/l) for 1 h and then stimulated with LPS (1 µg/ml) for a further 30 min. The levels of p‑TAK1 was measured by western blotting. Cells 
were pretreated with 5Z‑7‑oxozeaenol (0.5 µmol/l), Tan IIA (100 µmol/l), or 5Z‑7‑oxozeaenol (0.5 µmol/l) plus Tan IIA (100 µmol/l) for 1 h and then stimulated 
with LPS (1 µg/ml) for a further 24 h. The protein expression of (C) MCP‑1, (D) TNF‑α and (E) IL‑6 was measured by an ELISA assay. (F) NO production 
was detected by the Griess assay. Data are presented as mean ± standard error of the mean from six independent experiments. #P<0.001 vs. control; **P<0.01 
and ***P<0.001 vs. LPS; &P<0.05 vs. LPS+5Z‑7‑oxozeaenol. Tanshinone IIA; VSMCs, vascular smooth muscle cells; LPS, lipopolysaccharide; NO, nitric 
oxide; IL‑6, interleukin‑6; TNF‑α, tumor necrosis factor‑α; MCP‑1, monocyte chemoattractant protein 1; p‑, phosphorylated; TAK1, transforming growth 
factor‑β‑activated kinase 1; 5Z‑7, 5Z‑7‑oxozeaenol.
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atherosclerotic plaque area and had more stable plaques when 
compared with normal ApoE‑/‑ mice (39). In addition, the acti-
vation of the TLR4 signaling pathway serves an important role 
in NO production in LPS‑stimulated VSMCs (40). Therefore, 
it is valid to consider that inhibiting TLR4 activation may be 
an effective strategy to impede the progress of atheroscle-
rosis. A previous study demonstrated that Tans can reduce 
the LPS‑induced expression of TLR4 in macrophages (19). 
In the present study, Tan IIA inhibited the LPS‑induced 
expression of TLR4 at the mRNA and protein levels in a 
concentration‑dependent manner. This was accompanied by 
a reduction in the production of pro‑inflammatory cytokines. 
Furthermore, the monoclonal antibody of TLR4 exhibited the 
same anti‑inflammatory effects as Tan IIA, and treatment with 
a combination of Tan IIA and the TLR4 monoclonal antibody 
resulted in a more powerful inhibitory effect on LPS‑induced 
inflammation. These results indicate that the inhibition of 
TLR4 activation may be involved in the anti‑inflammatory 
effect of Tan IIA in LPS‑stimulated VSMCs.

As an important downstream molecule, TAK1 serves a 
critical role in the TLR‑mediated inflammatory signaling 
pathway. Once LPS binds to the CD14/TLR4 complex, TLR4 
is activated. Then, Myd88 induces the phosphorylation of IL‑1 
receptor‑associated kinase 4 (IRAK4) and IRAK1, which 
results in the phosphorylation of TAK1 (41). Activated TAK1 
induces the phosphorylation of MAPKs and IKKs, which are 
the main factors that regulate NF‑κB activation (42). Tans 
have been shown to inhibit the LPS‑induced activation of 
NF‑κB by reducing TAK1 expression in macrophages (19). 
In addition, a previous study evaluated the effects of Tan IIA 
on atherosclerotic vulnerable plaque stability (43). Tans were 
reported to also decrease NF‑κB activation in VSMCs, which 
in turn inhibited VSMC proliferation and migration (43). As a 
conventional regulator of NF‑κB, these results indicated that 
TAK1 may also be involved in the mechanisms underlying 
NF‑κB inactivation by Tan IIA in VSMCs. In the present 

study, Tan IIA induced effects similar to those of the TAK1 
inhibitor. Tan IIA attenuated the LPS‑induced expression of 
p‑TAK1 in a concentration‑dependent manner and inhibited 
the LPS‑induced expression of MCP‑1, IL‑6, TNF‑α, and NO 
in VSMCs. These results suggest that the inhibition of TAK1 
activation may be involved in the anti‑inflammatory effect of 
Tan IIA in LPS‑stimulated VSMCs.

NF‑κB is a ubiquitously expressed nuclear transcription 
factor that is considered to be associated with inflammation, 
especially in the expression of cytokines. Activation of NF‑κB 
occurs when it is isolated from IκBα. Once IκBα is phosphory-
lated, it degrades and allows NF‑κB to become activated, and 
then NF‑κB is translocated from the cytosol into the nucleus 
where it can control DNA transcription. Following cell stimu-
lation with LPS, the level of p‑IκBα was increased while the 
level of total IκBα was decreased, which was consistent with the 
results of some previous studies (44,45). Many signaling path-
ways result in NF‑κB phosphorylation, which causes NF‑κB 
to hydrolyze into several subunits (46). One of the subunits is 
P65, which translocates to the nucleus to bind to DNA. It then 
upregulates the expression of cytokines, including MCP‑1, 
IL‑6, TNF‑α, and NO (47). Several studies have indicated that 
NF‑κB may serve an important role in LPS‑induced inflam-
mation in macrophages and VSMCs (48,49). As a downstream 
molecule of TAK1, a reduction in NF‑κB may contribute to the 
anti‑inflammatory mechanism of Tan IIA. In the present study, 
it was observed that pretreatment with Tan IIA attenuated the 
LPS‑induced nuclear translocation of NF‑κB (p65) in VSMCs 
in a dose‑dependent manner, which suggests that Tan IIA may 
inhibit LPS‑induced NF‑κB activation in VSMCs.

In conclusion, the present study demonstrated the 
anti‑inflammatory properties of Tan IIA in VSMCs by 
inhibiting MCP‑1, IL‑6, TNF‑α, and NO. These effects may 
be mediated by downregulating TLR4 and inhibiting TAK1, 
which consequently leads to the inhibition of NF‑κB activation 
and eventually the suppression of its target genes. The present 

Figure 8. Tan IIA inhibits LPS‑induced NF‑κB activation in VSMCs. VSMCs were pretreated with the indicated concentrations of Tan IIA (25, 50 and 100 µmol/l) 
for 1 h and then stimulated with LPS (1 µg/ml) for a further 24 (for NF‑κB) or 6 h (for p‑IκBα). The protein expression of (A) NF‑κB (p65) in nuclei and (B) p‑IκBα 
were measured by western blotting, in which histone and β‑actin were used as internal controls, respectively. Data are presented as the mean ± standard error of 
the mean of six independent experiments. #P<0.001 vs. control; **P<0.01 and ***P<0.001 vs. LPS. Tanshinone IIA; VSMCs, vascular smooth muscle cells; LPS, 
lipopolysaccharide; NF‑κB, nuclear factor‑κB; p‑, phosphorylated; IκBα, inhibitor of nuclear factor‑κB; nuc, nuclear; cyt, cytoplasmic.
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study provided a novel experimental basis for using Tan IIA 
as a therapeutic agent to treat chronic inflammation‑mediated 
diseases, especially atherosclerosis.
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