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Resveratrol (RSV), a phenolic component, is found in grape skins, peanuts, pistachios and
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red wine. RSV has protective activities in atherosclerosis, yet the detailed mechanisms are
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not fully elucidated. In the present study, we observed that RSV inhibited oxLDL-mediated
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lipid accumulation through the enhancement of cholesterol efflux in THP-1-derived mac-
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rophages and explored the possible underlying mechanisms. RSV dose-dependently
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enhanced the mRNA and protein levels of ATP-binding membrane cassette transporters
A1 and G1 (ABCA1 and ABCG1) but had no effect on the mRNA expression of scavenger
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receptor class BI (SR-BI) in cholesterol homeostasis. Additionally, the functional inhibition
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of ABCA1 and ABCG1 with short hairpin RNA abrogated the effects of RSV on lipid accumu-

Foam cell

lation. The upregulation of ABCA1 and ABCG1 by RSV depended on LXRa, as evidenced by
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an increase in the nuclear levels of LXRa through the induction of nuclear translocation.
The functional inhibition of LXRa with a pharmacological inhibitor, geranylgeranyl pyrophosphate (GGPP), abolished the RSV-mediated protective effects in macrophages. These
findings suggest that LXRa-dependent upregulation of ABCA1 and ABCG1 might mediate
the beneficial effects of RSV, which ameliorated the oxLDL-mediated lipid accumulation
in the process of lipid-laden foam cells formation.
 2012 Elsevier Ltd. All rights reserved.

1.

Introduction

Atherosclerosis is a major cause of cardiovascular disease
(CVD) and is dependent on the increase of circulating cholesterol levels and inflammation in the vascular wall. Choles-

terol homeostasis by macrophages is critical for the
initiation and progression of atherosclerotic lesions (Li &
Glass, 2002). Formation of foam cell is mainly due to uncontrolled uptake of modified low-density lipoprotein (LDL) or
impaired cholesterol efflux in macrophages. This result in
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an excessive level of lipoprotein-derived cholesterol, which is
consequently processed, stored and accumulated inside the
cells (Takahashi, Takeya, & Sakashita, 2002). High-density
lipoprotein (HDL) plays a crucial role in removing excess cholesterol in atherosclerotic plaques, and transporting it back to
the liver by reverse cholesterol transport (RCT) (Cuchel &
Rader, 2006; Linsel-Nitschke & Tall, 2005; de Winther &
Hofker, 2000). The efflux of intracellular cholesterol in macrophages is mediated by RCT transporters (RCTs), including
scavenger receptors (SRs), class B type I (SR-BI) and the ATPbinding cassette transporters, A1 and G1 (ABCA1 and ABCG1)
(Ji et al., 1997; Wang, Lan, Chen, Matsuura, & Tall, 2004;
Yokoyama, 2005). Ample evidence has demonstrated that
the dietary supplementation with antioxidants regulates the
expression of SRs or RCTs, leading to the suppression of cholesterol accumulation in macrophages and the prevention of
CVD (Kaliora, Dedoussis, & Schmidt, 2006). Furthermore,
accumulating evidence suggests that the mortality due to
CVD is lowered by a moderate consumption of red wine
(Bhavnani, Cecutti, Gerulath, Woolever, & Berco, 2001; Renaud
& de Lorgeril, 1992).
Resveratrol (trans-3, 4, 5-trihydroxystilbene, RSV), a polyphenol component of Vitis vinifera L, is mainly found in grapes,
grape-derived products and a few other plant species, including peanuts, pistachios and berries. RSV was found to be abundant in the skin of grapes and present in higher concentrations
in red wines (Kopp, 1998), and previous studies revealed that
RSV exhibited many beneficial effects against CVD (Bhat,
Kosmeder, & Pezzuto, 2001). The cardioprotection conferred
by RSV may be due to its multiple functions that act on different cellular targets, including the inhibition of LDL oxidation,
suppression of platelet aggregation, and inhibition of smooth
muscle and endothelial cell proliferation and peroxidation
(Poussier, Cordova, Becquemin, & Sumpio, 2005; Wang et al.,
2002). Indeed, studies on the consumption of red wine have
shown increased HDL levels (Araya, Rodrigo, Orellana, & Rivera, 2001) or decreased LDL cholesterol levels in the plasma (Zou
et al., 2000), and over recent decades, evidence suggested various benefits of RSV, including anti-diabetes, life extension,
attenuation of the inflammatory response in macrophages,
and anti-atherosclerosis, in both humans and experimental
animals (Agarwal & Baur, 2011; Berrougui, Grenier, Loued,
Drouin, & Khalil, 2009; Borra, Smith, & Denu, 2005; Cullen
et al., 2007; Zhang et al., 2010). Additionally, RSV has been
shown to enhance the expression and activity of endothelial
nitric oxide synthase, block the TNFa-induced adhesion of
monocytes and granulocytes to endothelial cells, and protect
against oxidized LDL (oxLDL)-induced cytotoxicity in endothelial cells (Ferrero et al., 1998; Manna, Mukhopadhyay, &
Aggarwal, 2000; Ou et al., 2006; Wallerath et al., 2002). These
results suggested that RSV has multiple protective cardiovascular and related physiological functions. However, the effects
of RSV on macrophage foam cell formation and intracellular
cholesterol metabolism remain unexplored. The aim of the
present study was to investigate whether RSV inhibits the
formation of foam cells and to determine the involved
molecular mechanism.
We first examined the effects of RSV on oxLDL-induced
foam cell formation. Second, we investigated the effects of
RSV on the expression of SR-BI, ABCA1 and ABCG1. Third,
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we explored the molecular mechanisms involved in the
RSV-mediated modulation of lipid accumulation. Our results
demonstrated that RSV suppressed oxLDL-mediated lipid
accumulation and upregulated LXRa and its target genes
(ABCA1 and ABCG1) in a dose- and time-dependent manner
in THP-1 monocyte-derived macrophages.

2.

Materials and methods

2.1.

Chemicals and antibodies

Resveratrol (RSV), T0901317, phorbol 12-myristate 13-acetate
(PMA), geranylgeranyl pyrophosphate (GGPP), and Oil-red O
were purchased from Sigma (St. Louis, MO, USA). The 2· SYBR
Green PCR Master Mix was obtained from Bio-Rad (Hercules,
CA, USA). The cholesterol assay kit was obtained from BioVision (Mountain View, CA, USA). 3-Dodecanoyl-NBD-cholesterol and the thiobarbituric acid-reactive substance (TBARS)
assay kit were acquired from Cayman (Michigan, MS, USA).
RPMI 1640 medium, Lipofectamine 2000, DAPI and AlexaFluor-488-conjugated donkey anti-goat IgG were procured from
Invitrogen (Auckland, NY, USA), the primary antibodies
against ABCA1 (ab18180), ABCG1 (ab52617) and LXRa
(ab41902) were purchased from Abcam (Cambridge, MA,
USA) and SR-BI (sc-32342) and a-tubulin (sc-5286) were bought
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). All
other chemicals were of analytical grade or purer.

2.2.

Cell culture

THP-1 cells, a human acute monocytic leukemia cell line
(ATCC TIB-202), were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 100 lg/ml penicillin, and 100 lg/ml streptomycin at 37 C in a 5% CO2
atmosphere. Before experiments, the cells were differentiated
for 72 h with 50 ng/ml PMA. Total RNA was prepared from
THP-1 cells plated in dishes at a density of 5 · 105 cells. Protein extracts were prepared from cells cultured at a density
of 107. For the Oil-red O stain and immunofluorescence assay,
the THP-1 cells were seeded on coverslips at a density of
4 · 105 cells.

2.3.

Lipoprotein separation and oxidation

The methods were modified from Ou et al. (2006). Native LDL
isolated from fresh normolipidemic human serum by sequential ultracentrifugation (q = 1.019–1.063 g/ml). Cu2+-modified
LDL was prepared by the exposure of the LDL to 10 lM CuSO4
for 24 h at 37 C. The extent of oxidation was monitored using
a TBARS assay, following the manufacturer’s instructions.
OxLDL containing approximately 30–60 nm of TBARS (defined
as malondialdehyde equivalents per milligram of LDL protein)
was used for experiments.

2.4.

Resveratrol preparation

RSV was dissolved in DMSO. Untreated control cells were given the corresponding amount of DMSO that was used for
the highest RSV concentration.
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2.5.

RNA extraction and real-time PCR

Total RNA was extracted using RNA-Bee (Tel-Test, Friendwood, TX, USA) following the manufacturer’s instructions.
The first-strand cDNA was synthesized using a SuperScript
III reverse transcriptase kit (Invitrogen, Auckland, NY, USA).
Each PCR contained 100 ng of cDNA, 10 ll 2· SYBR Green
PCR Master Mix, and 10 lM of an optimized human ABCA1,
ABCG1, SR-B1 and GAPDH-specific primer pair, respectively.
Quantitative PCR was performed with an Mini Opticon realtime PCR system (Bio-Rad, Hercules, CA, USA) under thermal
cycling (10 min at 95 C and then 40 cycles of 95 C for 15 s,
60 C for 30 s, and 72 C for 30 s). Sequences are shown in
the Supplementary Table 1. Relative quantification was performed using the comparative cycle threshold (CT) method,
as recommended by the manufacturer. All quantifications
are normalized to an endogenous control for GAPDH. All samples were run in triplicate. The data were analyzed by the BioRad CFX manager software.
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microscopy glass slide with mounting solution containing
DAPI (Invitrogen) and observed using a confocal laser scanning microscope (FV2000, Olympus, Tokyo, Japan) with a
488 nm argon-ion laser.

2.9.

Cytoplasmic lipid detection

2.9.1.

Oil-red O staining

THP-1 cells were pre-treated with various concentrations RSV
for 2 h and then stimulated with oxLDL for 24 h, which led to
lipid accumulation, as revealed by the measurement of the
intracellular lipid or cholesterol contents. Cells were fixed
with 4% paraformaldehyde and then stained with 0.5% Oilred O dye. Hematoxylin was used for the counterstaining.
The density of the lipid content was evaluated by alcohol
extraction after staining. The absorbance at 540 nm was measured using a microplate reader (VersaMax, Molecular Devices, Sunnyvale, CA, USA).

2.9.2.
2.6.

Preparation of nuclear extracts

Cells were suspended in 50 ll buffer containing 10 mM 4-(2hydroxyethyl)-1- piperazineethanesulfonic acid (HEPES) (pH
7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM Dithiothreitol (DTT)
and 0.5 mM henylmethanesulfonylfluoride (PMSF) and then
vortexed for 15 s and allowed to stand at 4 C for 10 min. The
cell suspension was subsequently centrifuged at 12,000g for
5 min at 4 C, and the supernatants were used as the cytoplasmatic extracts. The pellets were resuspended in 30 ll buffer
containing 20 mM HEPES (pH 7.9), 25% glycerol, 420 mM NaCl,
1.5 mM MgCl2, 0.2 mM ethylenediaminetetraacetic acid
(EDTA), 0.5 mM DTT, and 0.5 mM PMSF and incubated for
30 min on ice. After 10 min centrifugation at 18,000g the nuclear extracts were collected from the supernatant.

2.7.

Western blotting

Treated and untreated cells were lysed with RIPA buffer (98%
PBS, 1% Igepal CA-630, 0.1% SDS, 0.5% sodium deoxycholate
and protease inhibitor cocktail). The cell lysates were centrifuged at 12,000g for 10 min at 4 C. The supernatants were collected and the BCA protein assay reagents (Pierce, Rockford,
IL, USA) were used to determine the protein content using
BSA (Sigma, St. Louis, MO, USA) as the standard. Immunoblotting was performed according to protocol of Sevov, Elfineh, &
Cavelier, 2006. The luminescent signal was detected using the
Gel Doc XR+ image system (Bio-Rad, Hercules, CA, USA), and
the images were exported using Image lab software (Bio-Rad).
a-Tubulin were used as the internal control.

2.8.

Immunofluorescence assay

Cells seeded on coverslips were treated with 20 lM RSV for 6 h
and then fixed in 4% paraformaldehyde and permeabilized
with 0.1% Triton X-100. Subsequently, the cells were incubated with the polyclonal anti-LXRa antibody (200· dilution)
for 1 h and washed with 0.01% Triton X-100. The goat antirabbit IgG conjugated Alexa Fluor 488 was used to detect the
primary LXRa antibody. The coverslips were mounted onto
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Cholesterol measurement

Cellular cholesterol was extracted using of hexane/isopropanol (3:2, v/v). After removing the cellular debris, the supernatant was dried under nitrogen flush. The level of cholesterol
was measured using a cholesterol assay kit, and the absorbance at 450 nm was measured using a microplate reader
(VersaMax).

2.9.3.

Cholesterol efflux assay

Cells were treated with various concentrations of RSV for 12 h
and then equilibrated with NBD-cholesterol (1 lg/ml) for an
additional 6 h in the presence of RSV. Subsequently, the
NBD-cholesterol-labeled cells were washed twice with PBS
and incubated in RPMI 1640 medium for 6 h. The fluorescence-labeled cholesterol released from the cells into the
medium was measured using a multilabel counter (PerkinElmer VICTOR3 1420, Waltham, MA, USA). The cholesterol efflux was expressed as the percentage fluorescence in the
medium relative to the total fluorescence (cells and medium).

2.10.

Transient transfection

ABCA1 and ABCG1 shRNAs (purchased from the Academia
Sinica, Taipei, Taiwan) and the pLKO.1 scramble (Amp+) plasmid (a gift from Dr. Jeremy Jian-Wei Chen; Institute of Biomedical Science, National Chung Hsing University,
Taichung, Taiwan) as a control were transfected into THP-1
cells using the Lipofectamine 2000 reagent. After 24 h following the transfection, the cells were treated with RSV or
oxLDL for an additional 24 h and were then lysed for immunoblotting and Oil-red O staining. The cells stably transfected
with ABCA1 or ABCG1 shRNA were maintained in a medium
containing puromycin (10 lg/ml).

2.11.

Statistical analysis

The results are shown as the means ± SEM (the standard error
of the mean). In the time and dose analysis, statistical significance was determined using a Student’s t-test compared to
control. In the cytoplasmic lipid detection, statistical significance was determined using one-way analysis of variance
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(ANOVA) followed by Dunnett’s test. The lipid content by gene
knockdown transfection experiments, different groups at the
same time point were compared by one-way ANOVA followed
by Tukey’s pairwise method. Values (P < 0.05) were considered
statistically significant.

3.

Results

3.1.
RSV attenuates
oxidized
LDL-induced
accumulation by increasing cholesterol efflux

lipid

To investigate the effects of RSV on oxLDL-induced foam cell
formation, we treated THP-1 cells with various concentrations RSV and oxLDL, which led to lipid accumulation. The increase in lipid accumulation was markedly attenuated by the
treatment with RSV in a dose-dependent manner (Fig. 1A–C).
Additionally, the cholesterol efflux was evaluated by use of
fluorescent NBD-cholesterol, and RSV dose-dependently increased the efficiency of cholesterol efflux in the macrophages (Fig. 1D).

3.2.
RSV upregulates ABCA1 and ABCG1 expression in
THP-1-derived macrophages
3.2.1.

Determination of cytotoxicity

In order to establish a suitable working model of RSV in THP1-derived macrophages, first, we treated THP-1 with various
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concentrations of RSV (0–100 lM) for 16 h. The cell viability
was determined via MTT assay and showed that cell viability
decreased with RSV concentration increasing (Supplementary
Fig. 1). The relative cell viability was 81.2 and 39.75% at the
concentration of 20 and 50 lM, respectively. To ensure
authenticity, we decided to use 20 lM as the working concentration of RSV.

3.2.2.

Time dependence

To explore the molecular mechanisms involved in the lipidlowering effects of RSV, we examined the effects of RSV on
the expression of SRs and RCTs. After treatment with a fixed
starting concentration of RSV (20 lM), both the protein and
mRNA levels of ABCA1 and ABCG1 were increased by time
in the THP-1-derived macrophages. Other than ABCA1 and
ABCG1, there was little effect on the expression level of SRBI (Fig. 2A and B). Quantification the expression of mRNA
was relied on real-time PCR.

3.2.3.

Concentration dependence

THP-1 were treated with various concentrations of RSV (0, 1,
5, 10, 20, 50, and 100 lM) for 16 h. After treatment with RSV,
both the protein and mRNA levels of ABCA1 and ABCG1 were
dose-dependently upregulated in the macrophages (Fig. 3A
and B). Upon the expression of SR-BI, the protein levels were
influenced by RSV, and the mRNA expression was slightly but
not significantly affected (Fig. 3B).

Fig. 1 – RSV attenuated lipid accumulation and promoted cholesterol efflux. THP-1-derived macrophages were pre-treated
with the indicated concentrations of RSV (0–50 lM) for 2 h and were then stimulated with oxLDL (50 lg/ml) for 24 h. (A) RSV
reduced lipid accumulation. The intracellular lipid quantified by Oil-red O stain. (B) RSV decreased cholesterol accumulation.
The intracellular cholesterol quantified by an enzymatic method. (C) After staining with Oil-red O, the nuclei were stained
with hematoxylin (objective: 40·). (D) RSV increased cholesterol efflux. Cholesterol efflux was expressed as the percentage of
fluorescence in the medium relative to the total fluorescence. Data are the mean ± SEM (n = 5). Statistical significance at
*P < 0.05 or **P < 0.01 compared with control; #P < 0.05 compared with oxLDL alone.

JOURNAL OF FUNCTIONAL FOODS

4 ( 20 1 2) 7 2 7–73 5

731

Fig. 2 – The effects of time course of RSV on the expression of ABCA1, ABCG1 and SR-BI. (A) The level of mRNA. (B) The level of
protein. Macrophages were treated for the indicated time points (0–24 h). Data are the mean ± SEM (n = 4). Statistical
significance at *P < 0.05 compared with control.

Fig. 3 – The effects dosage of RSV on the expression of ABCA1, ABCG1 and SR-BI. (A) The level of mRNA. (B) The level of
protein. Macrophages were treated with the indicated dose (0–100 lM). Data are the mean ± SEM (n = 5). Statistical
significance at *P < 0.05 compared with control.
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3.3.
Functional inhibition of ABCA1 and ABCG1 with
short hairpin RNA (shRNA) abrogated the effects of
resveratrol on lipid accumulation
To clarify the role of ABCA1 and ABCG1 in maintaining cholesterol homeostasis, we transfected shRNA constructs (in pLKO.1
expression vectors) against ABCA1 or ABCG1 into THP-1. The
protein levels of ABCA1 and ABCG1 were decreased in the gene
knockdown macrophages compared to the wild-type macrophages (Fig. 4A and C). To determine the function of ABCA1
and ABCG1, we treated the macrophages with RSV and oxLDL,
which led to lipid accumulation, as revealed by the measurement of the intracellular lipid or cholesterol contents. The suppression effects of RSV against intracellular lipid contents was
totally abolished in ABCA1-KD or ABCG1-KD cells, even more
than with oxLDL treatment alone (Fig. 4B, D).

3.4.
RSV induces the nuclear translocation and activation
of LXRa
The activation of the LXRa/RXR system has been suggested to
play a critical role in regulating ABCA1 expression (Chawla
et al., 2001; Sevov et al., 2006). To address whether LXRa is
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involved in the RSV-induced ABCA1 or ABCG1 upregulation,
we examined the expression of LXRa in response to RSV treatment. The levels of LXRa in the nuclei were time-dependently
increased with RSV treatment and the maximal expression of
LXRa at 6 h (Fig. 5A). Confocal microscopic observations revealed that LXRa was distributed in both the nucleus and
cytosol in the control cells but elevated translocated into
the nucleus after RSV treatment (Fig. 5B).

3.5.
Inhibition of LXRa activation abolished RSV-mediated
gene expression of ABCA1 and ABCG1 and consequent lipid
accumulation
To examine the roles of LXRa specifically, we performed additional experiments to demonstrate that the increase in
ABCA1 and ABCG1 protein expression caused by RSV was
mainly due to LXRa activation. The functional inhibition of
LXRa by treatment with the LXRa-specific inhibitor, GGPP,
diminished the effects of RSV and increased the protein
expression of ABCA1 and ABCG1 (Fig. 5C). Moreover, the suppressive effects of RSV on the oxLDL-mediated lipid accumulation were completely abrogated under GGPP treatment
(Fig. 5D).

Fig. 4 – Knockdown of ABCA1 and ABCG1 expression diminished the resveratrol-mediated suppressive effects on lipid
accumulation. Macrophages were transfected with 2 lg/ml shRNA of (A) ABCA1 or (C) ABCG1 for 24 h, and the cellular lysates
were examined by western blot. (B and D) The suppression effects of RSV against intracellular lipid contents was totally
abolished in ABCA1-KD or ABCG1-KD cells, even more than with oxLDL treatment alone. Macrophages were transfected with
shRNA against ABCA1 or ABCG1 for 24 h and then treated with 20 lM RSV, 50 lg/ml oxLDL, or RSV/oxLDL for an additional
24 h. The intracellular lipid quantified by Oil-red O stain. Data are the mean ± SEM (n = 4). Statistical significance at *P < 0.05
compared with control; #P < 0.05 compared with RSV-treated alone; &P < 0.05 compared with RSV/oxLDL-treated group.
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Fig. 5 – The role of LXRa in RSV-mediated gene expression of ABCA1 and ABCG1 and following lipid accumulation in THP-1derived macrophages. (A) RSV increased LXRa protein levels. Macrophages were incubated with 20 lM RSV for the indicated
time points (0–9 h), and the maximal expression of LXRa at 6 h. (B) RSV activated LXRa by promoting its nuclear translocation.
Macrophages were treated with 20 lM RSV for 6 h (objective: 60·). (C) Inhibition of LXRa by GGPP abolished the expression of
ABCA1 and ABCG1. Macrophages were pretreated with or without 20 lM GGPP for 2 h and then incubated with vehicle (DMSO)
or RSV (20 lM) for another 16 h. (D) Inhibition of LXRa by GGPP affected RSV-attenuated lipid accumulation. After incubation
with GGPP, macrophages were treated with vehicle (DMSO), RSV (20 lM), or RSV/oxLDL (50 lg/ml) for 24 h. The density of the
lipid content was measured absorbance at 540 nm. Data are the mean ± SEM (n = 8). Statistical significance at *P < 0.05
compared with control; #P < 0.05 compared with RSV-treated alone; &P < 0.05 compared with RSV/oxLDL-treated group.

4.

Discussion

Emerging evidence suggests that RSV is a multifunctional
antioxidant and provides in vitro and in vivo protection
against CVD. The atheroprotective properties of RSV had
been extensively investigated (Bhat et al., 2001; Bhavnani
et al., 2001; Kaliora et al., 2006; Kopp, 1998; Renaud & de
Lorgeril, 1992), and, although the precise mechanisms are
not yet clear, the multifactorial, uncontrolled uptake of
oxLDL or the dysregulation of cholesterol efflux in macrophages is thought to be the major contributor (Takahashi
et al., 2002). In the present study, RSV inhibited oxLDL-mediated lipid accumulation through the enhancement of cholesterol efflux in THP-1-derived macrophages. Our data are
in accordance with recent findings that RSV inhibited lipid
peroxidation and promoted cholesterol efflux in mice macrophages (Berrougui et al., 2009). Based on this observation,
we further elucidated the mechanisms underlying the

RSV-mediated suppression on the formation of foam cells.
The intracellular cholesterol homeostasis in macrophages
is dynamically regulated by the influx and efflux of cholesterol, processes that are tightly controlled by RCTs and
SRs, respectively (Wang et al., 2004; Yokoyama, 2005). The
data from this work demonstrated that RSV markedly upregulated the mRNA and protein expression of ABCA1 and
ABCG1 in both dose- and time-dependent manners but that
RSV increased the protein expression of SR-BI without
affecting its mRNA expression. These results suggested that
the enhancement of ABCA1 and ABCG1 by RSV might be regulated at the transcriptional level in human macrophages.
The induction of SR-BI protein expression by RSV appeared
to be the result of reduced protein degradation, but this requires further investigation. Our findings are consistent with
the results of an in vivo study in mice that ABCA1 and
ABCG1, but not SR-BI, promoted macrophage RCT (Wang
et al., 2007).
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It is well known that both ABCA1 and ABCG1 are target
genes of the nuclear receptor, LXRa (liver X receptor), which
is a key transcriptional factor in macrophages (Sevov et al.,
2006). Our functional analyses indicated the inhibition of
ABCA1 and ABCG1 by ABCA1 and ABCG1 shRNA, respectively,
which demonstrated, at least in part, the beneficial effect of
RSV against foam cell formation. We also showed that the
upregulation of ABCA1 or ABCG1 reduced the oxLDL-induced
lipid accumulation in foam cells via an LXRa-dependent
mechanism. Furthermore, it was revealed that RSV activated
LXRa by increasing its nuclear translocation, and the blockage
of LXRa activation by GGPP diminished the RSV-mediated
ABCA1 induction and consequently inhibited the accumulation of lipids. GGPP, however, had little effect on the ABCG1
level, implying a different regulatory mechanism underlying
the RSV-mediated LXRa activation. Taken together, all of
these results indicate the essential role of LXRa activation in
the RSV-regulated gene expression of ABCA1 and ABCG1, contributing to the suppressive effects of RSV in foam cell transformation in vitro.
In addition to accumulating lipids, the foam cell release
pro-inflammatory cytokines. Lipid-laden foam cell accumulation is a key feature of early stage atherosclerotic lesions
because the pro-inflammatory factor affected cholesterol
metabolism within vascular walls (Kleemann, Zadelaar, &
Kooistra, 2008). These lipid-laden foam cells promoted
inflammation in the vascular wall and induced monocyte
CCR2 (CC-chemokine receptor 2) expression. The inhibitory
effects of RSV on chemokine receptor binding and expression
may contribute, in part, to affect the monocyte CCR2 binding
activity in an NO-, MAPK- and PI3K-dependent manner in its
cardiovascular protective activity in vivo (Cullen et al., 2007).
The anti-oxidative activity and anti-inflammatory properties
of RSV have been suggested to provide protection in CVD because RSV may directly or indirectly scavenge ROS (Bhat et al.,
2001; Manna et al., 2000). Whether RSV may activate these
signaling pathways related to antioxidant functions and, in
turn, participate in the protective function against lipid accumulation via an LXRa-dependent mechanism in macrophages, requires further inquiry.

5.

Conclusion

Our study demonstrated that the antiatherogenic properties
of RSV ameliorated the oxLDL-mediated lipid accumulation
in the process of lipid-laden foam cells formation via the
upregulation of ABCA1 and ABCG1 in human macrophages.
The upregulated expression of ABCA1 and ABCG1 by RSV
was based on the transcriptional levels and was mediated
by increasing the LXRa activity through the promotion of
the nuclear translocation of LXRa. The ability of RSV to modulate the expression of the genes involved in cholesterol efflux suggested that polyphenols can potentially provide
benefits on cholesterol homeostasis.
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Supplementary method

Determination of cytotoxicity
Before experiments, we pretest the effects of RSV on macrophages. THP-1 cells were
first incubated with RSV for 16 h. At the end of the stimulation, mitochondrial
dehydrogenase activity, which can be used as an index of cell viability, was assessed
using the methylthiazoletetrazolium (MTT) assay. According to the results of MTT
assay, we decided to use 20 μM as the working concentration of RSV.

Supplementary data

Suppl Table 1 Sequences used for the quantitative real-time PCR with optimized
human ABCA1, ABCG1, SR-BI, and GAPDH-specific primer pairs.

Gene

Forward

ABCA1 CCAACAACCCCTGTTTCC

Reverse
GCCTCCGAGCATCTGAGAAC

ABCG1 AGATTTTGTCATGGAGGTTGCA TCACCCCCGAGGTCTCTCT
SR-BI
GAPDH

CTCCCATCCTCACTTCCTCAAC

CGTGACCGGGTGGATGTC

GACCTGGCCTACTGTGTGT

CAGCTTGCCTACAACTGAC

Supplementary figure legend

Suppl Fig. 1 Cytotoxicity of RSV on THP-1-derived macrophages. Macrophages
were treated with the indicated concentrations of RSV (0-100 μM) for 16 h. Viability
were determined by MTT assay. Data are the mean ± SEM (n = 4). Statistical
significance at * P <0.05 compared with control.

Suppl Fig. 2 Determination of the shRNA clone suitable for the knowndown of
ABCA1 or ABCG1 protein expression levels. Macrophages were transfected with 2
μg/ml shRNA against ABCA1 or ABCG1 for 24 h, respectively. The macrophages
were transfected with the pLKO.1 plasmid in which random sequences were inserted
as the experimental control. The cellular lysates were examined by western blot, and
α-tubulin was used as the internal control. (A) The knockdown efficiency of five
shRNA clones of ABCA1. Strain e was selected as the ABCA1 shRNA construct for
the ensuing experiments. (B) The knockdown efficiency of five shRNA clones of
ABCG1. Strain d was selected as the ABCG1 shRNA construct for the ensuing
experiments. ABCA1 and ABCG1 shRNA inhibited the protein expression of
ABCA1 and ABCG1 through specific knockdown.
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