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Curcumin inhibits angiotensin II-induced inflammation and
proliferation of rat vascular smooth muscle cells by elevating
PPAR-y activity and reducing oxidative stress
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Abstract. Angiotensin II (Angll)-induced production of
inflammatory factors and proliferation in vascular smooth
muscle cells (VSMCs) play an important role in the progression
of atherosclerotic plaques. Growing evidence has demonstrated
that activation of peroxisome proliferator-activated receptor-y
(PPAR-v) effectively attenuates Angll-induced inflammation
and intercellular reactive oxygen species (iROS) produc-
tion. Curcumin (Cur) inhibits inflammatory responses by
enhancing PPAR-y activity and reducing oxidative stress in
various tissues. The aim of the present study was to ascertain
whether Cur inhibits Angll-induced inflammation and prolif-
eration, and its underlying molecular mechanism, in VSMCs.
Enzyme-linked immunosorbent assay (ELISA) and real-time
PCR were used to measure the protein and mRNA expression
of interleukin-6 (IL-6) and tumor necrosis factor-o. (TNF-a).
Nitric oxide (NO) production was measured by Griess reaction.
Western blot analysis and a DNA-binding assay were used to
measure PPAR-y activity. iROS production was measured
using the DCFH-DA method. In rat VSMCs, Cur attenuated
Angll-induced expression of IL-6 and TNF-oo mRNA and
protein in a concentration-dependent manner, inhibited NO
production by suppressing inducible NO synthase (iNOS)
activity, and suppressed proliferation of VSMCs. This was
accompanied by increased PPAR-y expression and activation
in Cur-pretreated VSMCs. GW9662, a PPAR-y antagonist,
reversed the anti-inflammatory effect of Cur. Moreover, Cur
attenuated Angll-induced oxidative stress by downregulating
the expression of p47phox, which is a key subunit of nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase. In
conclusion, Cur inhibited the expression of IL-6 and TNF-a,
decreased the production of NO, and suppressed the prolifera-
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tion of VSMCs, by elevating PPAR-vy activity and suppressing
oxidative stress, leading to attenuated Angll-induced inflam-
matory responses in VSMCs.

Introduction

Changing life styles in China have contributed to a rise in
atherosclerosis resulting in coronary heart disease (CHD),
causing serious morbidity and mortality (1). Growing evidence
has revealed that long-lasting and low-grade inflammation
is a key cause of the progression of atherosclerosis (2,3).
The abnormal proliferation of vascular smooth muscle cells
(VSMCs) and their expression of various pro-inflammatory
cytokines such as interleukin-6 (IL-6) and tumor necrosis
factor-a (TNF-a) play an important role in the process
of inflammation within atherosclerotic plaques (4,5).
Angiotensin II (AnglII), which is increased significantly in the
serum of patients with acute coronary syndrome (ACS), may
promote the process of atherosclerosis and plaque rupture by
recruiting monocytes, activating macrophages, producing pro-
inflammatory factors and causing oxidative stress (6,7). More
importantly, these pro-atherosclerotic effects of Angll do not
depend on the elevation of systolic blood pressure.

Peroxisome proliferator-activated receptor-y (PPAR-vy), a
member of the nuclear hormone family, plays a critical role
in regulating glucose homeostasis and adipose metabolism.
After activation, PPAR-y binds to specific PPAR response
elements (PPREs) and then regulates the transcription of its
target genes (8,9). In recent years growing evidence has shown
that the activity of PPAR-y may potentially downregulate
inflammatory responses caused by various proinflammatory
stimuli (10-12). Moreover, PPAR-y also participates in the
production of Angll-induced proinflammatory factors by
VSMC s, and thiazolidinediones (TZDs), synthetic PPAR-y
agonists, may significantly inhibit this inflammatory
effect (13). PPAR-y also plays an important role in regulating
VSMC proliferation which can significantly affect the process
of cardiac fibrosis (14).

Oxidative stress, characterized by the overproduction
of intercellular reactive oxygen species (iROS), can trigger
multiple pathological responses related to atherosclerosis,
including oxidation of lipids and proteins, proliferation and
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migration of VSMCs, and overexpression of proinflammatory
cytokines (15). Common risk factors for atherosclerosis such as
hypertension, hypercholesterolemia, obesity and smoking may
enhance the production of ROS in VSMCs. NADPH activa-
tion is the principle cause of ROS production by VSMCs (16).
Previous studies have revealed that inhibition of the activation
of NADPH reduced high-fat diet-induced increase in the area
of atherosclerostic plaques in ApoE” mice (17,18), compared
with the control group.

Curcumin (Cur) is a natural polyphenol and is the principal
curcuminoid present in Curcuma longa. Cur is responsible
for the yellow color of turmeric and has been used in herbal
remedies to treat inflammation- and infection-related diseases
in China and India since ancient times (19). Cur has many phar-
macological effects including anti-inflammatory, antioxidant,
anti-microbial, anti-proliferative, neuroprotective and cardio-
protective activities (5,14,20,21). Recently, some studies have
found that Cur attenuates the progression of atherosclerosis
by inhibiting pro-inflammatory cytokine expression and ROS
production, in vivo and in vitro (5,22). Our previous study found
that Cur inhibited LPS-induced inflammation through a TLR4-
mediated and ROS-relative signaling pathway in VSMCs (5).
Furthermore, Cur attenuates cardiac fibrosis by elevating
PPAR-vy activation (14). However, the molecular mechanisms
underlying the anti-inflammatory and anti-proliferative effects
of Cur in AnglI-stimulated VSMCs are not well known.

Therefore, our present study aimed to ascertain whether Cur
can suppress Angll-induced expression of pro-inflammatory
mediators and whether its cardioprotective effect is partially
dependent on PPAR-y activity and a reduction in oxidative stress.

Materials and methods

Reagents. Dulbecco's modified Eagle's medium (DMEM)
and fetal bovine serum (FBS) were provided by Gibco-BRL
(Carlsbad, CA, USA). Curcumin (purity over 98%),
penicillin, streptomycin, Tris, EDTA, 2',7'-dichlorodihydrofluo-
rorescein diacetate (DCFH-DA), diphenyleneiodonium (DPI),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), GW9662, and 2,2-diphenyl-1-picrylhydrazyl (DPPH)
were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). The following primary antibodies were used: PPAR-y
(GW21258-50UG; Sigma Chemical Co.), p47phox (4312S; Cell
Signaling Technology., Inc., Danvers, MA, USA), inducible
NO synthase (iNOS; xy-2977; Xin Yu Biotech Co., Shanghai,
China) and histone (orb48770; Biorbyt Ltd., Cambridge, UK) .
TranZol, TransStrat Green qPCR SuperMix, EasyScript Reverse
Transcriptase and the B-actin antibody (VSC47778; www.
biomart.cn) were purchased from TransGen Biotechnology
(Beijing, China). IL-6 and TNF-a enzyme-linked immunosor-
bent assay (ELISA) kits were purchased from Thermo Fisher
Scientific (Rockford, IL, USA).

VSMC culture. The present study was approved by the Ethics
Committee of the Laboratory Animal Institute in the School
of Medicine at Zhengzhou University, and 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
(weighing 150-180 g) were purchased from the Laboratory
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Animal Institute in the School of Medicine at Zhengzhou
University. VSMCs were isolated from the thoracic aorta of rats,
according to a previously described method (23). Cells were
cultured in DMEM containing 20% FBS, 100 U/ml penicillin
and 100 pg/ml streptomycin in a humidified atmosphere of
5% CO, at 37°C. Cells that were between passage 3 and 10 were
used for all experiments. Cells at 80-90% confluence in culture
dishes were growth-arrested by serum starvation for 16 h.

Cell proliferation assay. Cells were planted at a density of
6,000 cells/well in 96-well plates. An MTT reduction assay
and cell count experiments were used to determine the amount
of cell proliferation. After the indicated treatments, the
medium was removed and the cells were incubated with MTT
(5 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). Cell count experiments
were performed as previously described. Cells were counted
by a hemocytometer using light microscopy.

Real-time reverse-transcriptase polymerase chain reaction.
Total RNA was extracted by TransZol reagent (TransGen
Biotechnology). The quality of total mRNA was measured
by denaturing agarose gel electrophoresis containing
1.5% formaldehyde. Total RNA concentration and purity were
determined using UV-Vis spectroscopy with the Bio-Rad
SmartSpec 5000 system (Bio-Rad). cDNA was synthesized
from 1 pg of total RNA in a 20 pl reaction using oligo(dT),s
primers and TransScript™ reverse transcriptase (TransGen
Biotechnology). Primers for rat PPAR-y, TNF-a, IL-6,
iNOS, p47phox and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) were designed using Beacon designer v6.0
software (Premier Biosoft, Palo Alto, CA, USA) and are
listed in Table I. GAPDH was used as an endogenous control.
mRNA levels of PPAR-y, TNF-a, IL-6, iNOS and GAPDH
were measured using real-time PCR on the ABI PRISM 7000
sequence detection PCR system (Applied Biosystems, Foster
City, CA, USA). A melting point dissociation curve was used
to confirm that only a single PCR product was obtained.
Results were expressed as fold difference relative to the level
of GAPDH by the 2-24°T method.

Western blot analysis. Lysates of ~6x105 VSMCs were
prepared using 200 ul 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 nuclear
PPAR-y protein was extracted using a Pierce NE-PER kit
(Pierce, Rockford, IL, USA). The protein concentration was
measured using a BCA protein assay kit. Samples under-
went 10 or 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and were transferred onto a
polyvinylidene difluoride membrane in a semi-dry system,
which was blocked with 5% fat-free milk in TBST buffer
(20 mmol/1 Tris-HCI, 137 mmol/l NaCl and 0.1% Tween-20),
and incubated with primary antibodies recognizing PPAR-y
(1:400), iNOS (1:500), p47phox (1:400), histone (1:1,000),
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and B-actin (1:2,000), respectively, in TBST buffer overnight,
washed and incubated with secondary antibodies for 90 min.
The optical density of the bands was scanned and quanti-
fied using a Gel-Pro Analyzer v4.0 (Media Cybernetics LP,
Silver Spring, MD, USA). B-actin was used as an endogenous
control. Data were normalized to -actin levels.

Enzyme-linked immunoassay for cytokines and chemokines.
VSMCs were cultured into 6-well plates at 5x10° cells/well
and incubated with Cur (5, 10 and 20 gmol/l) (14) with or
without AngII (107 mol/l) for 24 h. Cells were pretreated with
the PPAR-y antagonist GW9662 (10 gmol/l) and the NADPH
oxidase inhibitor DPI (25 ymol/I) for 1 h, and then stimulated
with AngII (107 mol/l) for another 24 h. The amounts of
TNF-a and IL-6 in the supernatants were measured by ELISA
according to the manufacturer's instructions.

Measurement of nitrite. The Griess reaction was used to deter-
mine the level of nitrite, a stable precursor of NO (24). Fifty
microliters of the culture supernatant was mixed with an equal
volume of Griess reagent (0.1% naphthyl-ethylenediamine,
1% sulfanylamide and 2.5% phosphoric acid). Absorbance was
measured on a microplate reader at 540 nm, using a calibration
curve with sodium nitrite standards.

Intracellular ROS assay. The level of intracellular ROS
was measured using 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 Hank's balanced salt solu-
tion (HBSS) to give a final DCFH concentration of 20 gmol/I.
The cells were incubated with DCFH-DA for 1 h and then
treated with HBSS containing Cur (5, 10 or 20 gmol/l) or
AnglII (107 mol/l) for another 100 min. The fluorescence
was immediately measured using 485 nm for excitation and
528 nm for emission on the iMark™ microplate absorbance
reader (Bio-Rad).

Stable free radical scavenging activity. Stable free radical
scavenging activity was detected using the method reported
by Jeong et al (25). Briefly, 100 gmol/l of DPPH radical solu-
tion was dissolved in 100% ethanol. The mixture was shaken
vigorously and allowed to stand for 10 min in the dark. The
test materials (100 ul each) were added to 900 ul 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.

Statistical analysis. The significance between groups was
analyzed using ANOVA, and the difference between each
of the 2 groups was detected using the post hoc test using
‘Statistic version 8.0” (Statsoft Inc., Tulsa, OK, USA) software.
Data are presented as mean =+ standard deviation (SD). A value
of P<0.05 was considered to be statistically significant.

Results
Cur inhibits IL-6 and TNF-a expression in Angll-stimulated

VSCMs. VSMCs express a number of pro-inflammatory
cytokines in response to different stimuli, which can dramati-
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Table I. Primers used for real-time PCR analysis.

Gene Oligonucleotide primer sequences (5'-3")
IL-6 F: GAGAAAAGAGTTGTGCAATGGC
R: ACTAGGTTTGCCGAGTAGACC
TNF-a F: TCCCAACAAGGAGGAGAAGT
R: TGGTATGAAGTGGCAAATCG
p47phox F: GAGACATACCTGACGGCCAAAGA
R: AGTCAGCGATGGCCCGATAG
iNOS F: CCACGCTCTTCTGTCTACTGAAC
R: ACGGGCTTGTCACTCGAG
GADPH F: ATCGGCAATGAGCGGTTCC

R: AGCACTGTGTTGGCATAGAGG

F, forward; R, reverse; IL-6, interleukin-6; TNF-a, tumor necrosis
factor-a; iNOS, inducible nitric oxide synthase; GADPH, glyceralde-
hyde 3-phosphate dehydrogenase.

cally promote the progression of atherosclerotic plaques. As
shown in Fig. 1, stimulation of VSMCs with AngII (10”7 mol/l)
for 24 h caused a significant increase in the production of
IL-6 and TNF-a. However, pretreatment with Cur attenu-
ated AnglI-induced production of IL-6 and TNF-a in a
concentration-dependent manner (Fig. 1A and B). Moreover,
Cur also dose-dependently decreased the mRNA expression of
IL-6 and TNF-a in AnglI-stimulated VSMCs (Fig. 1C and D).
Treatment with Cur (20 gmol/l) did not affect the expression
of IL-6 and TNF-a (Fig. 1).

Cur attenuates Angll-induced NO production and iNOS
expression. Cur markedly attenuated Angll-induced NO
production in a concentration-dependent manner, but did
not change NO production in the absence of AngllI stimula-
tion (Fig. 2A). Furthermore, Angll significantly increased the
protein and mRNA expression of iNOS in VSMCs, which
was concentration-dependently attenuated by Cur. Treating
VSMCs with only Cur had no affect on the expression of iNOS
mRNA and protein (Fig. 2B and C). These results indicated
that Cur attenuated Angll-induced NO production in VSMCs,
which was partly due to inhibition of iNOS activity.

Cur inhibits Angll-induced proliferation of VSMCs. As shown
in Fig. 3, treating VSMCs with AngII (10”7 mol/l) for 24 h
significantly increased their proliferation, while pretreating
the cells with Cur (5, 10 and 20 gmol/l) suppressed this effect.
However, treatment with Cur (20 ymol/l) alone did not affect
the proliferation of VSMCs (Fig. 3).

Cur reduces Angll-induced free radical production in VSMCs.
The free radical scavenging activity of Cur in AnglI-stimulated
VSMCs was measured using the DPPH reduction assay. Cur
concentration-dependently scavenged the DPPH free radical
caused by ROS in the Angll-stimulated VSMCs (Fig. 4). The
results indicated that Cur exhibited free radical scavenging
activity in the AnglI-stimulated VSMCs.
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Figure 1. Inhibitory effect of curcumin (Cur) on angiotensin II (AnglI)-induced expression of interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-ao) in
vascular smooth muscle cells (VSMCs). VSMCs were pretreated with the indicated concentrations of Cur (5, 10 and 20 gmol/1) for 1 h, and then stimulated with
AngII (107 mol/1) for another 24 h. Some cells were treated with Cur (20 gmol/1) alone for 24 h. The culture medium was collected and the levels of (A) IL-6
and (B) TNF-a were measured with commercial enzyme-linked immunosorbent assay (ELISA) kits. Total RNA was abstracted after the same treatment for
6 h, the levels of (C) IL-6 and (D) TNF-a mRNAs were detected by quantitative real-time PCR. Data are presented as mean + SEM of six independent experi-
ments. “P<0.001 vs. control; ““P<0.001 and “"P<0.01 vs. AnglIl.
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Figure 2. Inhibitory effect of curcumin (Cur) on angiotensin II (Angll)-induced nitric oxide (NO) production and inducible NO synthase (iNOS) expression
in vascular smooth muscle cells (VSMCs). VSMCs were pretreated with the indicated concentrations of Cur (5, 10 and 20 gmol/l) for 1 h, and then stimulated
with AngII (107 mol/1) for another 24 h. Some cells were treated with Cur (20 gmol/1) alone for 24 h. (A) The cell supernatants were collected to measure the
NO production. VSMCs were pretreated with the indicated concentrations of Cur (5, 10 and 20 gmol/l) for 1 h, and then stimulated with AngII (107 mol/1) for
another 6 or 24 h. Some cells were treated with Cur (20 gmol/l) alone for 6 h or 24 h. The levels of protein (B) and mRNA (C) of iNOS were respectively ana-
lyzed by western blot analysis after normalization to 3-actin, and quantitative real-time PCR, in which glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as an internal control. Data are presented as mean + SEM of six independent experiments. “P<0.001 vs. control; ““P<0.001 and “P<0.01 vs. AngIl.

Cur elevates the expression and activity of PPAR-y in  was extracted and analyzed by western blot analysis and
Angll-stimulated VSMCs. To evaluate the expression and  DNA-binding assay. As shown in Fig. 4, treating the cells with
translocation of PPAR-vy into the nucleus, nuclear protein  AngII (107 mol/l) for 24 h markedly decreased the expression
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Figure 3. Curcumin (Cur) inhibits angiotensin II (AnglI)-induced vascular smooth muscle cell (VSMC) proliferation. VSMCs were pretreated with the
indicated concentrations of Cur (5, 10 and 20 gmol/1) for 1 h, and then stimulated with AngIT (107 mol/l) for another 24 h. Some cells were treated with
Cur (20 gmol/l) alone for 24 h. MTT assay (A) and cell counting (B) were used to measure VSMC proliferation. Data are presented as mean + SEM of six
independent experiments. “P<0.001 vs. control; ““P<0.001 and “P<0.01 vs. AngII.

Free radical production

control  Angll 5 10 20

DPPH+Cur (pmolil)

Figure 4. Inhibitory effect of curcumin (Cur) on angiotensin II (AngII)-
induced free radical scavenging activity in vascular smooth muscle
cells (VSMCs). 2,2-Diphenyl-1-picrylhydrazyl (DPPH) at the concentration
of 100 pmol/l was soluted in 100% ethanol, and then incubated alone or with
Cur (5, 10 and 20 gmol/l) for 30 min at the room temperature. The absor-
bance at 517 nm was measured using the SPECTRA (shell) reader. Data are
presented as mean = SEM of six independent experiments. “P<0.001 vs. con-
trol; ““P<0.001 and “P<0.01 vs. AnglI.

of PPAR-vy in the nucleus and blocked its ability to bind the
DNA response element PPRE. However, pretreating the cells
with Cur significantly increased both PPAR-vy translocation
and bound PPRE in a concentration manner, compared with
the Angll-treated cells (Fig. 5). Moreover, exposure to Cur
(20 umol/1) alone for 24 h caused an increase in the nuclear
expression and activity of PPAR-y in the VSMCs, compared
with the control cells (Fig. 5). These results indicated that Cur
may be a potential promoter of PPAR-y activity in AnglI-
stimulated VSMCs.

Relationship between PPAR-y and the anti-inflammatory
and anti-proliferative effect of Cur in VSMCs. To evaluate
whether the anti-inflammatory and anti-proliferative effects
of Cur are dependent upon PPAR-y, VSMCs were pretreated
with GW9662 (10 ymol/l), an antagonist of PPAR-v, for
1 h, treated with Cur (20 gmol/l) for 1 h, and then exposed
to AngII (107 mol/l) for another 24 h. As shown in Fig. 6,
compared with the control cells, AnglI significantly increased

the production of IL-6, TNF-a and NO (Fig. 6A-C), but this
was significantly attenuated by Cur treatment. The PPAR-y
antagonist GW9662 significantly reversed the inhibi-
tory effect of Cur on the Angll-induced inflammation in
VSMCs (Fig. 6A-C). As shown in Fig. 6, Cur significantly
inhibited AnglI-induced proliferation of VSMCs, which was
reversed by pretreatment with GW9662 (Fig. 6D and E). The
results suggest that the activation of PPAR-y plays a key role
in Cur-mediated suppression of inflammatory factor produc-
tion. However, compared with AnglIl and Cur, pretreating
the cells with GW9662 to inhibit the activity of PPAR-vy did
not completely suppress the anti-inflammatory and anti-
proliferative effects of Cur in AnglI-stimulated VSMCs,
which suggests that other PPAR-y-independent molecular
mechanisms may partially contribute to these effects.

Cur suppresses Angll-induced iROS production and
p47phox expression in VSMCs. The increase in iROS during
inflammation causes various pathological responses such
as the expression of pro-inflammatory cytokines, prolif-
eration of VSMCs, and oxidation of lipids, which promotes
the progression of atherosclerosis. According to our data,
treating VSMCs with AngII (107 mol/1) for 24 h significantly
increased iROS production, and pretreatment with Cur
concentration-dependently attenuated this effect (Fig. 7A).
p47phox is an important component of NAPDH oxidase
which is the main source of iROS production in VSMCs.
As shown in Fig. 7, Cur concentration-dependently
suppressed Angll-induced expression of p47phox mRNA
and protein (Fig. 7B and C).

Relationship between oxidative stress and the anti-inflam-
matory and anti-proliferative effects of Cur on VSMCs. To
evaluate whether the increase in iROS was related to the anti-
inflammatory and anti-proliferative effect of Cur in VSMCs,
cells were pretreated with or without DPI (25 gmol/l), an
antagonist of NADPH oxidase, for 1 h before treatment
with Cur (20 gmol/l) for 1 h, and then incubated with AnglI
(107 mol/1) for 24 h. Our data indicated that Cur and DPI both
partially inhibited AngllI-induced expression of IL-6 (Fig. 8A),
TNF-a (Fig. 8B) and NO (Fig. 8C) in VSMCs. Pretreatment
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PPAR-y DNA-binding activity

Figure 5. Curcumin (Cur) elevates the expression and activity of peroxisome proliferator-activated receptor-y (PPAR-y) in angiotensin II (AnglI)-stimulated
vascular smooth muscle cells (VSMCs). VSMCs were pretreated with the indicated concentrations of Cur (5, 10 and 20 gmol/l) for 1 h, and then stimulated
with AngII (107 mol/I) for another 24 h. Some cells were treated with Cur (20 gmol/1) alone for 24 h. (A) The nuclear protein was abstracted and then western
blot analysis was used to measure the expression of PPAR-y, in which histone was used as an internal control. (B) The activity of PPAR-y was measured by the
DNA-binding assay. Data are presented as mean = SEM of six independent experiments. “P<0.001 vs. control; ““P<0.001 and “P<0.01 vs. AnglI.
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Figure 6. Activation of peroxisome proliferator-activated receptor-y (PPAR-vy) partially contributes to the anti-inflammatory and anti-fibrotic effect of cur-
cumin (Cur). Vascular smooth muscle cells (VSMCs) were pretreated with PPAR-y antagonist GW9662 (10 ymol/1), Cur (20 pmol/1), or GW9662 (10 xmol/l)
+ Cur (20 gmol/1) for 1 h, and then stimulated with angiotensin IT (AngII) (107 mol/l) for another 24 h. The expression of interleukin-6 (IL-6) (A) and tumor
necrosis factor-o (TNF-a) (B) was measured by enzyme-linked immunosorbent assay (ELISA) assay. Nitric oxide (NO) production was detected by Griess
assay (C). The proliferation of VSMCs was measured by MTT (D) assay and cell counting (E). Data are presented as mean + SEM of three independent
experiments. "P<0.001 vs. control; ““P<0.001 and "P<0.05 vs. AngII; "“P<0.001 vs. AngII+Cur.

with a combination of Cur and DPI synergistically inhibited
Angll-induced inflammation in VSMCs. Proliferation of
VSMCs was also decreased when the cells were pretreated
with Cur and DPI (Fig. 8D and E). These results suggest that
Cur inhibits Angll-induced inflammation and proliferation in
VSMCs partly through suppressing NADPH oxidase-mediated
iROS.

Discussion

In the present study, we observed that Cur concentra-
tion-dependently suppressed Angll-induced production
of TNF-a, IL-6 and NO and inhibited the proliferation of
VSMCs in vitro. Our results indicated that the inhibitory effect
of Cur on Angll-induced inflammation and proliferation of
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Figure 7. Curcumin (Cur) suppresses angiotensin II (Angll)-induced iROS production and p47phox expression in vascular smooth muscle cells (VSMCs).
VSMCs were pretreated with the indicated concentrations of Cur (5, 10 and 20 gmol/l) for 1 h, and then stimulated with AngII (107 mol/l) for another 30 min.
Some cells were treated with Cur (20 gmol/l) alone for 30 min. (A) The iROS production was detected by DCFH-DA method. The protein (B) and mRNA
(C) expression of p47phox were respectively measured by western blot analysis and real-time PCR. Data are presented as mean + SEM of three independent
experiments. “P<0.001 vs. control; ““P<0.001, “P<0.01 and "P<0.05 vs. AngII.
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Figure 8. Relationship between oxidative stress and the anti-inflammatory and anti-proliferative effect of curcumin (Cur) in vascular smooth muscle
cells (VSMCs). VSMCs were pretreated with peroxisome proliferator-activated receptor-y (PPAR-vy) antagonist DPI (25 pmol/l), Cur (20 gmol/1), or DPI
(25 umol/1) + Cur (20 umol/1) for 1 h, and then stimulated with angiotensin IT (AngII) (107 mol/1) for another 24 h. The expression of interleukin-6 (IL-6) (A)
and tumor necrosis factor-a (TNF-a) (B) was measured by enzyme-linked immunosorbent assay (ELISA) assay. Nitric oxide (NO) production was detected by
Griess assay (C). The proliferation of VSMCs was measured by MTT assay (D) and cell counting (E). Data are presented as mean + SEM of three independent
experiments. "P<0.001 vs. control; ““P<0.001 and “P<0.05 vs. AngII; "P<0.001 vs. AnglI+Cur.

VSMCs was partly dependent on enhancing PPAR-y activity
and reducing NADPH-mediated iROS production. These find-
ings show a novel relationship between the anti-inflammatory
and anti-proliferative effect of Cur and PPAR-y activation and
oxidative response in Angll-induced VSMCs, which enables
a better understanding of the molecular mechanisms of the
beneficial effect of Cur on atherosclerosis.

Although atherosclerosis is regarded as a complex patho-
logical disease, the long-lasting and low-grade inflammatory

response within the arterial walls is a critical factor that
enhances the progression of atherosclerosis and plaque insta-
bility (3). IL-6, which is elevated in the serum of patients with
ACS, is a potential pro-inflammatory factor as it increases the
release of fibrinogen and promotes platelet aggregation (26).
TNF-a enhances the progression of atherosclerosis and this
process depends upon the induction of endothelium dysfunc-
tion, inflammatory cytokine production, and the increased
apoptosis of VSMCs (26). Angll promotes inflammatory


https://www.spandidos-publications.com/10.3892/ijmm.2017.2924
https://www.spandidos-publications.com/10.3892/ijmm.2017.2924

1314

responses and oxidative stress of various cell types such as
endothelium, VSMCs, and macrophages, within atheroscle-
rotic plaques (27,28). Angll upregulates the expression of
various pro-inflammatory mediators in VSMCs including
TNF-a, MCP-1, IL-6 and nitric oxide synthase (29). In our
previous study, we demonstrated that Cur significantly
suppressed LPS-induced expression of TNF-a and MCP-1,
two mediators that also play an important role in the progres-
sion of inflammatory responses within atherosclerotic plaques
by inducing macrophage chemotaxis and cell apoptosis in
VSMCs (5). Therefore, we postulated that Cur may inhibit
Angll-induced inflammation in VSMCs. Our data showed
that Cur significantly decreased Angll-induced production
of TNF-a and IL-6, and the anti-inflammatory effect of Cur
was concentration-dependent. Previous studies have shown
that Cur also suppressed ox-LDL, TNF-a and PM A-induced
inflammation in different cell types, which indicates that the
anti-inflammatory effect of Cur is multifaceted and not only
dependent upon Angll.

The production of NO in endothelial cells by the enzyme
ecNOS is beneficial for attenuating AnglI-induced dysfunction
in endothelial cells in the initial formation of atherosclerotic
plaques (30). However, high concentrations of NO promote the
progression of atherosclerosis by enhancing intercellular ROS
production and causing significant endothelial cell dysfunc-
tion. High amounts of NO react with superoxide to become
peroxynitrite, causing oxidative stress and then increasing
intercellular ROS (31). Moreover, deficiency in iNOS is
accompanied by a decrease in NO production reducing athero-
sclerosis in apolipoprotein E-deficient mice (32). These studies
indicate that suppressing the production of NO by iNOS may
be a possible way to delay the progression of atherosclerosis.
Additionally, in our previous study, we found that Cur can
inhibit LPS-induced activity of iNOS and then suppress
production of NO in VSMCs (5). In our present experiments,
we observed that Cur suppressed Angll-induced NO produc-
tion, accompanied by a decrease in the expression of iNOS
(both protein and mRNA) in VSMCs. These results suggest
that Cur can significantly inhibit Angll-induced NO produc-
tion by suppressing the activity of iNOS in VSMCs, providing
a new molecular mechanism for the anti-inflammatory and
anti-atherosclerotic effect of Cur.

Although PPAR-y was initially thought to regulate the
metabolism of glucose and lipid, it also participates in control-
ling various physiological functions, especially inflammation
and proliferation (33). Previous studies have shown that AnglI
can inhibit PPAR-y activity, which accelerates the progression
of atherosclerosis and increases plaque instability by upregu-
lating the production of numerous types of proinflammatory
factors production (12). After treatment with AnglI, the concen-
tration of MCP-1, VCAM-1 and ICAM-1 were significantly
increased in apolipoprotein E-deficient mice (34). Moreover,
some PPAR-y agonists such as rosiglitazone and telmis-
artan can suppress Angll-induced inflammation in vivo and
in vitro (13,35). These studies suggest that increasing PPAR-y
activity inhibits AnglI-induced production of proinflammatory
factors, providing an effective method to delay the progression
of atherosclerosis and enhance plaque stability. Additionally,
Cur is a potential PPAR-y agonist. Siddiqui et al reported that
by upregulating PPAR-y, Cur inhibited inflammation in an
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experimental model of sepsis (36). Cur also suppressed the
expression of TNF-a and ameliorated renal failure by acti-
vating PPAR-y in 5/6 nephrectomized rats (37). In the liver,
Cur increased PPAR-y activity and attenuated oxidative stress
and suppressed inflammation in CCl,-induced injury and
fibrogenesis (38). Moreover, our previous study demonstrated
that Cur inhibited hypertension-induced cardiac fibrosis by
activating PPAR-y (14). In this study, we found that treating
VSMCs with AnglI increased the expression of TNF-a and
IL-6 and caused VSMC over-proliferation. This was accom-
panied by the suppression of PPAR-y, which is consistent with
previous studies. Treatment with Cur significantly attenuated
Angll-induced expression of pro-inflammatory cytokines and
VSMC proliferation by increasing PPAR-y expression and
elevating its activation. Meanwhile, the PPAR-y antagonist
GWO9662 partially reversed the anti-inflammatory and anti-
proliferative effects of Cur in Angll-stimulated VSMCs by
inhibiting PPAR-vy activation. These results suggest that the
activation of PPAR-vy, an inflammation-related nuclear tran-
scription factor, is involved in the mechanism by which Cur
suppresses Angll-induced inflammation and proliferation in
VSMCs.

Growing evidence shows that oxidative stress, character-
ized by the overexpression of intercellular ROS, plays a critical
role in the progression of atherosclerosis (15). The common
risk factors for atherosclerosis such as hypercholesterolemia,
hypertension, aging, smoking and diabetes can induce over-
production of intercellular ROS, not only in VSMCs but also
in endothelial cells and adventitial cells (39). ROS production
affects almost all of the processes of atherosclerosis, such as
lipid overload, abnormal lipid metabolism, calcium-related
signaling pathway inhibition, endoplasmic reticulum stress,
VSMC proliferation and endothelial cell dysfunction (40).
ROS cause direct cellular damage, but it can also act as poten-
tial secondary messengers that participate in the inflammatory
response (5). Therefore, we believe that there is a close relation-
ship between ROS production and inflammation. Some studies
have shown that inhibition of ROS production may be an effec-
tive way to suppress atherosclerosis (41,42). Growing evidence
indicates that Cur may be a potential scavenger of intracellular
ROS (5,43,44). In our previous study, we found that Cur can
inhibit NADPH-mediated iROS and free radical production in
LPS-stimulated VSMCs (5). In the present study, we found that
AnglI significantly increased intracellular ROS production in
VSMCs, which agrees with previous studies (13,45). Treatment
with Cur effectively attenuated the Angll-induced increase
in intracellular ROS and inhibited free radical production
by VSMCs. To detect whether the anti-inflammatory and
anti-proliferative effects of Cur are linked with inhibition
of ROS production, we pretreated the cells with DPI, a ROS
antagonist. Our results indicated that this was accompanied
by a decrease in ROS production, pro-inflammatory cytokine
release and cell proliferation in AnglI-stimulated VSMCs.
These responses were further decreased when the cells were
treated with a combination of Cur and DPI. These results
indicate that targeting ROS may be a critical mechanism by
which Cur induces its anti-inflammatory and anti-proliferative
effects on AnglI-stimulated VSMCs.

It is generally recognized that the membrane-associated
enzyme NADPH oxidase is the main source of intracellular
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ROS production in mammal cells. At present, NADPH oxidase
is expressed in almost all cell types of the cardiovascular
system, including VSMCs, cardiac fibrosis, cardiomyocytes,
and endothelial cells (16). Recent studies have focused on
the relationship between NADPH oxidase activation and
the progression of atherosclerosis (18,46). p47phox is one
of the three main subunits of the NADPH oxidase cytosolic
component (16). Stimulation of cells causes an increase in
p47phox expression and an elevation in intracellular ROS (47).
Therefore it is generally recognized that detection of p47phox
expression is an effective way to determine NADPH oxidase
activation. In vivo, a previous study revealed that impaired
p47phox function significantly reduced atherosclerotic plaque
area and attenuated plaque vulnerability caused by a high-
fat diet (compared with the ApoE” mice of normal p47phox
function) (17). These previous studies suggest that inhibition
of NADPH oxidase activation may be an effective way to
suppress the progression of atherosclerosis. Moreover, studies
have reported that the inhibitory effect of Cur on NADPH
oxidase activation may play a critical role in its antioxida-
tion by decreasing intracellular ROS production (5,48,49).
As shown by our results, the expression of p47phox was
significantly elevated after stimulation by Angll, and was
accompanied by an increase in ROS production. Treatment
with Cur effectively suppressed Angll-induced elevation of
p47phox expression. These results revealed that the inhibitory
effect of Cur on ROS production may be partially mediated by
NADPH oxidase. It is worth mentioning that other pathways
have also been observed to contribute to ROS production, such
as the mitochondrial electron chain, and it is worthwhile to
explore other signaling pathways that participate in the inhibi-
tory effect of Cur on ROS production. It is possible that, in
addition to NADPH oxidase, other pathways contribute to this
effect in Angll-stimulated VSMCs.

In conclusion, the present study demonstrated that Cur
attenuated Angll-induced production of TNF-a, IL-6 and
NO, and cell proliferation in VMSCs. The anti-inflammatory
and anti-proliferative effect of Cur may partially depend on
an increase in PPAR-vy activity and suppression of NADPH
oxidase-mediated intracellular ROS production. These results
may provide a novel mechanism to explain the pharmaco-
logical effect of Cur on chronic inflammation-related diseases,
and its potentially beneficial effect on atherosclerosis.
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