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Curcumin inhibits LPS-induced inflammation in rat
vascular smooth muscle cells in vitro via ROS-relative
TLR4-MAPK/NF-kB pathways
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Aim: To investigate whether curcumin (Cur) suppressed lipopolysaccharide (LPS)-induced inflammation in vascular smooth muscle

cells (VSMCs) of rats, and to determine its molecular mechanisms.

Methods: Primary rat VSMCs were treated with LPS (1 pg/L) and Cur (5, 10, or 30 umol/L) for 24 h. The levels of MCP-1, TNF-&, and
iNOS were measured using ELISA and real-time RT-PCR. NO level was analyzed with the Griess reaction. Western-blotting was used to
detect the activation of TLR4, MAPKs, IkBa, NF-kB p65, and the p47°"* subunit of NADPH oxidase in the cells.

Results: Treatment of VSMCs with LPS dramatically increased expression of inflammatory cytokines MCP-1 and TNF-«, expression of
TLR4 and iNOS, and NO production. LPS also significantly increased phosphorylation of IkBa, nuclear translocation of NF-kB (p65) and
phosphorylation of MAPKs in VSMCs. Furthermore, LPS significantly increased production of intracellular ROS, and decreased expres-
sion of p47°"™* subunit of NADPH oxidase. Pretreatment with Cur concentration-dependently attenuated all the aberrant changes in
LPS-treated VSMCs. The LPS-induced overexpression of MCP-1 and TNF-a, and NO production were attenuated by pretreatment with
the ERK inhibitor PD98059, the p38 MAPK inhibitor SB203580, the NF-kB inhibitor PDTC or anti-TLR4 antibody, but not with the JNK

inhibitor SP600125.

Conclusion: Cur suppresses LPS-induced overexpression of inflammatory mediators in VSMCs in vitro via inhibiting the TLR4-MAPK/
NF-kB pathways, partly due to block of NADPH-mediated intracellular ROS production.
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Introduction

Long-lasting, low-grade inflammation plays an important role
in the progression of atherosclerosis, which is implicated in
many cardiovascular diseases!. The pathological prolifera-
tion and inflammatory responses of vascular smooth muscle
cells (VSMCs) can potentially contribute to atherosclerosis and
arterial restenosis™. After stimulation by lipopolysaccharides
(LPS) or other inflammatory inducers, activated VSMCs over-
express various inflammatory cytokines, including TNF-a and
MCP-1. The overexpression of such factors has been clinically
linked to the acceleration of atherosclerosis and the forma-
tion of vulnerable plaques® *. Therefore, using pharmaco-
logical treatments to inhibit VSMCs’ excessive inflammatory
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responses presents a powerful strategy to control the progres-
sion of atherosclerotic plaques within arterial walls.

Curcumin (Cur) is a natural polyphenol that is responsible
for the yellow color of turmeric. Turmeric commonly appears
today in ordinary diets, but it has been used since ancient
times in herbal remedies to treat various diseases™. Cur has
diverse pharmacological effects, such as anti-inflammatory,
anti-carcinogenic, and anti-oxidative effects, and it also pro-
vides cardiovascular protection. Cur harbors these benefits
because it regulates certain molecular targets, including pro-
inflammatory cytokines, growth factors, factors involved in
proliferation and apoptosis, adhesion molecules, and tran-
scription factors, associated with many different cell types®?.
In vascular cells specifically, Cur has been found to inhibit oxi-
dized low-density lipoprotein (ox-LDL)-induced overexpres-
sion of pro-inflammatory cytokines in VSMCs"*. However,
the molecular mechanisms underlying Cur’s inhibition of
LPS-induced inflammatory responses in VSMCs are not well
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known.

Toll-like receptor 4 (TLR4), belonging to a family of patho-
gen-associated molecular-pattern-recognition molecules, plays
a key role in the initiation and acceleration of inflammation”),
Evidence is mounting for the argument that TLR4 plays an
important role in the progression of atherosclerosis: one study
demonstrated that TLR4 is markedly overexpression in human
atherosclerotic plaques, while in other experiments involv-
ing TLR4 knockouts, scientists were able to reduce area and
vulnerability of atherosclerotic plaques™ ", Furthermore,
Cur has been found to attenuate inflammation via inhibition
of the TLR4 receptor in experimental colitis™. The NF-xB
signaling pathway, being downstream of TLR4-mediated
signaling, plays a critical role in amplifying inflammatory
responses by upregulating the expression of various pro-

inflammatory cytokines genesm].

Mitogen-activated protein
kinases (MAPKSs) are a group of signaling molecules to trans-
port diverse extracellular stimuli into intracellular regions to
regulate proliferation, inflammatory responses, differentiation,
and apoptosis, among other things™>". LPS has been shown
to induce overproduction of IL-6 by suppressing the activa-
tion of extracellular signal-regulated kinase 1/2 (ERK1/2),
p38 MAPK, and NF-kB in VSMCs". There is also a growing
evidences interest in the pro-inflammatory effects of intracel-
lular reactive oxygen species (ROS), which are regarded as
secondary messengers that amplify inflammation by upregu-
lating kinase cascades and activating transcription factors
in VSMCs 2!l However, few studies have demonstrated
whether Cur can effectively inhibit LPS-induced inflamma-
tion via TLR4-mediated ROS-relative MAPK/NF-xB signaling
pathways in VSMCs.

Therefore, our present study was aimed at uncovering the
molecular mechanisms by which Cur inhibits LPS-induced
overexpression of pro-inflammatory mediators and intracellu-
lar ROS in VSMCs.

Materials and methods

Reagents

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were provided by Gibco BRL (Carlsbad, CA,
USA). Penicillin, streptomycin, Tris, curcumin, EDTA, LPS
from Escherichia coli 0111:B4, PD98059, SB203580, pyrrolidin-
edithiocarbamate (PDTC), 2’,7’-dichlorodihydrofluororescein
diacetate (DCFH-DA), diphenyleneiodonium (DPI), SP600125,
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were
purchased from Sigma Chemical Co (St Louis, MO, USA).
Antibodies against TLR4, anti-TLR4, ERK1/2, p38 MAPK,
c-Jun N-terminal kinasel/2 (JNK1/2), IxBa, phospho-IxBa
(p-IxBa), phospho-ERK1/2 (p-ERK1/2), phospho-p38MAPK
(p-p38MAPK), phospho-JNK1/2 (p-JNK1/2), and NF-«B (p65)
were purchased from Cell Signaling Technology (Beverly,
MA, USA); TRIzol, EasyScript Reverse Transcriptase, Trans-
Strat Green Qpcr SuperMix, and a p-actin antibody were pur-
chased from TransGen Biotechnology (Beijing, China). MCP-1
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and TNF-a enzyme-linked immunosorbent assay (ELISA)
kits were bought from Thermo Fisher Scientific (Rockford, IL,
USA). The histone antibody, polyclonal anti-rat iNOs anti-
body, and the p47°"* antibody were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).

VSMCs culture

The 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). Male Sprague-Dawley rats (weight 140-180 g)
were obtained from the Laboratory Animal Institute in the
School of Medicine at Xi-an Jiaotong University. According to
a previously described method™, VSMCs were isolated from
the thoracic aorta of rats. Cells were cultured in DMEM con-
taining 15% FBS, 100 U/mL penicillin and 100 pg/mL strep-
tomycin in a humidified atmosphere of 5% CO, and 95% air at
37 °C. Morphological examination was carried out to identify
VSMCs. Cells between passage 3 and passage 10 were used
for all experiments. When the cells reached 80%-90% conflu-
ence, the medium was replaced with serum-free medium and
cells were cultured for 12-16 h before conducting the experi-
ments.

Cell viability assay

Cells were seeded at a density of 4000 cell/well in 96-well
plates. Cell viability was determined by the MTT reduc-
tion assay. After various indicated treatments for 24 h, the
medium was removed and cells were incubated with MTT
(6 mg/mL) for 4 h at 37 °C. The dark blue formazan crystals
that formed in intact cells were solubilized with DMSO, and
then the absorbance was measured at 490 nm on a microplate
reader (Bio-Rad, Hercules, CA, USA).

Enzyme-linked immunosorbent assay (ELISA) for MCP-1 and
TNF-a

VSMCs of 5x10° cells/well were plated onto 6-well plates.
VSMCs were pretreated with different concentrations of Cur
(5, 10, or 30 pmol/L) for 1 h, and then LPS (1 pg/mL) was
added to the VSMCs culture medium for 24 h. In another
experiment, VSMCs were pretreated with anti-TLR4, DPI
(20 pmol/L), PD98059 (50 pmol/L), SB203580 (25 pmol/L),
SP600125 (15 pmol/L) and PDTC (80 umol/L) for 1 h, and
then incubated with LPS (1 pg/ml) for another 24 h. The
concentrations of MCP-1 and TNF-a in the culture medium
were measured by ELISA kits according to the manufacturer’s
instructions.

Measurement of nitrite

Nitrite, a stable precursor of NO, was analyzed using the
Griess reaction'!.
tant was mixed with an equal volume of Griess reagent (0.1%

Fifty microliters of the culture superna-

naphthyl-ethylenediamine, 1% sulfanylamide, and 2.5% phos-
phoric acid). Absorbance was measured at 540 nm, using a
calibration curve with sodium nitrite standards.



Real-time reverse-transcriptase polymerase chain reaction (real-
time RT-PCR)

Total RNA was extracted using TRIzol reagent, and DNA was
removed using the DNA-free kit (Ambion, Austin, TX, USA).
The quality of mRNA was checked by performing denaturing
agarose gel electrophoresis containing 1.5% formaldehyde.
The total RNA concentration and purity were determined by
UV-Vis spectroscopy with the Bio-Rad SmartSpec 3000 sys-
tem (Bio-Rad, Hercules, CA, USA). To synthesize cDNA, 1 pg
of total RNA was used in a 20 pL reaction using oligo(dT)18
Primer and TransScript Reverse Transcriptase (Transgen Bio-
tech, Beijing, China). Primers for rat TNF-a, MCP-1, TLR4,
iNOS, and B-actin were chosen using the Beacon designer
v4.0 (Premier Biosoft, CA, USA). B-Actin was used as an
endogenous control. The mRNA levels of TNF-a, MCP-1,
TLR4, iNOS, and f-actin were examined by real-time RT-PCR
with the ABI PRISM 7000 sequence detection PCR system
(Applied Biosystems, Foster City, CA, USA). One melting
peak confirmed the presence of a single product. Results were
expressed as fold differences relative to the level of -actin
using the 2**“"method (Table 1).

Table 1. Primers used for real-time PCR analysis.

Gene Oligonucleotide primer sequences (5'-3’)

MCP-1 Forward: GGCCTGTTGTTCACAGTTGCT
Reverse: TCTCACTTGGTTCTGGTCCAGT

TLR4 Forward: GGCATCATCTTCATTGTCCTTG
Reverse: AGCATTGTCCTCCCACTCG

TNF-o Forward: TCCCAACAAGGAGGAGAAGT
Reverse: TGGTATGAAGTGGCAAATCG

iNOS Forward: CCACGCTCTTCTGTCTACTGAAC
Reverse: ACGGGCTTGTCACTCGAG

B-Actin Forward: ATCGGCAATGAGCGGTTCC

Reverse: AGCACTGTGTTGGCATAGAGG

Western-blot

VSMC lysates were prepared with 200 pL of ice-cold lysis
buffer (pH 7.4) (50 mmol/L HEPES, 5 mmol/L EDTA, 100
mmol/L NaCl, 1% Triton X-100, protease inhibitor cocktail;
Roche, Mannheim, Germany) in the presence of phosphatase
inhibitors (50 mmol/L sodium fluoride, 1 mmol/L sodium
orthovanadate, 10 mmol/L sodium pyrophosphate, 1 nmol/L
microcystin). The activated NF-xB (p65) protein, located
in the nucleus, was extracted using the Pierce NE-PER kit
(Pierce, Rockford, IL, USA). The BCA protein assay kit was
used to determine protein concentrations. Samples under-
went 10% SDS-PAGE and were then transferred onto a poly-
vinylidene difluoride membrane in a semi-dry system (Bio-
Rad), which was blocked with 5% fat-free milk in TBST buffer
(20 mmol/L Tris-HCI, 137 mmol/L NaCl and 0.1% Tween 20),
then incubated with primary antibodies against TLR4 (1:200),
iNOs (1:200), IxBa (1:400), p-IxkBa (1:200), NF-xB (p65) (1:200),
p38MAPK (1:500), p-p38MAPK (1:500), ERK1/2 (1:500),
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p-ERK1/2 (1:500), JNK (1:200), p-JNK (1:200), p47°"* (1:400),
f-actin (1:1000) and histone (1:500) in TBST buffer overnight,
then washed and incubated with secondary antibodies for 120
min. The optical densities of bands were quantified by using
Gel-Pro Analyzer v4.0 (Media Cybernetics, Rockville, MD,
USA). B-Actin was the endogenous control, and results were
expressed relative to that control.

Stable free radical scavenging activity

Stable free radical scavenging activity was identified using
the method reported by Jeong et al™. Briefly, 100 pmol/L of
DPPH radical solution was dissolved in 100% ethanol. The
mixture was shaken vigorously and allowed to stand for 10
min in the dark. The test materials (100 pL each) were added
to 900 pL of the DPPH radical solution. After incubation at
room temperature for 30 min, the absorbance at 517 nm was
measured using the SPECTRA (shell) Reader.

Intracellular ROS assay

The level of intracellular ROS was measured by the DCFH-DA
method, based on the ROS-dependent oxidation of DCFH to
the highly fluorescent DCF. DCFH was dissolved in methanol
at 10 mmol/L and then diluted by a factor of 500 in Hanks’
balanced salt solution (HBSS) to give DCFH at 20 pmol/L.
The cells were incubated with DCFH-DA for 1 h and then
treated with HBSS containing Cur (5, 10, or 30 pmol/L) or LPS
(Ipg/mL) for another 2 h. The fluorescence was measured
immediately at wave lengths of 485 nm for excitation and
528 nm for emission on the iMark™ Microplate Absorbance
Reader (Bio-Rad, Laboratories, Inc, China)

Statistical analysis

Results are expressed as the mean+SEM of three experi-
ments. Differences between groups were assessed by one-way
ANOVA followed by post hoc tests. Statistical tests were per-
formed using SPSS 17.0 software (SPSS Inc, Chicago, IL, USA).
A value of P<0.05 was considered to be statistically significant.

Results

Effect of Cur on VSMCs viability

To detect whether Cur was toxic to VSMCs, cells were treated
with different concentrations of curcumin (0-80 pmol/L) or
LPS (1 pg/mL) for 24 h, and were then subjected to the MTT
assay to determine cell viability. The results showed that
both Cur at concentrations between 0-80 pmol/L and LPS (1
pg/mL) did not affect VSMC viability.

Effect of Cur on LPS-induced expression of MCP-1 and TNF-x in
VSMCs

Stimulation of VSMCs with LPS caused a significant increase
in MCP-1 and TNF-a secretion in the conditioned media. Cur
inhibited LPS-induced overexpression of MCP-1 and TNF-a
in a concentration-dependent manner in VSMCs (Figure 1A
and 1B). Cur also suppressed an LPS-induced increase in the
mRNA expression of MCP-1 and TNF-q, also in a concentra-
tion-dependent manner. However, treating VSMCs with Cur

Acta Pharmacologica Sinica



www.nature.com/aps

Meng Z et al
A B
800 1
300 1
c
600 1 f 250 1 E
e - f
% T % 200 1 T .
& 4007 f 2 1501
< o]
S : £ 1001 .
S 2001 T = T
50 Figure 1. Inhibitory effect of Cur on LPS-
B | | I | 0 induced MCP-1 and TNF-a production in
Control LPS 5 10 30 Cur Control LPS 5 10 30 cur  VSMCs. VSMCs were pretreated with the
LPS+Cur (umol/L) LPS+Cur (umol/L) indicated concentration of Cur (5, 10, and 30
umol/L) for 1 h, and then treated with LPS (1
Y D ) ug/mL) for another 24 h. Some cells were
101 c ! c treated with Cur (30 ymol/L) alone for 24 h.
5 s _If_ s 61 T f Culture medium was collected and the levels
2 2 51 of MCP-1 and TNF-a were measured with
S _ 61 ¢ §6 4 4 f commercial ELISA kits (A and B). Total RNA
o B
; ::6_’ =2 5 T ¢ was extracted after the same treatment for 6
% £ 41 DE‘ < T h, and the levels of MCP-1 mRNA and TNF-a
:L' 5 _f'_ Z 21 mRNA were detected by quantitative real-
% I_-.-_l = 1 I_l Ill time PCR (C and D). Data are presented as
0 | . | . . . . . 0 . . . . . . mean+SEM of three independent experiments.
Control LPS 5 10 30 Cur Control LPS 5 10 30 Cur °P<0.01 vs control; P<0.01 vs LPS.

LPS+Cur (umol/L)

alone had no effect on the expression of MCP-1 and TNF-a
(Figure 1C and 1D).

Effect of Cur on LPS-induced NO production and iNOS expression
NO levels in the supernatant were detected by the Griess
assay. Cur remarkably decreased LPS-induced secretion of
NO in VSMCs, in a concentration-dependent manner. In
the absence of LPS stimulation, Cur showed no effect on NO
secretion (Figure 2A). Cur inhibited LPS-induced overexpres-
sion of iNOS mRNA and protein levels in VSMCs, while treat-
ment with Cur in the absence of LPS stimulation again had no
effect on mRNA and protein expression of iNOS (Figure 2B
and 2C). These results indicate that Cur reduced the produc-
tion of NO in part by suppressing the activation of iNOS in
LPS-stimulated VSMCs.

Effect of Cur on the free radical scavenging activity

The DPPH reduction assay was used to detect the scavenging
activity of Cur on LPS-stimulated VSMCs. Cur was able to
effectively scavenge the DPPH free radical caused by ROS, in
a concentration-dependent manner, suggesting that Cur might
be a powerful free radical scavenger (Figure 3).

The relationship between Cur’s inhibitory effect on LPS-induced
inflammation and TLR4 in VSMCs

After VSMCs were stimulated with LPS (1 pg/mL) for 24 h,
the expression of TLR4 significantly increased. Pretreating
VSMCs with Cur suppressed LPS-induced overexpression
of TLR4 mRNA and protein, in a dose-dependent manner.
Again, Cur alone did not affect the expression of TLR4 (Figure
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LPS+Cur (umol/L)

4A and 4B). To evaluate whether Cur inhibited the inflamma-
tory responses through TLR4, VSMCs were pretreated with
or without anti-TLR4 neutralizing antibody (5 pg/mL) for 1 h
before adding Cur (30 pmol/L) for 1 h, and then cells were
stimulated with LPS (1 pg/mL) for 24 h. The TLR4 inhibitor
(anti-TLR4 antibody) and Cur both partially suppressed LPS-
induced overexpression of MCP-1, TNF-a, and NO. Further-
more, pretreating VSMCs with a combination of anti-TLR4
antibody and Cur synergistically reversed the LPS-induced
expression of MCP-1, TNF-a, and NO (Figure 4C, 4D, and 4E).
We also proved that the TLR4 inhibitor (anti-TLR4 antibody)
and Cur both partially suppressed LPS-induced overexpres-
sion of intracellular ROS (Figure 4F). The results suggest that
TLR4 may be involved in Cur’s reduction of LPS-induced
inflammation in VSMCs.

Effects of Cur on intracellular ROS production and p47°"*
expression in LPS-stimulated VSMCs

Treating VSMCs with LPS (1 pg/mL) for 24 h significantly
increased their intracellular ROS production, while pretreat-
ment with Cur (5, 10, or 30 pmol/L) remarkably attenuated
these effects (Figure 5A). The p47°"™* subunit is a key com-
ponent of NADPH oxidase which is involved in intracel-
lular ROS production in VSMCs. Our data showed that Cur
inhibited LPS-induced overexpression of p47P"™ in VSMCs, in
a dose-dependent manner (Figure 5B). To evaluate whether
LPS-induced overexpression of cytokines in VSCMs occurred
because of an increase in ROS, cells were pretreated with or
without DPI (20 pmol/L), which inhibits NADPH oxidase, for
1 h before adding Cur (30 pmol/L) for 1 h, and then cells were
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Figure 2. Effect of Cur on LPS-induced NO production and iNOS expression
in VSMCs. VSMCs were pretreated with the indicated concentration of
Cur (5, 10, and 30 pmol/L) for 1 h, and then treated with LPS (1 pg/mL)
for another 24 h. Some cells were treated with Cur (30 pymol/L) alone for
24 h. Cell supernatants were collected to measure NO production (A).
The levels of INOS mRNA and iNOS protein were respectively analyzed
by quantitative real-time PCR after normalization to B-actin and Western
blotting, in which B-actin was used as an internal control (B and C). Data
are presented as mean+SEM of three independent experiments. °P<0.01
vs control; ‘P<0.01 vs LPS.

stimulated with LPS (1 pg/mL) for 24 h. DPI and Cur both
partially decreased LPS-induced overexpression of MCP-1,
TNF-a, and NO. Pretreating VSMCs with a combination of
DPI and Cur synergistically suppressed the LPS-induced
increase of inflammatory cytokines. These results therefore
suggest that Cur’s inhibitory effect on LPS-induced inflamma-
tion is, in part, dependent on suppressing the production of
NADPH-mediated intracellular ROS in VSMCs.
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Effect of Cur on the MAPK signaling pathway in LPS-stimulated
VSMCs

The MAPK signaling pathway is an important cascade that
translates extracellular signals into intracellular activities. In
order to determine whether the MAPK signaling pathway
was involved in Cur’s inhibition of inflammatory responses in
LPS-stimulated VSMCs, we identified activated MAPK signal-
ing molecules. Because the MAPK signaling molecules inves-
tigated here are activated by phosphorylation, we detected
the phosphorylated forms of ERK1/2, p38 MAPK, and
JNK1/2 by Western-blotting. After VSMCs were treated with
LPS (1 pg/mL) for 30 min, the phosphorylation of ERK1/2,
p38MAPK and JNK1/2 was significantly increased compared
with their respective control groups. However, pretreating
VSMCs with Cur for 1 h remarkably attenuated these effects,
in a concentration-dependent manner. These results suggest
that the MAPK signaling pathway is involved in Cur’s inhibi-
tion of LPS-induced inflammation in VSMCs (Figure 6).

Effect of Cur on LPS-induced phosphorylation of IkBa and
nuclear translocation of NF-kB (p65) in VSMCs

The activation of NF-xB plays a critical role in upregulating
cellular inflammation by controlling the expression of inflam-
mation-related genes. Activation of NF-xB occurs when it is
isolated from IxBa. Once IxBa is phosphorylated, it degrades
and allows NF-xB to become activated, after which NF-xB is
translocated from the cytosol into the nucleus where it can
control DNA transcription. Therefore, we wanted to observe
if Cur could inhibit the LPS-induced phosphorylation of IxBa
and subsequent nuclear translocation of NF-xB (p65). Our
results showed that treating VSMCs with LPS (1 pg/mL) for
24 h significantly increased IxBa phosphorylation and deg-
radation, and also heightened nuclear translocation of NF-xB
(p65). Cur worked to inhibit IxkBa phosphorylation and deg-
radation, and also reduced the nuclear translocation of NF-xB
(p65) in a concentration-dependent manner (Figure 7).
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Figure 4. Relationship between Cur’s inhibitory effects on LPS-induced inflammation and TLR4 in VSMCs. VSMCs were pretreated with the indicated
concentration of Cur (5, 10, or 30 pmol/L) for 1 h, and then treated with LPS (1 ug/mL) for another 24 h. The levels of TLR4 mRNA and TLR4 protein
were respectively analyzed by quantitative real-time PCR and Western blotting (A and B). VSMCs were pretreated with or without the anti-TLR4 antibody
(5 pg/mL) for 1 h before adding Cur (30 pug/mL) for 1 h, and subsequently treated with LPS (1 ug/mL) for 24 h. The conditioned media were collected

to measure the concentration of MCP-1 (C), TNF-a (D), and NO (E); intracellular ROS production was measured by DCHF-DA method (F).
°P<0.01 vs control; 'P<0.01 vs LPS; "P<0.05, 'P<0.01 vs LPS+anti-TLR4; 'P<0.01 vs

presented as mean+SEM of three independent experiments.
LPS+Cur.

Effect of MAPK and NF-kB inhibitors on LPS-induced over-
expression of inflammatory cytokines and NO

As shown previously, Cur inhibited the activation of MAPK
signaling molecules and the nuclear translocation of NF-«B.
To observe the role that MAPKs and NF-xB (p65) played
in LPS-induced overexpression of inflammatory cytokines
and NO, inhibitors of MAPKs and NF-xB (p65) were used in
VSMC culture conditions. ELISA and NO assays quantified
the effects of these inhibitors. The ERK inhibitor PD98059,
the p38 MAPK inhibitor SB203580, and the NF-xB inhibitor
PDTC, all inhibited the expression of inflammatory cytokines
and NO in LPS-induced VSMC. In combination with Cur,
their inhibitory effects were synergistically strengthened. The
only inhibitor that did not suppress inflammatory cytokines
or NO was SP600125, a JNK inhibitor. These results indicate
that ERK, p38 MAPK, and NF-xB (p65) may play a critical role
in the LPS-induced inflammation process, and using Cur can
significantly suppress this inflammation (Figure 8).

Discussion
In the present study, we have shown that Cur is capable of
attenuating LPS-induced overexpression of NO, MCP-1, and
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TNF-a in VSMCs in vitro. We have demonstrated that Cur’s
ability to inhibit LPS-induced inflammation works by reduc-
ing overexpression of TLR4, suppressing nuclear translocation
of NF-kB-interfering with the MAPK signaling pathway, and
curtailing the overexpression of intracellular ROS, which is an
important secondary messenger that triggers inflammatory
responses. These findings exhibit a novel linkage between
Cur’s anti-inflammatory effect and TLR4-mediated inflamma-
tory signaling pathway in LPS-induced VSMCs, which expand
the understanding of Cur’s anti-inflammatory activities and
outline potential molecular mechanisms that explain Cur’s
protective cardiovascular effects.

Numerous papers have demonstrated that atherosclerosis
can be caused by multiple factors and that long-lasting, low-
grade inflammatory responses play an important role in the
progression of atherosclerosis and plaque instability !,
MCP-1 is a powerful monocyte chemoattractant cytokine, that
can recruit monocytes or macrophages into the tunica intima

and media of arteries walls®®”

. TNF-a, regarded as a potent
pro-inflammatory mediator, can increase the production of
other inflammatory cytokines, encourage the expression of

adhesion molecules, and accelerate VSMCs apoptosis, which
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Figure 5. Effect of Cur on LPS-induced intracellular ROS production and p47°"™ expression in VSMCs. Cell were pretreated with Cur (5, 10, or 30 umol/
L) for 200 min, and then incubated with 1 ug/mL LPS for another 2 h. Some cells were treated with Cur (30 pmol/L) alone for 2 h. The intracellular
ROS levels were determined by DCFH oxidation (A). Cells were treated with Cur in the presence or absence of LPS (1 ug/mL) for 9 h. The expression of
p47°" was detected by Western blotting (B). VSMCs were pretreated with or without DPI (20 pmol/L) for 1 h before the addition of Cur (30 pg/mL) for
1 h, and subsequently treated with LPS (1 pg/mL) for 2 h. The conditioned media were collected to measure the concentration of MCP-1 (C), TNF-a (D),
and NO (E). Each bar represents the means+SEM of three independent experiments. °P<0.01 vs control; °P<0.05, P<0.01 vs LPS; "P<0.05, 'P<0.01 vs
LPS+anti-TLR4; 'P<0.01 vs LPS+Cur.
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Figure 6. Effect of Cur on phosphorylation of the MAPK signaling pathway in LPS-stimulated VSMCs. Cells were pretreated with the indicated
concentration of Cur (5, 10, and 30 pymol/L) for 1 h, and then stimulated with LPS (1 pg/mL) for 30 min. Some cells were treated with Cur (30 ymol/L)
alone for 30 min. Western blot analysis was subsequently used to detect the expression of ERK, p38 MAPK, and JNK. Phosphorylated proteins were
also detected. Cur suppressed LPS-induced phosphorylation of ERK, p38 MAPK, and JNK in VSMCs. Data are presented as mean+SEM of three
independent experiments. °P<0.01 vs control; °P<0.05, ‘/P<0.01 vs LPS.

strongly promote progression of atherosclerosis and plaque and TNF-a are still regarded as two classic and powerful
instability®>". Although interlerkin (IL-6), C-reactive pro- cytokines to trigger the inflammation within atherosclerotic
tein, or other pro-inflammatory cytokines have been proved plaques. LPS promotes inflammatory and immune responses
to promote the progression of atherosclerosis recently, MCP-1  via activation of almost all immune system cells, such as mac-
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rophages, mast cells, monocytes and VSMCs, which can cause
over inflammation within atherosclerotic plaques. In VSMCs,
LPS has been shown to induce the overexpression of many
pro-inflammatory cytokines, including TNF-a, nitric oxide
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synthase, and MCP-1%3"*. Cur has been found to inhibit
LPS-induced overexpression of vascular cell adhesion mol-
ecule-1 (VCAM-1), which plays a critical role in inflammatory
responses within atherosclerotic plaques by regulating the



adhesion of macrophages to endothelial cells in order to sup-
press inflammation™!. In our study, we found that LPS mark-
edly increased the expression of TNF-a and MCP-1 in VSMCs,
which is consistent with findings in previous reports. More
important, Cur effectively inhibited LPS-induced overexpres-
sion of pro-inflammatory cytokines in a concentration-depen-
dent manner. Additionally, some studies have demonstrated
that Cur also inhibits ox-LDL-, TNF-a-, or PMA-induced
inflammation in different cell types, so we believe that Cur’s
anti-inflammatory effect is multiple, and not specially LPS-
dependent!* ™,

Although endothelial cell production of NO expression by
the enzyme ecNOS has been found to mitigate endothelial cell
dysfunction, which is beneficial in preventing atherosclero-
sis™, high NO production is known to promote atherosclero-
sis via increasing oxidative stress. Oxidative stress increases
when overabundant NO reacts with superoxide to form per-
oxynitrite, a powerful oxidizing agent®. Peroxynitrite has the
ability to modify numerous intracellular proteins and lipids®.
An especially destructive modification is the nitrosylation
of tyrosines, which can lead to the blockage of intracellular
transcription signals by interfering with the normal phospho-
rylation and dephosphorylation activities required for signal
propagation through various pathways, including the NF-«xB
and MAPK signaling pathways™.. In vivo experiments using
ApoE”" mice having reduced levels of iNOS reported fewer
instances of atherosclerosis and lower levels of plasma lipid
peroxides than mice with normal iNOS levels. Furthermore,
ONO1714, a selective inhibitor of iNOS, was found to retard
atherosclerosis induced by a high-cholesterol diet?™ *. These
results imply that inhibiting the overexpression of iNOS and
the subsequent overproduction of NO may help slow the pro-
gression of atherosclerosis. In our experiment, we found that
Cur remarkably inhibited NO generation in LPS-stimulated
VSMCs, while also reducing the amount of iNOS (and iNOS
mRNA) present within LPS-induced VSMCs. These results
indicate that Cur can effectively downregulate iNOS-mediated
NO production in LPS-stimulated VSMCs, highlighting a
novel molecular mechanism by which Cur may produce anti-
atherosclerotic effects.

LPS upregulates the expression of TLR4, which accelerates
the progression of atherosclerosis and increases plaque insta-
bility through the TLR4-mediated inflammatory signaling
pathway, in turn producing many types of pro-inflammatory
cytokines*l. The expression of TLR4 has been observed to
increase in human atherosclerotic plaques. An in vivo study
in mice further supported this finding: a genetic deficiency of
TLR4 in high-fat fed ApoE”" mice led to a decrease in athero-
sclerotic plaque area and greater plaque stability" . In addi-
tion, the activation of TLR4 signaling may play a part in the
overexpression of NO in LPS-induced VSMCs"?. In our study,
we first observed that Cur inhibited LPS-induced overexpres-
sion of TLR4 (and TLR4 mRNA) in VSMCs. Our data also
indicate that a TLR4-specific monoclonal antibody was able to
partially suppress LPS-induced inflammatory responses; add-
ing Cur resulted in even further suppression. These results
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suggest that TLR4, a specific receptor for LPS, was involved in
the mechanism by which Cur inhibits LPS-induced inflamma-
tion, specifically inhibiting overproduction of MCP-1, TNF-q,
and NO in VSMCs.

During an inflammation response, the phosphorylation
of intracellular signaling pathways followed by activation
of transcription factors often triggers the overexpression of
proinflammatory mediators. The phosphorylation of MAPKs
(ERK1/2, p38 MAPK, and JNK1/2), which are signaling mol-
ecules involved in upstream regulation of several transcrip-
tion factors, has been observed to increase in LPS-stimulated
VSMCs!®!. Meng et al reported that the activation of NF-xB
was also partially dependent on the phosphorylation of
MAPKs™*!. NF-«B upregulates the expression of various pro-
inflammatory cytokines and enzymes by binding with DNA
and controlling the transcription of target genes, but only
when NF-kB is activated and translocated into the nucleus.
NF-xB is normally located in the cytosol and complexed with
IxBa, which renders NF-xB inactive. When IxBa is phospho-
rylated, it degrades, allowing NF-xB to become active and
translocate to the nucleus. Recently, it has been found that in
VSMCs Cur inhibits oxLDL-induced phosphorylation of the
MAPK signaling pathway, which in turn inhibits the activa-
tion of NF-xB". Our data support these previous studies. We
found that Cur powerfully inhibited the phosphorylation of
ERK1/2, p38 MAPK, and JNK1/2, and suppressed the deg-
radation of IxBa as well as the nuclear translocation of NF-xB
(p65) in LPS-stimulated VSMCs. Experiments involving selec-
tive inhibitors of ERK1/2, p38 MAPK, and NF-xB showed the
same inhibitory effect on LPS-induced inflammation as Cur.
When used together, Cur and the selective inhibitors reduced
inflammation even more. These results indicate that the
ERK1/2, p38 MAPK, and NF-«kB pathways are involved in the
overproduction of inflammatory proteins in LPS-stimulated
VSMCs.

The common risk factors for atherosclerosis, such as smok-
ing, hypercholesterolemia, and hypertension, are known to
cause overexpression of ROS in VSMCs, which triggers mul-
tiple pathological responses related to atherosclerosis, such
as the proliferation and migration of VSMCs, oxidation of
lipids, and overproduction of pro-inflammatory cytokines.
Our data show that LPS significantly increased intracellular
ROS production, in accordance with previous studies. When
pretreated with Cur, we observed that Cur effectively attenu-
ated the LPS-induced increase of intracellular ROS and exhib-
ited potent free radical scavenging activity. ROS have been
observed to participate in the TLR4-mediated inflammatory
signaling pathway®. In our study, we inhibited the action
of NADPH oxidase, which produces ROS, using DPI. We
found that DPI-inhibition of NADPH oxidase attenuated LPS-
induced inflammation in VSMCs, an effect that was strength-
ened when DPI was used in combination with Cur. These
results suggest that ROS, acting as a secondary messenger,
trigger the activation of TLR4-mediated signaling. Therefore,
targeting ROS is a key mechanism by which Cur produces its
anti-inflammatory effects on LPS-induced VSMCs.
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Recently, many groups have focused on the pathological
effects of the membrane-associated enzyme NADPH oxidase,
which is a major producer of intracellular ROS in the cardio-
vascular system. Many cell types in the cardiovascular sys-
tem exhibit NADPH oxidase-dependent activity, including
VSMCs, cardiomyocytes, cardiac fibroblasts, and endothelial
cells™®l. Tt is well known that p47°" is an important subunit
of NADPH oxidase’s cytosolic component. Furthermore,

excessive NADPH oxidase activity, caused by proinflam-

phox [47]

matory stimuli, can further increase p477"** expression
Results from in vivo studies using ApoE”" mice (fed a high-fat
diet) with dysfunctional p47°"* have reported smaller areas
of atherosclerotic plaques compared to mice with normally
functioning p477"*l. Several other studies reported that the
inhibitory effects of Cur on LPS-induced intracellular ROS
production depend on the suppression of NADPH oxidase
expression!*” >, These results indicate that NADPH oxidase
plays an important role in inflammatory responses that are
induced by diverse stimuli. Our data show that Cur signifi-
cantly inhibited LPS-induced overproduction of p47°"* in
VSMCs, and that pretreatment with DPI, a selective NADPH
oxidase inhibitor, also had an inhibitory effect. These results
indicate that Cur’s suppressive effect on the generation of
intracellular ROS is associated with the activity of NADPH
oxidase. In addition to NADPH oxidase, the mitochondrial
electron chain also participates in the formation of intracellu-
lar ROS. Therefore, it might be interesting to determine if Cur
affects other related signaling pathways during inhibition of
LPS-induced intracellular ROS production in VSMCs.

In conclusion, our results indicate that Cur attenuates LPS-
induced overexpression of MCP-1, TNF-a, and NO. Cur’s
ability to inhibit the inflammatory response may depend, in
part, on suppressing the activation of TLR4, inhibiting phos-
phorylation of ERK1/2 and p38 MAPK, preventing nuclear
translocation of NF-xB, and reducing NADPH-mediated
intracellular ROS production. In general, the present study
provides a beneficial experimental basis for using Cur as a
therapeutic agent to treat chronic inflammatory diseases such
as atherosclerosis.
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