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Abstract. R���������� ��� ���� ����� �� ����� ����-������-R���������� ��� ���� ����� �� ����� ����-������-
�c������c �ff�c��. 5' AMP-�c������d p������ k����� (AMPK) 
��d m���cy�� c��m���c��c p������-1 (MCP-1) p��y k�y ����� 
�� f��m c��� f��m�����, ���c� �� c����d���d �� ��� ���������� 
�f �������c�������. T�u�, �� ���� ��udy, �� �������g���d ������� 
����������� �������� f��m c��� f��m����� �y ��gu�����g ��p�d 
accumulation and inflammation. For this purpose, THP-1 cells 
���� ������d ���� 100 �M p������ 12-my������� 13-�c����� 
(PMA) �� ��duc� ����� d�ff����������� ���� m�c��p��g��. T�� 
m�c��p��g�� ���� ���� p��-������d ���� 2.5 µM ����������� 
��d �u���qu����y ���� ���um-f��� (SF) m�d�um ����� �� SF 
m�d�um c��������g ��p�p��y��cc����d� (LPS; 100 �g/m�) 
��d ���d�z�d ���-d�����y ��p�p������ (��-LDL; 50 µg/m�) f�� 
24 � �� d���c� f��m c��� f��m�����. T� d���c� ��� ��p������� 
�f ��p�d �ccumu������-������d p�������, ��� m�c��p��g�� ���� 
������d ���� �����������. F�� ��� d���c���� MCP-1 ��p�������, 
��� m�c��p��g�� ���� ������d ���� LPS ��d �����������, 
or with resveratrol alone. We incubated the THP-1-derived 
m�c��p��g�� �� ����������� (2.5 µM) f�� 6 � �� ��� p�����c� 
or absence of 30 µM compound C for 4 h to detect the influ-
��c� �f c�mp�u�d C �� ��� �ff�c�� �f �����������. T�� f��m 
c���� ���� ���m���d u���g R�d O �������g. G��� ��p������� 
������ ���� d����m���d �y qRT-PCR, ������� ���� ����y��� ��d 
ELISA; ��p�d ����y��� ��� c�����d �u� �y ��g�-p��f��m��c� 
liquid chromatography (HPLC). The results revealed that 
����������� �ff�c�����y �upp�����d f��m c��� f��m����� ��duc�d 
�y LPS. R���������� ���� �upp�����d ��p�d �ccumu������ ��d 
d�����gu����d ��� mRNA ��p������� �f p�������m� p����f��-

����-�c������d ��c�p��� (PPAR)γ ��d PPARα, �u� ��d �� �ff�c� 
�� ��� ��p������� �f PPARβ/δ. R���������� ���� up��gu����d 
��� ��p������� �f AMPK ��d S����� ��f��m����� ��gu����� T1 
(SIRT1). However, the effects of resveratrol on SIRT1, PPARγ 
��d PPARα ��p������� ��d ��p�d �ccumu������ ���� �������d 
���� ��� c���� ���� p��-������d ���� c�mp�u�d C. R���������� 
d�����gu����d ��� mRNA ��p������� �f MCP-1 �� � d���-
d�p��d��� m����� ��d LPS up��gu���� ��� ��p������� �� � 
��m�-d�p��d��� m�����. MCP-1 ��p������� ��duc�d �y LPS 
��� ��������d �y ����������� �� ���� ��� �����c��p������ ��d 
������������� �����. T���� d��� �ugg��� ���� ����������� �������� 
f��m c��� f��m����� �y ��gu�����g ��� ��p������� �f MCP-1 ��d 
�c�������g ��� AMPK-SIRT1-PPAR ��g�����g p�����y; ��u�, 
����������� m�y �� � ����� �����p�u��c �g��� f�� �������c�������.

Introduction

Atherosclerosis is a chronic inflammatory disease character-
ized by inflammatory infiltrates and lipid accumulation (1). It 
�� k���� ���� m���cy��� p��y �� �mp������ ���� �� ��� p��g���-
���� �f ��� d������ (2,3). M���cy��� f���� m�g���� ���� ��� 
�������� ����u� �� ���p���� �� ��c���y p��duc�d c��m�k���� ��d 
���� d�ff��������� ���� m�c��p��g��. T���� m�c��p��g�� �c� �� 
�ugm��� ��� ��p������� �f ������� p������ ��c�g������ ��c�p-
����, ���d��g �� ��� �ccumu������ �f c���������� ��d ��p�d�; ���� 
cells then become foam cells (4-6). Therefore, inflammatory 
infiltrates and the accumulation of cholesterol and lipids in 
m�c��p��g�� �� � k�y p���� �� ��� ���������� �f �������c�������.

O��� ��� p��� d�c�d�, ��� ����c� f�� ���u��� c�mp�u�d� 
���� ��� ������y �� p������ �������c������� ��� ���� � m��� 
f�cu� f�� m��y �������g�����. S������ ����� �f ���d��c� �ugg��� 
���� �����������, � p����-d�����d p��yp����� ��d p�y��������, 
exhibits cardioprotective and anti-inflammatory proper-
���� (7-10). I� ��� cu����� ��udy, �� �������g���d ��� p�������� 
atheroprotective, anti-inflammatory and lipid-lowering effects 
�f �����������. T�� ���� �dm����������� �f ����������� ��� ���� 
shown to affect lipid profiles and inflammation markers (11). 
However, the precise mechanisms involved remain unclear.

The balanced flow of lipids into and out of macrophages 
�� ��c�����y �� ����d ��p�d �������d, ��d u���m����y, f��m c��� 
f��m����� (12). 5' AMP-�c������d p������ k����� (AMPK) �� �� 
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�mp������ ������/��������� k����� ���� k���� f�� ��gu�����g 
c���u��� ����gy ������ �y �����c��g �u������ �����������y ��d 
����gy d�m��d ����ug� ��� c������ �f ������� p������� �������d 
�� g�uc��� ��d ��p�d m��������m (13,14). R�c��� ���d��c� 
��� ����� � p��m����g ���� f�� AMPK �� ��� �����u����� �f 
�������c������� ��d ���cu��� dy�fu�c���� (14). R���������� c�� 
�c������ ��� AMPK p�����y �� �d�p��� ����u� (15). I� �dd�����, 
�� ��� ���� d�m��������d ���� ����������� ������ c��d��m���-
����c �ff�c�� �y ��c������g AMPK ��p������� ��d ��� ����� �f 
S����� ��f��m����� ��gu����� T1 (SIRT1) (16).

C����������� ���k f�c���� f�� �������c������� ���gg�� 
�� ��f��mm����y ���p���� �� ��� �����y ����, m�d����d �y 
c�mp��� m���cu��� ������c����� �� ���c� c��m�k���� p��y � 
c����c�� ���� (17). M���cy�� c��m���c��c p������-1 (MCP-1) �� 
� p����� c��m������c���� f�� m���cy��� ��d p��y� � p������ ���� 
in early atherogenesis by promoting monocyte infiltration to 
������-p���� ����� ��d p��������� ������� ��d�������� c���� 
���� ��� ����� �������� �p�c� (18,19). MCP-1 �� �y������z�d �y 
��d�������� c���� ��d m���cy��� �� ���p���� �� d������ ���mu��, 
��c�ud��g �������uk��� ��d ���d�z�d ���-d�����y ��p�p������ 
(��-LDL) (18). L�p�p��y��cc����d� (LPS) �� ���ug�� �� �� 
�������d �� c��d�����cu��� d������, �� �� c������u��� �� ��� d����-
opment of arterial plaques through activated pro-inflammatory 
p�����y� �y ��c�����g cy��k����, ��c�ud��g MCP-1 (20,21). T�� 
m�c�����m� ���c� ���� ���� �ugg����d �� �� ���p������� f�� 
the anti-inflammatory effects of resveratrol, include the inhibi-
���� �f MCP-1 p��duc���� (22).

I� ���� ��udy, �� �������g���d ��� �ff�c�� �f ����������� �� 
f��m c��� f��m�����, �� ���� �� �� ��� ��p������� �f MCP-1 
��d AMPK �� m�c��p��g�� �� ��d�� �� ��uc�d��� ��� m�c��-
���m� �������d �� ��� ����-�������c������c �ff�c��. I� �dd�����, 
��� ��p������� �f SIRT1 ��d �uc���� p�������m� p����f������-
�c������d ��c�p���� (PPAR�) ��� d���c��d. T�� ���u��� �f ���� 
��udy p����d� �mp������ ��f��m����� ��g��d��g ��� ���������� 
��d p��������� �f �������c�������.

Materials and methods

Materials. R����������, O�� R�d O ��d c�mp�u�d C ���� 
pu�c����d f��m S�gm�-A�d��c�, S�. L�u��, MO, USA; ������d��� 
d���c��d �g����� p���p��-AMPKα (T��172), AMPK, SIRT1 
��d β-�c��� ���� f��m C��� S�g�����g T�c�����gy, D������, 
MA, USA; T����-R�d-c��jug���d g��� ����-m�u�� ��c��d��y 
������dy ��� �������d f��m M���cu��� P�����, Eug���, OR, 
USA; LPS, p������ 12-my������� 13-�c����� (PMA) ��d TRIz�� 
���g��� ���� f��m S�gm�-A�d��c�; ��� cDNA Sy������� k�� 
��� �������d f��m F��m�����, S�. L���-R��, G��m��y; ��� 
SYBR Premix Ex Taq™ II kit was purchased from Takara Bio 
Inc., Otsu, Japan; the Human MCP-1 ELISA kit was from 
R&D Systems, Minneapolis, MN, USA; the BCA kit was from 
Pierce, Rockford, IL, USA; and Agilent 1100 series HPLC 
�y���m ��� f��m Ag����� T�c�����g���, P��� A���, CA, USA.

Preparation of ox-LDL. Human LDL was purified from the 
f���� p���m� �f ������y d����� �y ��qu������ c�����fug�-
����, �cc��d��g �� ��� m����d d��c����d �� ��� ��udy �y 
F��g et al (23) with some modifications. In order to produce 
��-LDL, 200 µg/m� LDL ���� ��p���d �� 20 µM CuSO4 �� 
phosphate-buffered saline (PBS) for oxidation and the reaction 
��� ���m�����d ���� 40 µM �u�y��yd���y���u��� �� �������. 

��-LDL ��� ���� d���yz�d �g����� cu��u�� m�d�um ��d �������-
filtered.

Cell culture. The human monocytic cell line, THP-1 (ATCC, 
R�ck�����, MD, USA), ��� g���� �� RPMI-1640 �upp��m����d 
with 10% (v/v) fetal bovine serum (FBS), 0.05 mM 2-mercapto-
ethanol, 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/l glucose 
and 1.5 g/l bicarbonate at 37˚C in an atmosphere containing 
5% CO2. The THP-1 cells were stimulated by a 48-h exposure 
�� 100 �M PMA �� ��duc� ����� d�ff����������� ���� �d������ 
macrophages. Differentiated THP-1 macrophages were exten-
sively washed in PBS before being used in experiments.

Resveratrol treatment. A ���ck c��c��������� �f 100 mM 
����������� �� 50% DMSO ��� p��duc�d f���� ��c� ��m� ��d 
d��u��d �� cu��u�� m�d�um �� ��� d�����d c��c���������. T�� 
c������� ��c����d ��� ��m� �m�u�� �f DMSO.

Foam cell formation assay. T�� ��p���m���� ���� p��f��m�d 
in serum-free (SF) experimental medium. The THP-1 cells 
���� p��-������d ���� 2.5 µM �f ����������� �� ��� c������ 
(DMSO) f�� 1 �. Su���qu����y, ���� ��� c������ ��d �����-
������-������d g��up� ���� ������d ���� SF m�d�um ����� �� 
SF m�d�um c��������g LPS (100 �g/m�) ��d ��-LDL (50 µg/
m�) f�� 24 �. T�� f��m����� �f f��m c���� ��� d����m���d 
by Oil Red O staining. The cells were fixed with 4% form-
��d��yd� f�� 15 m��. C��� ��p�d� ���� ������d ���� O�� R�d O 
(3 mg/m� �� 60% ���p��p����) f�� 10 m��, ���� �������d u�d�� 
� m�c���c�p�.

Quantitative reverse transcription PCR (qRT-PCR). T���� 
cellular RNA was extracted from the THP-1-derived 
m�c��p��g�� u���g TRIz�� ���g��� �� �cc��d��c� ���� ��� 
m��uf�c�u���'� �����uc�����, ��d d�������d �� �uc�����-f��� 
water, prior to being reverse-transcribed to synthesize first-
�����d cDNA ���� ���g�(dT) p��m�� u���g ��� cDNA Sy������� 
k��. T� c����c� f�� d�ff����c�� �� cDNA ���d��g �m��g ��� 
��mp���, ��� ���g�� PCR� ���� ���m���z�d �� � ��f����c� 
PCR ��������g ��� ��d�g���u� ��u��k��p��g g���, β-�c���. 
N��-��mp���� c������� ���� ��c�ud�d f�� ��c� p��m�� p��� �� 
check for any significant levels of contaminants. A melting-
curve analysis was performed to assess the specificity of the 
amplified PCR products. qRT-PCR was performed using the 
FastStart SYBR-Green reagent kit according to the manu-
f�c�u���'� �����uc�����. T�� ���c���� c��d������ f������d ��� 
instructions provided by the manufacturer of the SYBR Premix 
Ex Taq II kit using gene-specific primers for MCP-1, SIRT1, 
PPAR� ��d β-�c��� (T���� I).

Lipid analysis by high-performance liquid chromatography 
(HPLC). C���u��� ����� c���������� ��d ���g�yc���d� c������� 
were analyzed by lipid analysis by HPLC. Briefly, the cells 
were washed 3 times in PBS and lysed by the addition of 0.9% 
NaOH solution. Protein concentration was measured using 
the BCA kit. Masterol was used as a standard curve first, and 
��� �����c���� p��c�du�� ��� ���� ��p����d. S�mp��� ���� 
d�������d �� 100 µ� �f ���p��p����-�c���������� (�/�, 20:80), 
f������d �y ��cu������ �� �� u��������c ����� �� ���m 
��mp����u�� f�� 5 m��. F�����y, ��� ��mp��� ���� p��c�d �� ��� 
Agilent 1100 series HPLC system.
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Western blot analysis. P������ c��c���������� ���� d����m���d 
using bovine serum albumin (BSA) as a standard protein with 
the BCA protein assay. The same amounts of total proteins 
(15-20 µg/����) ���� ���d�d ���� ��c� ���� ��d �����f����d �� 
�����c���u���� m�m������ �� 80 V f�� 1 �. Af��� ���ck��g f�� 
4 � �� 5% �k�m m��k, ��� m�m������ ���� ��cu����d ������g�� 
at 4˚C with a 1:1,000 dilution of primary antibody. Following 
��cu������ ���� ��� c�����p��d��g ��c��d��y ������dy, ��g���� 

���� d���c��d u���g � c��m��um����c��� d���c���� �y���m ��d 
quantified using Quantity One analysis software.

ELISA. To evaluate the produced levels of MCP-1, the THP-1-
d�����d m�c��p��g�� ���� p��-������d ���� ����������� (10 µM) 
f�� 1 � ��d ���� ������d ���� LPS (10 µM) f�� 6 �. Sup��������� 
f��m ��� ������d c���� ���� c����c��d ��d ����yz�d f�� MCP-1 
u���g � ���d��c� ELISA k�� �cc��d��g �� ��� m��uf�c�u���'� 
�����uc�����.

Data analysis. A�� ���u��� ��� ��p�����d �� ��� m���� ± ����-
d��d d�������� (SD). A�� d��� ���� ����u���d u���g SPSS 11.0 
��f�����. A �yp�c�� �m�g� f��m �� ����� 3 ��m���� ��p���m���� 
�� p�������d. S�������c�� ����y��� ���� c�����d �u� u���g �-�����. 
A ���u� �f P<0.05 ��� c����d���d �� ��d�c��� � ��������c���y 
significant difference.

Results

Resveratrol inhibits foam cell formation. W� �������g���d f��m 
c��� f��m����� �� ���p���� �� ��p��u�� �� LPS. A� ���d��c�d 
�y O�� R�d O �������g, �� ��� p�����c� �f ��-LDL, ��� �yp�c�� 
f��m����� �f f��m c���� ��� �������d (F�g. 1A-II ��. A-I). 
R���������� �ff�c�����y �upp�����d ��� f��m c��� f��m����� 
��duc�d �y LPS (F�g. 1A-III ��. A-II). W� �������g���d �����c��-
lular lipid accumulation by HPLC. LPS at 100 ng/ml without 
LDL ���d��g ��c�����d ��p�d �ccumu������ �� ��� m�c��p��g�� 
(Fig. 1B, LPS vs. SF medium, solid bars). In the presence 
�f ��-LDL (50 µg/m�) ���d��g, LPS fu����� ��c�����d ��p�d 
accumulation in the macrophages (Fig. 1B, LPS ox-LDL vs. 
��-LDL, ����d ����). T���� ������������ ��d u� �� �yp������z� 
���� ����������� m�y ������� f��m c��� f��m����� �y ��gu�����g 
��p�d �ccumu������.

Table Ι. Primer sequences used in qRT-PCR.

G��� P��m�� ��qu��c� (5'→3')

β-�c��� F: GATCATTGCTCCTCCTGAGC
 R: ACTCCTGCTTGCTGATCCAC
SIRT1 F: GAGTGGCAAAGGAGCAGA
 R: TCTGGCATGTCCCACTATC
PPARγ F: GCAGTGGGGATGTCTCATAATGC
 R: CAGGGGGGTGATGTGTTTGAA
PPAR β/δ F: AATGCCTACCTGAAAAACTTCAAC
 R: GTGCACGCTGATTCCTTGT
PPARα F: GAGAAAGCAAAACTGAAAGCAGAGA
 R: GAAGGGCGGGTTATTGCTG
MCP-1 F: AGCCACCTTCATTCCCCAAG
 R: CTCCTTGGCCACAATGGTCT

SIRT1, S����� ��f��m����� ��gu����� T1; PPAR, p�������m� p����f��-
����-�c������d ��c�p���; MCP-1, m���cy�� c��m���c��c p������-1; F, 
f�����d, R, �������.

Figure 1. Resveratrol inhibits LPS-induced foam cell formation. THP-1-derived macrophages were cultured in the absence or presence of resveratrol then treated 
with LPS (100 ng/ml) containing ox-LDL (50 µg/ml) for 24 h. (A) Foam cell was analyzed through Oil-red O staining, and photographed at a magnification of 
x400. (B) Cholesterol ester was assayed as described in Materials and methods. Results are described as the means ± SD of duplicate wells of 6 experiments. 
*P<0.05 ��. g��up ������d ���� ���um-f��� (SF) m�d�um; #P<0.05 ����������� ��. ��� c�����p��d��g c������ g��up; +P<0.05 ��. ��� ��-LDL g��up.
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Resveratrol inhibits lipid accumulation through SIRT1 and 
PPARs. SIRT1 ��duc�� ��� �ccumu������ �f f���y �c�d� �y 
�upp������g ��� ��p������� �f PPAR-γ (24). PPAR-γ �� ��� 
�f ��� PPAR f�m��y m�m����, ���c� c�mp����� 3 ����yp��: 
PPARα, PPARγ ��d PPARβ/δ (25), PPAR� p��y � c������ ���� �� 
��� ��gu������ �f �d�p�g������ (26). R���������� �� �� �c������� 
�f SIRT1 (27). T�u�, ���� p��mp��d u� �� �������g��� ������� 
����������� ��gu����� ��p�d �ccumu������ ����ug� SIRT1-PPAR�.

T� �������g��� ��� �ff�c�� �f ����������� �� SIRT1 ��d 
PPAR expression, the THP-1-derived macrophages were 
������d ���� ����������� (2.5 µM) f�� 6 �. A� ����� �� F�g. 2A, 
resveratrol significantly upregulated the mRNA expression of 
SIRT1 (P<0.05), ��d ����� ���� �����g�u� ���u��� �������d �y 
western blot analysis (Fig. 2B).

W� ���� d���c��d ��� ��p������� �f PPAR�. A� ����� �� 
F�g. 3, ����������� ��g��f�c����y d�����gu����d ��� mRNA 
��p������� �f PPARγ (P<0.05). A� ��g��d� PPARα, �������-
trol also significantly downregulated the mRNA expression 
(P<0.05). By contrast, resveratrol had no effect on the mRNA 
��p������� �f PPARβ/δ (P<0.05), �ugg�����g ���� ����������� 
��gu����� ��p�d �ccumu������ ����ug� SIRT1-PPAR�.

Resveratrol regulates SIRT1-PPARs through AMPK. A� ����� 
�y �u� ���u���, ����������� ��gu����� ��� ��p������� �f SIRT1 
��d PPAR�; �������, ��� m�c�����m� �������d ��� ��� y�� 
c����. AMPK, ���c� �c�� up�����m �f SIRT1, c������� ������� 
p������� �������d �� g�uc��� ��d ��p�d m��������m (13,14). T�� 
�c�������� �f AMPK �c������� c�������c p�����y�, g��������g 
ATP, ��d ‘����c��� �ff’ � �um��� �f p��c����� ���� c���um� 
ATP, �uc� �� f���y �c�d, p������, �� c���������� �y������� (28,29); 
AMPK ���� �����c�� SIRT1 �c�����y (30,31).

T� �������g��� ��� �ff�c�� �f ����������� �� AMPK, ��� 
THP-1-derived macrophages were treated with resveratrol 
(2.5 µM) f�� 6 �. T�� p���p���y����d ���f��m �� ��� �c���� 
AMPK f��m; ��u�, �� d����m���d ��� p���p���y����d AMPK/
total AMPK protein ratio. Resveratrol significantly increased 
��� p���p���y����d AMPK/����� AMPK p������ �����; ���� 
increase demonstrated that AMPK was significantly activated 
�y ����������� (F�g. 4), �ugg�����g ���� ����������� ��gu����� 
SIRT1-PPAR� ����ug� AMPK.

Effects of AMPK inhibition on SIRT1 and PPAR expression 
and lipid accumulation. T� ����fy �u� �yp�������, �� ����u���d 
��� �ff�c�� �f AMPK ���������� (u���g c�mp�u�d C) �� SIRT1 
��d PPAR ��p������� ��d ��p�d �ccumu������ f�������g ��cu-
bation of THP-1-derived macrophages in resveratrol (2.5 µM) 
f�� 6 � �� ��� p�����c� �� �����c� �f 30 µM c�mp�u�d C 

Figure 2. Effects of resveratrol on SIRT1 expression. THP-1-derived macrophages were treated (6 h) with resveratrol (2.5 µM). mRNA and protein levels were 
���m���d �� 0, 2, 4 ��d 6 � �f ����������� �����m���. (A) Eff�c� �f ����������� �� SIRT1 mRNA ��p�������. D��� ��� ��� m���� ± SEM; �=6. *P<0.05 ��. c������. 
(B) Effect of resveratrol on SIRT1 protein expression. *P<0.05 ��. c������.

F�gu�� 3. Eff�c�� �f ����������� �� PPAR ��p�������. Eff�c� �f ����������� �� 
PPAR mRNA expression, THP-1-derived macrophages were treated (6 h) with 
����������� (2.5 µM). D��� ��� ��� m���� ± SEM; �=6. *P<0.05 ��. c������.
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f�� 4 �. Ou� ���u��� �������d ���� p��-�����m��� ���� 30 µM 
c�mp�u�d C f�� 4 � ��������d ��� �����������-��duc�d ��c����� 
�� SIRT1 ��p������� ��d ���ck�d ��� �upp������� �f PPARγ/
PPARα expression by resveratrol (Fig. 5A and B). We also 
���m���d ��p�d �ccumu������; ��� �upp������� �f ��p�d �ccumu-
������ f�������g �����m��� ���� ����������� ��� �������d ���� 
��� c���� ���� p��-������d ���� 30 µM c�mp�u�d C (F�g. 5C).

Resveratrol blocks LPS-induced MCP-1 expression. G���� 
��� ����-d�cum����d ����-��f��mm����y �ff�c�� �f �������-
����, �� f�cu��d �� ��� �ff�c�� �f ����������� �� LPS-��duc�d 
MCP-1 expression in THP-1-derived macrophages. Resveratrol 
d�����gu����d ��� mRNA ��p������� �f MCP-1 �� � d���-
dependent manner (Fig. 6A). As shown in Fig. 6B, MCP-1 
mRNA ��p������� ��c�����d f�������g �����m��� ���� LPS �� 
� ��m�-d�p��d��� m�����. P��-�����m��� ���� 10 µM �����-

������ m��k�d�y ��������d ��� mRNA ��p������� �f MCP-1 
��duc�d �y LPS (F�g. 6C). T�� ��duc�d ��p������� �f MCP-1 
��� d����m���d �y ELISA (F�g. 7). C�mp���d �� ��� c������ 
group, LPS induced a statistically significant upregulation of 
MCP-1 ��p������� (P<0.05), ��d ����������� d�����gu����d ��� 
LPS-��duc�d MCP-1 ��p�������. MCP-1 ��p������� ���c� ��� 
��duc�d �y LPS ��� ��������d �y ����������� �� ���� ��� ����-
�c��p������ ��d ������������� �����. T���� ���u��� d�m�������� 
���� ����������� �������� f��m c��� f��m����� �y ��gu�����g 
inflammatory cytokine (MCP-1) production.

Discussion

C��d�����cu��� d������, ���c� �� cu������y ��� ���d��g c�u�� 
�f d���� ��d ������� �� d�����p�d c�u������, �� � p���m����� 
������ ���u� ����d��d� (32). A������c�������, � p��g������� 

Figure 4. Effects of resveratrol on activation of AMPK. Effect of resveratrol on activation of AMPK. THP-1-derived macrophages were treated (6 h) with 
����������� (2.5 µM). P���p���y����d (p)-AMPK ��d ����� AMPK ��p������� ��� ���m���d �� 0, 2, 4 ��d 6 � �f ����������� �����m���. *P<0.05 ��. c������.

Figure 5. Effect of the AMPK inhibition in the SIRT1, PPAR expression and lipid accumulation. THP-1-derived macrophages incubated in resveratrol (2.5 µM) 
for 6 h in the presence or absence of 30 µM compound C for 4 h. (A) Effect of compound C on the expression of SIRT1. (B) Effect of compound C in the expres-
���� �f PPAR�. (C) Eff�c� �f c�mp�u�d C �� ��p�d �ccumu������. *P<0.05 ��. c������; #P<0.05 ��. �����������.
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inflammatory disease, produces arterial plaques characterized 
�y ��f��mm����y ��f��������, ��p�d �ccumu������, c��� d���� 
and fibrosis (2,3,33). Monocytes play an important role in the 
progression of the disease. Monocytes first migrate, and then 
differentiate into macrophages. Inflammatory infiltrates and 
��� �ccumu������ �f c���������� ��d ��p�d� �� m�c��p��g�� 
������ ���m �� ��c�m� f��m c����; ���� �� � k�y p���� �� ��� 
���������� �f �������c�������.

R���������� �� � p��yp����� f�u�d �� g��p��, ������� ��d 
p���u��. I� �������� m�c��p��g� �c�������� (34), ��� �f ��� m��� 
�mp������ ���p� �� �������c�������, �� ���� �� ��p�d �ccumu��-
���� (34,35). I� �dd�����, ����������� ��� ���� �ugg����d �� 
exert anti-atherosclerotic effects (36). However, the precise 

m�c�����m� ���p������� f�� ��� ����-�������c������c �ff�c�� �f 
����������� ��m��� u�c����.

In this study, we found that THP-1-derived macrophages 
������d ���� LPS ��d ��-LDL ��g����� ���u���d �� ��� �yp�c�� 
f��m����� �f f��m c���� ��d ����������� �ff�c�����y �upp�����d 
the foam cell formation induced by LPS. Based on our findings, 
�� �ugg��� ���� ����������� ������ ����-�������c������c �ff�c�� �y 
�upp������g f��m c��� f��m�����. E�p���m���� �� ��� �ff�c�� �f 
lipid deposition in THP-1-derived macrophages treated with 
�����������, �������d ���� ��� c���u��� ����� c���������� c������ 
��� �upp�����d �y �����������, �ugg�����g ���� ����������� 
p����c�� �g����� �������c������� �y ���������g ��p�d �ccumu������.

AMPK ��gu����� c���u��� ����gy ������ �y �����c��g �u������ 
�����������y ��d ����gy d�m��d ����ug� ��� c������ �f ������� 
p������� �������d �� g�uc��� ��d ��p�d m��������m (13). SIRT1 
�� ��� �f ��� 7 m�mm����� ��m���g� �f ��� S��2 f�m��y ���� 
c����yz�� NAD+-dependent protein deacetylation (37). Both 
AMPK ��d SIRT1 ���� �m��g�d �� ����������g ���g��� �� ���y 
��� ������y �������d �� c�������c m��������m, m���c���d���� 
�c��������, ��g��g������ ��d �����c�d c��� �u������ (37-40). 
PPAR� ��� c������ ��gu������ �f �d�p�g������ (25). P�����u� 
��ud��� ���� ����� ���� ����������� ��g������y m�du����� 
PPARγ p������ ������ �� 3T3-L1 �d�p�cy��� (41) ��d �� �� k���� 
���� ����������� �ff�c�� ���� SIRT1 ��d AMPK (42). T�� d��� 
f��m ����� ��ud���, �� ���� �� �u��, �ugg��� ���� ����������� 
��gu����� ��p�d m��������m ����ug� ��� AMPK-SIRT1-PPAR 
��g�����g p�����y.

In this study, we found that AMPK was significantly acti-
����d �y ����������� ��d ���� ����������� m��k�d�y up��gu����d 
��� ��p������� �f SIRT1 ���� �� ��� mRNA ��d p������ �����. 
I� �dd�����, ����������� m��k�d�y d�����gu����d ��� mRNA 

Figure 6. Effect of resveratrol on LPS-induced MCP-1 mRNA expression. (A) Effect of resveratrol on MCP-1 expression, THP-1-derived macrophages were 
treated (6 h) with resveratrol (1-100 µM). (B) LPS-induced MCP-1 expression, THP-1-derived macrophages were treated (24 h) with LPS (10 µg/ml). (C) Effect 
of resveratrol on LPS-induced MCP-1 expression, THP-1-derived macrophages were pre-treated with resveratrol (10 µM) for 1 h then treated with LPS (10 µM) 
f�� 6 �. D��� ��� ��� m���� ± SEM; �=6. *P<0.05 ��. c������.

Figure 7. Effect of resveratrol on LPS-induced secretion of MCP-1. THP-1-
d�����d m�c��p��g�� ���� p��������d ���� ����������� (10 µM) f�� 1 � ���� 
������d ���� LPS (10 µM) f�� 6 �. T�� c��c��������� �f MCP-1 �� ��� cu��u�� 
m�d�um ��� d����m���d �y ELISA. R��u��� ��� ��� m���� ± SD. *P<0.05 
c�mp���d �� c������ c���� (NC).
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��p������� �f PPARγ ��d PPARα, �u� ��� ���� �f PPARβ/δ. 
W��� ��� c���� ���� p��-������d ���� ��� AMPK ���������, 
c�mp�u�d C, ��� �ff�c�� �f ����������� �� SIRT1, PPARγ ��d 
PPARα ��p�������, �� ���� �� �� ��p�d �ccumu������ ���� 
�������d, �ugg�����g ���� ����������� �upp������ ��p�d �ccumu-
������ ����ug� ��� AMPK-SIRT1-PPARγ/PPARα ��g�����g 
p�����y.

Inflammatory infiltrates in macrophages are a key to foam 
c��� f��m�����. T�u�, �� �yp������z�d ���� ����������� m�y 
�upp���� f��m c��� f��m����� �y ��gu�����g ��f��mm����y 
cy��k����. W� ����c��d MCP-1, � p����� c��m������c���� f�� 
m���cy���. MCP-1 ��� ���� ����� �� �� ������p�����d �� 
�um�� ��d ��p���m����� ������m�, ��d c�� ��c�u�� m���-
�uc���� p��g�cy��� ���� c����c�������c���y �ccumu���� �� ��� 
���c��� ������m� (32,43). A ��c��� ��udy d�m��������d ���� LPS 
��duc�� ��� ��p������� �f MCP-1 (44). D��p��� ��� ���d��c� �f 
� p��m����� ���� �f MCP-1 �� ��� d�����pm��� �f �������c��-
�����, ��d �����ug� ����������� ��� ���� ����� �� ������� ��� 
production of various types of inflammatory cytokines (34,45), 
f�� ��ud��� ���� �������g���d ��� d���c� �ff�c�� �f ����������� 
�� MCP-1. I� ���� ��udy, �� f�u�d ���� ����������� d�����gu-
����d ��� ��p������� �f MCP-1 �� � d���-d�p��d��� m����� 
in THP-1-derived macrophages and that LPS induced MCP-1 
expression in THP-1-derived macrophages in a time-dependent 
m�����. M��� �mp�������y, �� f�u�d ���� p��-�����m��� �f 
THP-1-derived macrophages with resveratrol significantly 
���ck�d MCP-1 mRNA ��p������� ��duc�d �y LPS. T����f���, 
�� �p�cu���� ���� ����������� p��y� � ���� �� ����-�������c������� 
�y ���������g ��� ��p������� �f MCP-1.

I� c��c�u����, �u� ���u��� d�m�������� ���� ����������� 
�upp������ ��� f��m c��� f��m����� ��duc�d �y LPS. R���������� 
�������� f��m c��� f��m����� �y ��gu�����g ��� ��p������� �f 
��� ��f��mm����y cy��k���, MCP-1, ��d �y �c�������g ��� 
AMPK-SIRT1-PPAR ��g�����g p�����y. T���� ���u��� �ugg��� 
���� ����������� m�y �� � ����� �����p�u��c �g��� f�� ������-
�c�������.
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