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Abstract: The accumulation of cholesterol in macrophages could induce the formation of foam cells and increase
the risk of developing atherosclerosis. We wonder if quercetin, one of flavonoids with anti-inflammation functions
in different cell types, could elevate the development of foam cells formation in atherosclerosis. We treated foam
cells derived from oxLDL induced THP-1 cells with quercetin, and evaluated the foam cells formation, cholesterol
content and apoptosis of the cells. We found that quercetin induced the expression of ABCA1 in differentiated THP-1
cells, and increased the cholesterol efflux from THP-1 cell derived foam cells. Eventually, cholesterol level and the
formation of foam cell derived from THP-1 cells decreased after quercetin treatment. In addition, quercetin acti-
vated PPARy-LXRa pathway to upregulate ABCA1 expression through increasing protein level of PPARy and its tran-
scriptional activity. Inhibition of PPARy activity by siRNA knockdown or the addition of chemical inhibitor, GW9662,
abolished quercetin induced ABCA1 expression and cholesterol efflux in THP-1 derived macrophages. Our data
demonstrated that quercetin increased cholesterol efflux from macrophages through upregulating the expressions
of PPARy and ABCA1. Taken together, increasing uptake of quercetin or quercetin-rich foods would be an effective
way to lower the risk of atherosclerosis.
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Introduction

Atherosclerosis was considered as one of
chronic metabolic disorders, for it related to
both dyslipidemia and low-grade inflammation
[1-4]. Macrophages play essential role in ath-
erosclerosis development, as activated in the
subendothelium in atherosclerotic lesions after
engulfing LDL [1, 4]. Circulating monocytes,
recruited to the vascular lamina after LDL
uptake, would differentiate into macrophages
upon infiltration, and with over-loaded oxidized
LDL (ox-LDL), these macrophages would trans-
form into foam cells which is a hallmark of ath-
erosclerosis [4]. Inflammatory cytokines and
mediators produced by activated macrophages
contribute to the inflammatory response in

lesion plaques [4]. What's more, the develop-
ment of atherosclerotic lesions would be elevat-
ed when the macrophage activation or inflam-
matory mediators were abolished in animals
[5-7].

Over-loaded modified LDL through the scaven-
ger receptors would cause foam cell formation
and apoptosis [4]. Therefore, the reverse cho-
lesterol transport (RCT) mechanism which
mediated cholesterol efflux from foam cells is
considered to be very important in macrophage
survival. The RCT process in macrophages is
mediated by cholesterol transporters, including
SR-B1, ATP binding cassette transporter Al
(ABCA1), and ATP binding cassette transporter
G1 (ABCG1). ABCA1 is the major transporter
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Qu ways, resulting in the de-

crease of scavenger recep-

tor CD36 and SR-A expres-

sion [1, 2, 4] and the inhibi-

— tion on the ox-LDL uptaking
[19].

However, the roles of quer-
cetin on RCT and the pos-
sible mechanism of its
action in macrophages still
remain unclear. We used
the human acute monocyte
leukemia cell line (THP-1)
as a model to investigate
the function of quercetin on
dekke cholesterol efflux from fo-
am cells. The results sho-
wed that quercetin induced
the expression of the ABC-
Al and then increased cho-
lesterol efflux through acti-
vating PPARy-LXRa path-
way in THP-1 derived foam
cells.

Figure 1. The upregulation of ABCA1 expression and cholesterol efflux in THP1

derived foam cells with quercetin (Qu) treatment. (A) Abcal mRNA level was

Materials and methods

tested by Real-time PCR and (B) The protein level tested by western-blotting

in THP1 derived macrophages treated by ox-LDL in the presence of querce-
tin as indicated concentration, and 18S rRNA or Tubulin was used as internal

Isolation and oxidation of
low density lipoprotein

control. Increased cholesterol efflux in THP1 derived foam cells with quercetin

treatment of indicated concentration (C) or time (D). Data are presented as the
mean + S.E. of at least four independent experiments. *P<0.05, **P<0.01,

**%*pP<0.001.

that exports cholesterol out of the cells into
apolipoprotein Al (apoA1l), forming pre-B-high-
density lipoprotein (HDL) [8, 9].

High flavonoid intake is positively associated
with a decreased incidence of disorders char-
acterized by dyslipidemia, including atheroscle-
rosis, coronary heart diseases, and diabetes
[10-13]. Quercetin, one of flavonoid rich in
apples and onions [14], is found to have the
properties of antioxidant, anti-inflammation,
and anti-atherogenesis [15, 16]. In consist with
these, quercetin was demonstrated to show
lots of beneficial effects that reduced dramati-
cally the formation of early stages of athero-
sclerotic lesion in both humans [15] and
animals [11, 12, 17, 18]. The role of quercetin
in terms of the uptake of ox-LDL was reported
by preventing the activation of the protein
kinase C (PKC) and peroxisome proliferator
activated receptor y (PPARy) signaling path-
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The native low-density lipo-
protein (LDL) was isolated
from fresh human blood
and transferred into ox-LDL
as described previously. In brief, isolated LDL
was first incubated with CuSO, (10°C for 24
hours and then transferred into ethylene
diamine tetraacetic acid (EDTA; 200 mM) was
added to remove Cu?* for 24 hours at 4°C.
Then, all the product was dialyzed in PBS for 24
hours at 4°C to remove EDTA. The oxidation
level of LDL was measured by thiobarbituric
acid reaction substances with malondialde-
hyde as the standard. The ox-LDL was then fil-
trated and stored at 4°C.

Cell culture

The human THP-1 cells were obtained from the
Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China). THP-1 cells were
cultured in Roswell Park Memorial Institute
medium 1640 (RPMI 1640, Corning) containing
10% fetal bovine serum (Gibico). 100 ng/mL
phorbol 12-myristate-13-acetate (PMA, Sigma)
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Figure 2. Decreased cholesterol accumulation and
foam cell formation in quercetin treated THP1 cells.
(A) The average integrated optical density (/OD) of lip-
id droplets stained with oil red O from differentiated
macrophages treated by 50 mg/L ox-LDL in the pres-
ence or absence of 200 mM quercetin. (B) The intra-
cellular total cholesterol (TC) content was measured
under the same conditions as in (A). (C) Foam cells
were identified by FACS assay. Data are presented as
the mean + S.E. of at least four independent experi-
ments. *P<0.05, **P<0.01.

were added into the medium to induce the dif-
ferentiation of THP1 cells into macrophages for
48 hours, and the medium was then replaced
with fresh medium with ox-LDL addition (50
mg/mL) to obtain foam cells before use in
experiments. And quercetin (Sigma) with indi-
cated concentration or period was added to
treat the THP-1 derived foam cell.

SiRNA transfection

THP-1 cells were transfected with specific
siRNA oligomers directed against Ppary (80
nM) by the use of Lipofectaminge 2000 trans-
fection reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions.
Scramble siRNA oligomers were used as a neg-
ative control. After transfection for 48 h, the
cells were exposed to ox-LDL (50 mg/L) for 24
h. The silencing efficiency of target genes was
validated by Western blotting.

Western blotting

Total proteins from the treated cells were
extracted using RIPA lysis buffer. Equal amounts
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of protein were separated by SDS-PAGE and
probed with various primary antibodies as indi-
cated. Immunoblots were visualized using ECL
reagent, and the integrated optical density
(I0D) of immunoreactive bands was measured
using Image-Pro Plus software and normalized
by house-keeping protein (GAPDH).

Quantitative real-time PCR

Total RNA was extracted using Trizol reagent
(Invitrogen). 2 g of total RNA was reversely tran-
scripted using MMLV Reverse Transcriptase
(Invitrogen). Real-time PCR was performed on a
Rotor-Gene Q real-time PCR cycler (Roche,
Shanghai, China) using SYBR-green PCR mas-
ter mix kits. The data were analyzed using the
Rotor-Gene Q software (version 1.7, Qiagen),
and relative mRNA levels were calculated using
the 2-25°t method and normalized against 18S
rRNA. The primers used for real-time PCR were
synthesized by Sangon Biotech (Shanghai,
China).

Cellular cholesterol efflux experiments

The cells were cultured as described above and
then incubated with [*H] cholesterol (0.2 mCi/
mL) for 24 hours. After the incubation, the cells
were washed with fresh medium for 3 times,
and then quercetin was added for indicated
time. The cells with PBS washed for 3 times
incubated with 0.1% (w/v) BSA dissolved in the
RPMI 1640 medium to allow equilibration of
[*H] cholesterol in all cellular pools. [3H] choles-
terol-labeled cells were cultured in 2 mL of the
efflux medium containing 0.1% BSA and 25
mg/mL human plasma apoA-1 in RPMI 1640
medium. The efflux medium was obtained at
indicated time and filtered through a 0.45 m fil-
ter to remove floating cells. The cell monolayer
was extracted by NaOH (0.15 M) to test cellular
total [®H] radioactivity. Medium and cell-associ-
ated [3H] cholesterol were then measured by
liquid scintillation counting. Percentage of cho-
lesterol efflux was calculated using the follow-
ing equation: [total media counts/(total cellular
counts + total media counts)|*100% (Liu et al.,
2013).

Statistical analyses
Analysis of variance was conducted to examine
whether significant (P, 0.05) main treatment

and time effects occurred. Additional post hoc
comparisons of treatment means were con-
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Figure 3. Quercetin increased the expression of PPARy and activated PPARy
signaling. (A) Ppary mRNA level was tested by Real-time PCR and (B) The protein
level was tested by western-blotting in THP1 derived macrophages treated by
ox-LDL in the presence of quercetin as indicated concentration or time, and 18S
rRNA or Tubulin was used as internal control. (C) PPARy reporter (PRE-reporter)
assay was done in THP1 derived macrophage with quercetin treatment. Data
are presented as the mean * S.E. of at least four independent experiments.

**pP<0.01, ***P<0.001.

ducted by using the Dunnett’'s t-test (treat-
ments vs. controls) and Bonferroni t-test
(selected comparisons) as indicated. Data
given represent means standard deviation.

Results

Quercetin induced ABCA1 expression and cho-
lesterol efflux in THP1 derived foam cells

ABCA1 is considered as the key player in RCT
for regulating macrophage cholesterol homeo-
stasis. First, the effect of quercetin on ABCAL1
expression was tested by real-time quantitative
PCR and western blotting assays in THP1 mac-
rophage-derived foam cells. As shown in Figure
1, quercetin induced ABCAL expression in a
dose- and time-dependent manner, at both
mRNA and protein levels. With increased
ABCA1 expression after quercetin treatment,
we detected the effect of quercetin on apoA-
1-dependent cholesterol efflux in the THP-1
derived foam cell. The cholesterol to apoA-1
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ol in the droplets induces
foam cells formation and
apoptosis.  Macrophages
uptake of ox-LDL is the
event that triggers the for-
mation of lipid-laden foam
cells, which is considered
as the important marker of
atherosclerosis. The results
of oil red O-staining (Figure
2A) and intracellular TC
quantitative assay (Figure
2B) showed that lipid content in differentiated
THP-1 cells was significantly increased by ox-
LDL, which indicated that foam cells were
formed. When the cells were co-treated with
quercitin, the lipid content decreased dramati-
cally with reduced lipid droplets stained with oil
red O-staining (Figure 2A) and lower intracellu-
lar TC (Figure 2B). FACS analysis also showed
that foam cells induced by ox-LDL decreased
after quercetin treatment (Figure 2C). The
results demonstrated that quercetin could
decrease the accumulation of cholesterol and
foam cell formation induced by ox-LDL in
macrophages.

Quercetin increased the expression of PPARy
and activated PPARYy signaling

The transcriptional cascade in the PPARy-LXRx
pathway plays a critical role in maintaining cel-
lular cholesterol homeostasis in macrophages.
Previous studies have shown that the activa-
tion of PPARy upregulates ABCA1 expression

Int J Clin Exp Pathol 2015;8(9):10854-10860
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Figure 4. The inhibition on PPARy abolished the functions of quercetin on macrophage cholesterol efflux. Abcal
mRNA and ABCA1 and PPARYy protein levels (A), PRE reporter assay (B) and cholesterol efflux (C) were tested in quer-
cetin treated macrophages with or without the addition of GW9662 or PPARYy specific siRNA as indicated. Data are
presented as the mean + S.E. of at least three independent experiments. **P<0.01, ***P<0.001.

and facilitates cellular cholesterol efflux. To
investigate whether quercetin could affect the
expression of LXRa or PPARy, we firstly used
real-time quantitative PCR and Western blot-
ting analyses. As shown in Figure 3, PPARy
mRNA and protein levels were both increased
after the cells were treated by quercetin in a
dose-dependent and time-dependent manner,
while LXRa protein and mRNA levels did not
show any changes. To test if quercetin could
induce the activation of PPARy pathway, we
introduced PPRE-luc reporter system to evalu-
ate PPARy transcriptional activity. As shown in
Figure 3C, the luciferase activity increased
about 3 folds after 200 uM quercetin treat-
ment. The result demonstrated that quer-cetin
induced PPARy pathway activation though
upregulating the expression level of PPARy in
macrophages.

The inhibition on PPARYy abolished the func-
tions of quercetin on macrophage cholesterol
efflux

To confirm the upregulated ABCA1 expression

induced by quercetin was PPARy dependent,
we introduced PPARy antagonist GW9662 and
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PPARYy specific siRNA to block the activation of
PPARy pathway induced by quercetin. As shown
in Figure 4A, the addition of GW9662 dramati-
cally abolished the induction effects of querce-
tin on ABCA1 expression in macrophages. We
then examined the effect of PPARy siRNA on
quercetin-induced change in ABCA1 expres-
sion. Upregulation of ABCALl expression by
quercetin was reversed by both PPARy siRNA.
What’s more, with the disruption of PPARy
PPARYy pathway with the addition of GW9662 or
PPARy siRNA, PPARy transcriptional activity
decreased dramatically (Figure 4B). We also
examined cholesterol efflux in cells using the
liquid scintillation counting assay. Our results
showed that treatment with both PPARy siRNA
and quercetin (GW9662 and quercetin) blocked
quercetin-mediated upregulation of cholesterol
efflux compared with the controls (Figure 4B).
All of these indicate that quercetin promotes
ABCA1 upregulation through the PPARy path-
way.

Discussion

Our study here supports the hypothesis that
quercetin could promote macrophage RCT pro-

Int J Clin Exp Pathol 2015;8(9):10854-10860
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cess via upregulating the cholesterol transport-
er ABCA1 and transcriptional activator PPARy
expression. This effect of quercetin results in
decreased foam cell formation to alleviate ath-
erogenesis. The presence of sustained macro-
phage activation in the subendothelium of ath-
erosclerotic lesions suggested that macro-
phages may play an essential role during the
initiation and progression of atherosclerosis [1,
4].

Quercetin-driven ABCA1 expression is likely to
be mediated by the increased transcriptional
activities of PPARy, as demonstrated by the
upregulated expression of these transcriptional
factors after quercetin treatment. PPARy
expression induced by quercetin occurred
somehow earlier than that of ABCAL. In accor-
dance with our results in human macrophages,
a previous study showed that rutin, glycosylat-
ed quercetin, induced the expression of PPARy
in lung cells [20]. However, the effects of quer-
cetin on PPARy expression may be different
among cells and tissues, as shown that querce-
tin lowered PPARYy transcript levels and exerted
no effects on PPARYy transcriptional activity in
rat adipose tissue [21]. Although it has not
been examined whether quercetin acts as ago-
nist or antagonist, quercetin should have no
measurable effects as PPARy ligand as well.
Taken account of all of these, quercetin may
regulate ABCA1 gene expression through hav-
ing some effects on its related transcription
factors.

ABCA1 is considered as a major regulator of
reverse cholesterol transport. Quercetin modu-
lation effects on ABCA1 expression may lower
the deposition of cholesterol in macrophages.
As characterized in atherosclerosis, dysregu-
lated cholesterol metabolism and chronic
inflammation could be improved after querce-
tin treatment, resulting in the reduction of foam
cell formation which is a critical feature in the
initial stage of atherosclerosis [22]. In addition
of the quercetin effects that we observed here,
it has been previously shown that quercetin
could have health benefits in anti-atheroslero-
sis by suppressing the expression of scavenger
receptors such as SR-A and CD36 in macro-
phages and blocking free radical-mediated oxi-
dative modification of LDL [11, 12, 23, 24].
Corroborating these previous reports, our study
provides convincing evidences to reveal benefi-
cial roles of quercetin in improving athero-
sclerosis.
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Although most of the experiments were in vitro,
this study provides a rationale to investigate
anti-atherogenic effects of quercetin in vivo.
Further researches are necessary by using
hyperlipidemic animal models and humans.
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