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Cholesterol efflux from macrophages is a critical mechanism to prevent the development of atheroscle-
rosis. Here, we sought to investigate the effects of arctigenin, a bioactive component of Arctium lappa, on
the cholesterol efflux in oxidized low-density lipoprotein (oxLDL)-loaded THP-1 macrophages. Our data
showed that arctigenin significantly accelerated apolipoprotein A-I- and high-density lipoprotein-
induced cholesterol efflux in both dose- and time-dependent manners. Moreover, arctigenin treatment
enhanced the expression of ATP binding cassette transporter A1 (ABCA1), ABCG1, and apoE, all of which
are key molecules in the initial step of cholesterol efflux, at both mRNA and protein levels. Arctigenin also
caused a concentration-dependent elevation in the expression of peroxisome proliferator-activated
receptor-gamma (PPAR-c) and liver X receptor-alpha (LXR-a). The arctigenin-mediated induction of
ABCA1, ABCG1, and apoE was abolished by specific inhibition of PPAR-c or LXR-a using small interfering
RNA technology. Our results collectively indicate that arctigenin promotes cholesterol efflux in oxLDL-
loaded THP-1 macrophages through upregulation of ABCA1, ABCG1 and apoE, which is dependent on
the enhanced expression of PPAR-c and LXR-a.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Atherosclerosis is the primary factor causing cardiovascular
events. It is well known that macrophages, as professional scaveng-
ers, play a critical role in atherogenesis through uptake of modified
low-density lipoprotein (LDL) and secretion of inflammatory modu-
lators, cytokines, and matrix-degrading enzymes [1]. The internali-
zation of various forms of modified LDL that accumulated in the
artery results in the development of macrophages foam cells, whose
accumulation in the arterial wall is a hallmark of the early athero-
sclerotic lesion [2]. Clearance of arterial cholesterol deposits by mac-
rophages is beneficial during the early stages of atherosclerosis [3].

Accumulating evidence suggests that reverse cholesterol trans-
port (RCT) is a good antiatherogenic strategy by which accumu-
lated cholesterol is transport from the vessel wall to the liver for
clearance into the bile and ultimately the feces [3]. Cholesterol ef-
flux from macrophages is the first and potentially most important
step in macrophage RCT, by which intracellular cholesterol from
macrophage is transferred to extracellular acceptors, such as apo-
lipoprotein A-I (apoA-I) and high-density lipoprotein (HDL) [3]. It
consists of five independent pathways, including ATP-binding
membrane cassette transporter A1 (ABCA1), scavenger receptor
B1 (SR-B1), caveolin, Cyp27A1 and passive diffusion [4].

Arctigenin, a bioactive component of Arctium lappa, exerts many
biological activities, including antioxidant, antitumor and anti-
inflammatory properties [5–7]. Recently, it is shown that arctigenin
inhibits the production of nitric oxide (NO) and the release of tumor
necrosis factor-a (TNF-a) and interleukin-6 (IL-6) in lipopolysac-
charide (LPS)-stimulated macrophages RAW 264.7 and THP-1 cells
[8]. The inhibitory effects of arctigenin on NO production seem to be
due to down-regulation of inducible nitric oxide synthase (iNOS)
protein expression and suppression of the iNOS enzymatic activity
[8]. Excess NO has been shown to decrease the efficacy of liver X
receptor a (LXR-a)-ABCA1-dependent cholesterol efflux, thereby
promotes oxLDL-mediated cholesterol accumulation in foam cells,
and leads to atherosclerosis progression [9]. In the present study,
we sought to investigate the effects of arctigenin on cholesterol ef-
flux in oxLDL-loaded THP-1 macrophages.
2. Material and methods

2.1. Cell culture and treatment

The human monocyte-macrophage cell line (THP-1) was
brought from American Type Culture Collection (Manassas, VA,
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USA). THP-1 cells were maintained in RPMI 1640 (Invitrogen Life
Technologies, Grand Island, NY, USA) containing 10% fetal bovine
serum (FBS; Invitrogen) in a humidified atmosphere of 5% CO2 at
37 �C.

THP-1 cells (5 � 105 cells per 35 mm dish) were differentiated
into macrophages by stimulation with 160 nmol/ml of phorbol
12-myristate 13-acetate (PMA) for 72 h and then exposed to
50 mg/L of oxLDL for 24 h. THP-1-derived macrophages were trea-
ted with different concentrations of arctigenin (0, 10, 50, and
100 lM) for 12 h or exposed to 100 lM of arctigenin for varying
durations. Arctigenin (catalog No. SMB00075) was purchased from
Sigma (St. Louis, MO, USA), with a purity of P95%. For lipid uptake,
cells were incubated in RPMI 1640 supplemented with 0.2 % fatty
acid-free bovine serum albumin (BSA).

2.2. Cholesterol efflux assay

Cholesterol efflux experiments were performed as before [10].
THP-1 cells were stimulated with 160 nmol/ml of PMA for 72 h
to differentiated into macrophages and exposed to 50 mg/L oxLDL
and [3H]cholesterol (1.0 lCi/mL) for another 24 h in RPMI 1640
supplemented with 0.2% BSA. Cholesterol-loaded macrophages
were treated with different concentrations of arctigenin for 12 h
or exposed to 100 lM of arctigenin for varying durations. The cells
were washed with PBS and incubated in RPMI 1640 containing
0.2% BSA in the presence or absence of apoA-I (10 lg/mL), HDL2

(50 lg/mL) or HDL3 (50 lg/mL), for another 24 h. The percentage
of cholesterol efflux was calculated via dividing media-derived
radioactivity by the sum of the radioactivity in the media and cells.
The fold changes of the percentage of cholesterol efflux were calcu-
lated by dividing the percentages of cholesterol efflux in the cells
with different treatment by the percentage of cholesterol efflux
in control cells.

2.3. Semiquantitative reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA in the cells with indicated treatment was extracted
by a Trizol Plus RNA Purification kit (Invitrogen). Complementary
DNA (cDNA) was synthesized by an Omniscript RT kit (Qiagen,
Fig. 1. Dose- and time-dependent effects of arctigenin on cholesterol efflux in oxLDL
macrophages was measured as described in Section 2. The cells treated with different
arctigenin for varying durations (B). Fold changes of cholesterol efflux efficacy were cal
treatment by the percentage of cholesterol efflux in control cells. Data represents mean
Valencia, CA) and used for PCR. Target gene specific primers (pro-
vided if requested) were used to amplify cDNA fragments by PCR
with Taq DNA polymerase (Invitrogen). The PCR cycles are per-
formed in a thermal cycler (Sigma–Aldrich, St. Louis, MO, USA).
The RT-PCR products were subjected to electrophoresis in 1.5%
agarose gel. Bands intensities were quantified by the Quantity
One image software (Bio-Rad, Hercules, CA, USA) and normalized
to the internal control b-actin.
2.4. Western blot analysis

Cells were harvested and protein extracts prepared according to
Instruction Manual (Bio-Rad). Extracts were then subjected to
Western blot analysis. Primary antibodies against SR-B1 (Santa
Cruz Biotechnology, Santa Cruz, USA), SR-A1 (Santa Cruz Biotech-
nology), CD36 (Santa Cruz Biotechnology), ABCA1 (Cell Signaling,
Beverly, MA, USA), ABCG1 (Cell Signaling), apoE (Cell Signaling),
PPAR-c (Cell Signaling), LXR-a (Cell Signaling), and b-actin (Sigma).
The proteins were visualized using a chemiluminescence method
(ECL Plus Western Blot Detection System, Amersham Biosciences,
Foster City, CA, USA) and analyzed with a GS-700 Imaging Densi-
tometer (Bio-Rad).
2.5. Transfection of siRNA

The human small interfering RNA (siRNA) against PPAR-c (50-
GGAUGCAAGGGUUUCUUCCtt-30 and 50-GGAAGAAACCCUUGCAU
CCtt-30 for PPAR-gamma (psiRNA)) and LXR-a (50-GGAGUGUGUCC
UGUCAGAAtt-30 and 50-UUCAGACAGGACACACUCCtc-30) and
scrambled control RNA oligonucleotides were purchased from
Ambion Inc. (Austin, TX, USA). The transfection of siRNA was per-
formed using Lipofectamine 2000 according to the manufacturer’s
instructions (Invitrogen). Briefly, after stimulation with PMA for
72 h, different concentrations of siRNA (30, 60 nM) were added
to THP-1 cells. The cells were incubated for 24 h, washed and then
50 mg/L of oxLDL were added for another 24 h in 0.2 % fatty acid-
free BSA. 100 lM of arctigenin was used to treat the cells for 12 h.
-stimulated THP-1 macrophages. Cholesterol efflux from oxLDL-stimulated THP-1
concentrations of arctigenin were incubated for12 h (A) or exposed to 100 lM of
culated by dividing the percentages of cholesterol efflux in the cells with different
± SD (n = 6). ⁄P < 0.05; ⁄⁄P < 0.01 versus indicated controls.



Fig. 2. The effects of arctigenin on the expression of SR-B1, SR-A1, CD36, ABCA1, ABCG1 and apoE in oxLDL-loaded THP-1 macrophages. THP-1 macrophages were stimulated
with 50 mg/L oxLDL for 24 h in RPMI 1640 with 0.2% BSA. Then cells were treated with 100 lM of arctigenin for another 12 h. (A) RT-PCR and (B) Western blot analysis were
performed for analyzing the expression of SR-B1, SR-A1, CD36, ABCA1, ABCG1 and apoE at mRNA and protein levels, respectively. Semiquantitative analysis of RT-PCR and
Western blots was performed by densitometric analysis and normalized to b-actin levels. Fold changes of target gene expression were calculated by comparing their
expression levels in cells with different treatments to that in control cells. Data represents mean ± SD (n = 3). ⁄P < 0.05; ⁄⁄P < 0.01 versus indicated controls.
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2.6. Statistical analysis

Data are expressed as mean ± standard deviation (SD). Statisti-
cal analysis was performed using the SPSS11.0 package software
(SPSS Inc., Chicago, IL, USA). Differences in the means among
groups were determined by one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test. A P value of less than 0.05 was
considered to indicate statistical significance.
3. Results

3.1. Arctigenin accelerates cholesterol efflux from oxLDL-stimulated
THP-1 macrophages

Twenty four hours after oxLDL loading in THP-1 macrophages,
100 lM of arctigenin clearly promoted the cholesterol efflux med-
iated by apoA-I, HDL2, and HDL3 by 2.1-(P < 0.01), 1.75-(P < 0.01)
and 1.35-fold (P < 0.01), respectively, in oxLDL-loaded THP-1 mac-
rophages (Fig. 1A). 50 lM of arctigenin significantly increased the
cholesterol efflux induced by apoA-I and HDL2 by 1.5-fold
(P < 0.01) and 1.3-fold (P < 0.05), respectively (Fig. 1A). However,
10 lM of arctigenin did not show obvious effects on apoA-I and
HDL-induced cholesterol efflux (P > 0.05; Fig. 1A).

In the time course experiments, 100 lM of arctigenin started to
significantly enhance the cholesterol release-induced by apoA-1
(P < 0.01; Fig. 1B), HDL2 (P < 0.01; Fig. 1B) and HDL3 (P < 0.05;
Fig. 1B) at 12 h. 24 h after the treatment with arctigenin, THP-1
cells showed 2.2-fold (P < 0.01), 1.8- (P < 0.01) and 1.4-fold
(P < 0.01) increases in the cholesterol efflux-mediated by apoA-I,
HDL2 and HDL3, respectively (Fig. 1B).
3.2. Arctigenin enhances the expression of ABCA1, ABCG1 and apoE in
oxLDL-loaded THP-1 macrophages

Arctigenin concentrations ranging from 10 to 100 lM did not
show obvious effects on the expression of SR-B1, SR-A1 and
CD36 at both mRNA (P > 0.05; Fig. 2A) and protein levels
(P > 0.05; Fig. 2B). The expression of ABCA1 did not show any
changes at both mRNA and protein levels in oxLDL-loaded THP-1
macrophages-treated with 10 lM of arctigenin (P > 0.05; Fig. 2),
but was remarkably upregulated in 50 and 100 lM of arctigenin-
stimulated cells (P < 0.01; Fig. 2). 50 lM of arctigenin significantly
enhanced the expression of ABCG1 (P < 0.01 for mRNA; P < 0.05 for
protein; Fig. 2). For apoE expression, 10 lM of arctigenin only sig-
nificantly elevated the expression of apoE mRNA, but not protein.
The expression of apoE mRNA and protein was profoundly en-
hanced by 50 and 100 lM of arctigenin (P < 0.01; Fig. 2). Our data
showed that arctigenin markedly upregulated the expression of
ABCA1, ABCG1 and apoE in a concentration-dependent manner at
12 h after arctigenin treatment in THP-1 macrophages (Fig. 2).

3.3. Arctigenin induces the expression of PPAR-c and LXR-a in oxLDL-
loaded THP-1 macrophages

To detect whether PPAR-c and LXR-a are involved in the upreg-
ulation of ABCA1, ABCG1 and apoE by arctigenin, RT-PCR and Wes-
tern blot analysis were performed to examine the expression of
PPAR-c and LXR-a in arctigenin-treated and oxLDL-stimulated
THP-1 cells. As Fig. 3A shown, the expression of PPAR-c and LXR-
a was upregulated at transcriptional levels by 50 (P < 0.01) and
100 lM (P < 0.01) of arctigenin, but not 10 lM of arctigenin. Simi-
larly, 50 and 100 lM of arctigenin significantly promoted the



Fig. 3. The effects of arctigenin on the expression of PPARc and LXR-a in oxLDL-loaded THP-1 macrophages. THP-1 macrophages were stimulated with 50 mg/L oxLDL for
24 h in RPMI 1640 with 0.2% BSA. Then cells were treated with 100 lM of arctigenin for another 12 h. (A) RT-PCR and (B) Western blot analysis were performed for analyzing
the expression of PPARc and LXR-a at mRNA and protein levels, respectively. Semiquantitative analysis of RT-PCR and Western blots was performed by densitometric analysis
and normalized to b-actin levels. Fold changes of target gene expression were calculated by comparing their expression levels in cells with different treatments to that in
control cells. Data represents mean ± SD (n = 3). ⁄P < 0.05; ⁄⁄P < 0.01 versus indicated controls.
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expression of PPAR-c (P < 0.01; Fig. 3B) and LXR-a (P < 0.01;
Fig. 3B) protein, but not 10 lM of arctigenin.
3.4. Specific inhibition of PPAR-c and LXR-a by siRNA attenuates the
upregulation of ABCA1, ABCG1 and apoE by arctigenin

30 nM of PPAR-c- and LXR-a-siRNA inhibited the expression of
PPAR-c- and LXR-a proteins by 68% and 61%, respectively
(P < 0.01; Fig. 4A and C). PPAR-c- and LXR-a proteins were almost
completely abolished by the transfection of 60 nM of PPAR-c- and
LXR-a-siRNA (by 90% for PPAR-c and by 84% for LXRa; Fig. 4A and
C).

PPAR-c-siRNA substantially abolished arctigenin-mediated-
induction of ABCA1, ABCG1, apoE and LXR-a (Fig. 4B). However,
scrambled siRNA had no effects on the expression of these proteins
(Fig. 4B). Arctigenin-mediated upregulation of ABCA1, ABCG1, and
apoE were also significantly suppressed by LXR-a-siRNA (Fig. 4D).
4. Discussion

In the present study, we found that arctigenin profoundly
enhanced apoA-I and HDL-mediated cholesterol efflux in a dose-
and time-dependent manner in oxLDL-stimulated THP-1 macro-
phages. Western blot analysis showed that the expression of
ABCA1, ABCG1 and apoE was significantly upregulated in
arctigenin-treated cells. Interestingly, arctigenin also remarkably
promoted the expression of PPAR-c and LXR-a, and specific inhibi-
tion of PPAR-c or LXR-a reversed arctigenin-mediated induction of
ABCA1, ABCG1 and apoE. Our data indicated that arctigenin pro-
motes cholesterol efflux by enhancing ABCA1, ABCG1 and apoE
expression through activation of PPAR-c/LXR-a pathway.

In this study, we found that arctigenin accelerated apoA-I and
HDL-induced cholesterol efflux in oxLDL-stimulated THP-1 cells.
To investigate the mechanism of how arctigenin induces choles-
terol release in macrophage foam cells, we examined several key
genes related to cholesterol efflux. The scavenger receptors (SR-
B1, SR-A1, CD36) are responsible for uptake of modified cholesterol
[11]. The expression of SR-B1, SR-A1 and CD36 were measured in
arctigenin-stimulated and cholesterol-loaded THP-1 macrophages.
However, our results indicated that arctigenin has no obvious ef-
fects on the expression of these scavenger receptors, in terms of
SR-B1, SR-A1 and CD36. ABCA1 and ABCG1 are integral membrane
proteins that utilize ATP as a source of energy for transporting lip-
ids and other metabolites across membranes [12]. Our data
showed that arctigenin dose-dependently upregulated the expres-
sion of ABCA1 and ABCG1, indicating that ABCA1 and ABCG1 play
important roles in arctigenin-mediated cholesterol efflux. ApoE
can induce cholesterol efflux from the macrophage that originally
secreted it (autocrine effect) or from surrounding macrophages
(paracrine effect), which inhibits foam cell formation and prevents
atherosclerosis [13]. Western blot analysis showed that arctigenin



Fig. 4. Effects of PPAR-c and LXR-a-siRNA on arctigenin-mediated gene expression in oxLDL-loaded THP-1 macrophages. After stimulation with PMA for 72 h, indicated
concentrations of siRNA were added to THP-1 cells. The cells were incubated for 24 h, washed and then 50 mg/L of oxLDL were added for another 24 h in 0.2 % fatty acid-free
BSA. The cells were stimulated with 100 lM of arctigenin for 12 h and collected for Western blot analysis to analyze the expression of PPAR-c (A) and LXR-a (C). (B) The
expression of LXR-a, ABCA1, ABCG1 and apoE was examined by Western blot analysis. (D) The expression of ABCA1, ABCG1 and apoE was measured by Western blot analysis.
b-Actin was used as an internal control. Fold changes of target gene expression were calculated by comparing their expression levels in cells with different treatment to those
in control cells. Data represents mean ± SD (n = 3). ⁄P < 0.05; ⁄⁄P < 0.01 versus indicated controls.
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enhanced the expression of apoE. These results suggested that arc-
tigenin enhances cholesterol efflux through multiple signaling
pathways. Actually, many extracts from Chinese traditional medi-
cine, such as resveratrol and quercetin, have been shown promo-
tive effects on cholesterol efflux through different signaling
pathways [14–16]. Our results suggest that arctigenin might be an-
other candidate for antiatherosclerotic therapy.

How does arctigenin enhance the expression of ABCA1, ABCG1
and apoE? Nuclear receptors offer one strategy to integrate multi-
ple signaling pathways. PPAR-c and LXR-a are two key nuclear
receptors that play pivotal roles in macrophage cholesterol homeo-
stasis and inflammation [17]. Both PPAR-c and LXR-a are impli-
cated in the transactivaiton of ABCA1, ABCG1 and apoE, integral
players in cholesterol efflux [17]. We detected the effects of arc-
tigenin on the expression of PPAR-c and LXR-a. Interestingly, arc-
tigenin significantly enhanced the expression of PPAR-c and LXR-a
in a dose-dependent manner. Moreover, silencing of LXR-a by LXR-
a-siRNA suppressed arctigenin-mediated upregulation of ABCA1,
ABCG1 and apoE, indicating that arctigenin-induced expression of
ABCA1, ABCG1 and apoE is dependent on LXR-a signaling, which
is consistent with the findings that ABCA1, ABCG1 and apoE are
the direct targets of LXR-a in cholesterol efflux [17–19]. LXR-a is
identified as one target gene of PPAR-c and directly regulate
ABCA1 expression [17]. Specific targeting of PPAR-c by PPAR-c-
siRNA abolished the expression of LXR-a, ABCA1, ABCG1 and apoE,
indicating that PPAR-c is an upstream regulator in arctigenin-med-
iated promotion of cholesterol efflux. Our results suggested that
arctigenin-induced upregulation of ABCA1, ABCG1 and apoE is
dependent on PPAR-c/LXR-a signaling pathway.

Arctigenin exhibits potent suppressive effects on the production
of NO through down-regulation of iNOS protein expression and
inhibition on the iNOS enzymatic activity in LPS-stimulated macro-
phages RAW 264.7 and THP-1 [8]. Excess NO decreases LXR-
a-ABCA1-dependent cholesterol efflux in macrophage foam cells
[9]. We therefore hypothesized that arctigenin might promote cho-
lesterol efflux in macrophage foam cells. Interestingly, we found
that arctigenin enhanced cholesterol efflux in cholesterol-loaded
macrophages in a dose and time dependent manner. Whether arc-
tigenin-induced cholesterol efflux is dependent on the suppression
of NO, is still unclear. In further studies, this question will be
addressed.
Taken together, our data indicate that arctigenin promotes cho-
lesterol efflux through increasing the expression of ABCA1, ABCG1
and apoE by PPAR-c/LXR-a signaling.
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