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Abstract. Quercetin is a flavonoid that has anti‑inflammatory, 
anti‑oxidant and lipid metabolic effects. It has also been 
reported to reduce the risk of cardiovascular disease. The 
present study measured the effects of quercetin on the 
expression of ATP‑binding cassette transporter 1 (ABCAl), 
ATP‑binding cassette sub‑family G member 1 (ABCG1), liver 
X receptor‑α (LXR‑α), proprotein convertase subtilisin/kexin 
type 9 (PCSK9), p53, p21 and p16 induced by oxidized low 
density lipoprotein (ox‑LDL). RAW264.7 macrophages were 
exposed to ox‑LDL with or without 20 µmol/l quercetin and 
cell proliferation and senescence were quantified using β‑gal 
staining. Superoxide dismutase (SOD), malondialdehyde (MDA) 
and lipid droplets were measured in the cytoplasm using oil red 
staining, while intracellular and total cholesterol (TC) were 
measured using filipin staining and a TC kit. Immunofluorescent 
studies and western blot analysis were performed to quantify 
the expression of ABCAl, ABCG1, LXR‑α, PCSK9, p53, 
p21 and p16. Quercetin increased RAW264.7 cell viability 
and reduced lipid accumulation, senescence, lipid droplets, 
intracellular cholesterol and TC. It was concluded that quercetin 
inhibits ox‑LDL‑induced lipid droplets in RAW264.7 cells by 
upregulation of ABCAl, ABCG1, LXR‑α and downregulation 
of PCSK9, p53, p21 and p16.

Introduction

Atherosclerosis (AS) is a common consequence of cardio-
vascular disease that includes abnormal lipid metabolism (1) 
and foam cell formation, which indicate early AS (2). Thus, 
blocking foam cell formation may be a key to reducing AS (3). 

ATP‑binding cassette transporter  A1 (ABCA1), a critical 
protein for reverse cholesterol transport (RCT), promotes 
macrophage cholesterol efflux and prevents foam cell forma-
tion. ATP‑binding cassette sub‑family G member (ABCG1) is 
an active lipid transporter and a member of the ABC family. 
Both of them highly expressed in many tissues and can be 
activated by the liver X receptors (LXRs) (4). It contributes to 
RCT. Proprotein convertase subtilisin/kexin type 9 (PCSK9) 
is a lipid regulatory protein involved in lipid metabolism and 
apoptosis (5). Previous studies confirm that PCSK9 is upregu-
lated in macrophages, causing an inflammatory response and 
cholesterol accumulation via inhibition of RCT (6). However, 
inhibition of PCSK9 can intervene in AS. Also, PCSK9 
inhibitors can promote macrophage cholesterol efflux via 
upregulation of ABCA1 (7).

Quercetin is a flavonoid reported to have anti‑inflammatory, 
anti‑oxidant, and lipid metabolic functions (8). It may prevent 
AS by regulating lipid metabolism, enhancing expression of 
ABCA1 in RAW264.7 cells, promoting macrophage cholesterol 
efflux and blocking foam cell formation (9). Studies suggested 
that quercetin inhibited PCSK9 expression in hepatocytes and 
promoted macrophage cholesterol efflux (10).

Thus, we assessed whether quercetin prevented 
ox‑LDL‑induced lipid deposition in macrophages via increased 
expression of ABCA1 and LXR‑α and decreased expression of 
PCSK9. RAW264.7 macrophages were induced with ox‑LDL 
to create a cell injury model, and cell viability was assessed. 
Lipid deposition and expression of ABCAl, ABCG1, LXR‑α, 
PCSK9, P53, P21 and P16 were also measured.

Materials and methods

Materials. Mouse macrophage RAW264.7 cells were 
purchased from the Shanghai Institute of Biochemistry and 
Cell, Shanghai, China. Dulbecco's modified eagle medium 
(DMEM) was purchased from Gibco (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), FBS was purchased from Invitrogen 
(Thermo Fisher Scientific, Inc.) Quercetin was purchased from 
Shanghai Yuanye Bio‑Technology Co., Ltd. (Shanghai, China). 
Oxidized low density lipoprotein (ox‑LDL) was purchased from 
Shanghai Yuanye Bio‑Technology Co., Ltd. The protein ladder 
was from Thermo Fisher Scientific, Inc. We used anti‑ABCA1 
(Thermo Fisher Scientific, Inc.), anti‑ABCG1 anti‑PCSK9, 
anti‑LXR‑α, anti‑P53, anti‑P21, anti‑P16 antibodies were all 
purchased from Abcam (Cambridge, MA, USA), anti‑β‑actin 
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(Cell Signaling Technology, Inc., Danvers, MA, USA), goat 
anti‑rabbit IgG (H+L) secondary antibody, goat anti‑mouse 
IgG (H+L) secondary antibody (both LI‑COR, Lincoln, NE, 
USA); FITC‑labeled goat anti‑mouse IgG (H+L) (Shanghai 
Beyotime, Shanghai, China), and FITC‑labeled goat anti‑rabbit 
IgG (H+L) (A0562; Shanghai Beyotime).

A CCK8 kit was purchased from Shanghai Beyotime. An 
enhanced BCA protein assay kit was used as was an SDS‑PAGE 
preparation kit (both from Shanghai Beyotime). We used an 
oil red O staining kit Shanghai Yeasen (Shanghai, China) and 
a senescence β‑galactosidase (β‑gal) staining kit (Shanghai 
Beyotime). SOD and MDA were measured using assay kit 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). 
A Filipin staining kit was purchased from Shanghai Genmed 
(Shanghai, China), and DAPI staining solution was purchased 
from Shanghai Beyotime.

Macrophage cell culture. RAW264.7 cells were cultured in 
DMEM medium containing 10% FBS in a humidified atmo-
sphere at 37˚C, 5% CO2. Then the cells were passaged three 
times. When the cells were confluent, they were randomized 
into four groups: Control (carrier medium), ox‑LDL treatment, 
ox‑LDL + quercetin treatment, and quercetin treatment using 
at least three replicates for each group. Cells were cultured 
with ox‑LDL for 24 h at 100 mg/l or quercetin (20 µmol/l) 
or an ox‑LDL/quercetin co‑culture. Subsequently, cells were 
harvested and extracted for analysis.

Cell proliferation assay. RAW264.7 cells were seeded into 
96‑well plates (103/well), and 100 µl medium was added into each 
well. Plates were cultured for 24 h in an incubator containing 
5% CO2 at 37˚C. Then cells were randomized to ox‑LDL (0, 
10, 50, 100, or 200 mg/l), quercetin (10, 20, 40, or 60 µmol/l), 
control (vehicle medium), or ox‑LDL treated, ox‑LDL + quer-
cetin, or quercetin. After culture for 24 h, cell proliferation was 
measured using a CCK8 kit and a microplate reader (490 nm).

Oil red O and Filipin staining. RAW264.7 cells were 
randomized to control, ox‑LDL, ox‑LDL  +  quercetin or 
quercetin, as described above. Cell cultures were rinsed once 
with PBS and fixed with 10% (v/v) formaldehyde for 20 min at 
room temperature. After three washings with distilled water, 
cells were incubated with filtered 60% (v/v) isopropyl alcohol 
for 1 min and then fixed with oil red O solution for 15 min at 
room temperature. Cell cultures were rinsed in distilled water 
and counterstained with hematoxylin for 30 sec, rinsed with 
distilled water and sealed with glycerin gelatin. Intracellular 
lipid droplets were red, and nuclei were blue under a microscope. 
Oil red O imaging was manually performed with the x40 
objective lens, and from the images, five areas were randomly 
selected for analysis using integrated optical density (IOD) and 
ImageJ software (National Institutes of Health, Bethesda, MD, 
USA) to quantify intracellular lipid droplets.

RAW264.7 cells were treated as described and washed 
once with PBS and then stained with Filipin according to kit 
instructions. Intracellular unesterified cholesterol was stained 
by Filipin and fluoresced blue (340 nmex; 430 nmem).

Total cholesterol (TC) assay. RAW264.7 cells were treated 
as described above. TC was measured according to kit 

instructions. Briefly, after treatment, cells were washed once 
with PBS and lysed using an ultrasonic homogenizer and 
heated for 10 min at 70˚C. Then, the cells were centrifuged at 
2,000 rpm/min for 5 min at room temperature. The superna-
tant was removed, and TC was measured using a microplate 
reader. Protein was quantified using a BCA kit, and TC was 
normalized to the protein content.

SOD measurement. Cells were scraped, and SOD was 
assayed for 10 min. Cells were then centrifuged for 10 min 
at 1,500  rpm/min and precipitated. Buffer was added to 
the cells, and ultrasonic lysis was carried out. Reagent was 
added to the cells according to the SOD assay instructions 
and incubated at 37˚C for 20 min. Absorption was read at 
450 nm.

MDA measurement. Cells were treated as they were for the 
SOD assays and heated at 95˚C for 20 min. Reagents were 
prepared according to MDA kit instructions, and the pore 
plate was treated as instructed. The absorption was read at 
530 nm.

Immunofluorescent assay. RAW264.7 cells were random-
ized to control, ox‑LDL, ox‑LDL + quercetin, or quercetin. 
After cell routine treatment, cells were washed three times 
with PBS and then fixed in 4% paraformaldehyde for 10 min 
at room temperature. Cells were washed three times with 
PBS and then saturated with 10% BSA for 30 min. Samples 
were incubated with anti‑ABCA1, anti‑ABCG1, anti‑LXR‑α, 
anti‑PCSK9, anti‑P53, anti‑P21, anti‑P16 overnight at 4˚C. 
After washing twice with PBS, samples were incubated with 
secondary antibody FITC‑labeled goat anti‑rabbit IgG (1:50) 
for 30 min at room temperature. After staining for quantifica-
tion, samples were incubated with 10 µg/ml DAPI for 5 min 
for visualization of the cell nuclei. Finally, cells were washed 
three times with PBS and sealed. The average integral optical 
density of green fluorescence was analyzed using ImageJ 
software (National Institutes of Health) to reflect the relative 
protein expression.

Western blot assay. RAW264.7 cells were treated as described 
and washed three times with PBS, and cell lysates were 
generated using RIPA lysis buffer with PMSF. Cells were 
scraped and removed to a new tube. The solution was lysed on 
ice for 30 min and centrifuged at 12,000 rpm/min for 30 min 
at 4˚C. Then, the supernatant was assayed for protein with a 
BCA kit. The protein concentration was adjusted with RIPA 
lysate, and 5x loading buffer was added and boiled for 5 min. 
Then, cells were stored at ‑80˚C. In total, 30 µg protein was 
resolved by SDS‑PAGE and transferred to PVDF membranes, 
which were blocked in TBST with 5% BSA, and incubated 
with anti‑ABCA1, anti‑ABCG1, anti‑LXR‑α, anti‑PCSK9, 
anti‑P53, anti‑P21, anti‑P16 and anti‑β‑actin overnight at 4˚C. 
Membranes were incubated with appropriate horseradish 
peroxidase‑conjugated secondary antibodies for 1 h and then 
washed to remove unbound antibodies. Finally, membranes 
were incubated with ECL HRP substrate and imaged with 
an ECL system. Protein bands were visualized using ImageJ 
software (National Institutes of Health), and the target protein 
was quantified.
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β‑gal. Expression of pH‑dependent senescence‑associated 
β‑gal in RAW264.7 cells was analyzed using a β‑gal staining 
kit according to the manufacturer's instructions. Briefly, 
RAW264.7 cells grown in a microwell plate were washed and 
incubated in a fixative solution. After one wash with PBS, 1 ml 
β‑gal staining solution was added to each well. The plate was 
sealed with Parafilm to prevent evaporation and incubated at 
room temperature for 15 min. Then the fixative solution was 
removed, and cells were washed with PBS 3 times. Finally, 
cells were incubated with special dyeing fluid at 37˚C over-
night. Cells were examined under a light microscope. Cells 
were counted, and those that were blue were considered posi-
tive.

Statistical analyses. Data are presented as the mean + standard 
deviation. An unpaired Student's t‑test was used to compare 
two independent groups and one‑way ANOVA with Tukey 
HSD post hoc test was used to compare multiple independent 
groups with SPSS17.0 software. For all tests, P<0.05 was 
considered to indicate a statistically significant difference.

Results

Quercetin improved RAW264.7 cells viability induced 
by ox‑LDL. RAW264.7 cells viability were assessed, and 
Fig. 1A shows that ox‑LDL reduced RAW264.7 cell viability 
in a concentration‑dependent manner. Half of the cells were 
viable with 100 mg/ml ox‑LDL, quercetin was not cytotoxic 
to RAW264.7 cells at 60 µmol/l (Fig. 1B). Fig. 1C shows 
that treatment of ox‑LDL‑induced RAW 264.7 cells with 
20 µmol/l quercetin significantly improved viability. Thus, 

quercetin blocked ox‑LDL reductions in RAW264.7 cells 
proliferation.

Quercetin inhibited lipid accumulation in RAW264.7 cells 
induced by ox‑LDL. We measured macrophage lipid accu-
mulation in RAW264.7 cells at 24 h and oil red staining 
showed that lipid droplets in the ox‑LDL + quercetin group 
were significantly less than in the ox‑LDL group (P<0.05). 
There was no significant difference between controls and 
ox‑LDL + quercetin groups (P<0.05) (Fig. 2A). Intracellular 
free cholesterol was measured using Filipin staining and 
it was less in the ox‑LDL + quercetin group (Fig. 2B). TC 
was measured and quercetin reduced ox‑LDL‑induced TC 
(Fig. 2C). Thus, quercetin inhibits lipid accumulation in 
RAW264.7 cells induced by ox‑LDL.

Quercetin effectively regulated the expression of ABCAl, 
ABCG1, LXR‑α, PCSK9, P53, P21, P16 in RAW264.7 cells. 
The effects of quercetin on ABCA1, LXR‑α and PCSK9 
expression were measured and immunofluorescent data 
show that ox‑LDL decreased expression of ABCA1, ABCG1 
and LXR‑α, but increased PCSK9, P53, P21 and P16 expres-
sion. After treatment with quercetin, ABCA1, ABCG1 and 
LXR‑α expression were upregulated, and expression of 
PCSK9, P53, P21 and P16 were downregulated (Fig. 3). We 
verified that quercetin modulated ABCA1, ABCG1, LXR‑α, 
PCSK9, P53, P21 and P16 expression by Western Blot, and 
data agreed with immunofluorescent results. Thus, ox‑LDL 
decreased expression of ABCA1, ABCG1 and LXR‑α, 
but increased PCSK9, P53, P21and P16 expression. After 
treatment with quercetin, ABCA1, ABCG1 and LXR‑α 

Figure 1. Quercetin and RAW264.7 macrophage cell viability. RAW264.7 cells were treated with (A) ox‑LDL, (B) quercetin or (C) quercetin and ox‑LDL and 
the cell viability was determined. Data are presented as the mean ± standard deviation. **P<0.01. ox‑LDL, oxidized low density lipoprotein; QUE, quercetin.
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expression was upregulated, and expression of PCSK9, P53, 
P21and P16 was downregulated  (Fig. 4). Thus, quercetin 
can modify expression of ABCAl, ABCG1, LXR‑α, PCSK9, 
P53, P21 and P16 in RAW264.7 cells.

Quercetin slowed RAW 264.7 cells senescence. We studied 
whether quercetin could reduce RAW264.7 cells senescence 
after ox‑LDL intervention using β‑gal staining. Fig. 5 shows 

that ox‑LDL accelerated cell senescence, and quercetin 
reduced senescent cells. There was no statistically significant 
difference between the ox‑LDL + quercetin and quercetin 
groups. Data show that quercetin significantly reduced RAW 
264.7 cell senescence.

Effects of quercetin on SOD activity and MDA in RAW 264.7 
cells. SOD and MDA were measured after quercetin treatment 

Figure 2. Quercetin and lipid accumulation in RAW264.7 cells induced by ox‑LDL. (A) RAW264.7 cells were treated with quercetin and ox‑LDL and the 
lipid accumulation was measured by oil red staining. (B) RAW264.7 cells were treated with quercetin and ox‑LDL and the intracellular free cholesterol 
was measured using Filipin staining. (C) RAW264.7 cells were treated with quercetin and ox‑LDL and the total cellular cholesterol was measured. Data are 
presented as the mean ± standard deviation. *P<0.05, **P<0.01. Ox‑LDL, oxidized low density lipoprotein; QUE, quercetin.
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of RAW264.7 cells. Table I shows that viability in the ox‑LDL 
group was less than other groups and this difference was statis-
tically significant (P<0.01). Ox‑LDL group's MDA was greater 
than the other groups and this was statistically significant 
(P<0.01). Thus, quercetin increased SOD activity after ox‑LDL 
treatment and blocked the effect of quercetin on MDA.

Discussion

AS contributes to many cardiovascular and cerebrovascular 
diseases and lipid metabolic disorders contribute to AS. When 
macrophages accumulate in vessels, macrophages transform 
into foam cells and release intracellular cholesterol which 

Figure 3. ABCA1, LXR‑α and PCSK9 expression changes following quercetin treatment in ox‑LDL‑induced RAW264.7 cells. Immunofluorescent quantifica-
tion of ABCA1, LXR‑α and PCSK9 proteins. Data are presented as the mean ± standard deviation. *P<0.05, **P<0.01. Scale bar, 50 µm. ABCA1, ATP‑binding 
cassette transporter 1; LXR‑α, liver X receptor‑α; PCSK9, proprotein convertase subtilisin/kexin type 9; ox‑LDL, oxidized low density lipoprotein; QUE, 
quercetin.
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leads to AS development (11). In early AS, mononuclear cells 
transform to macrophages which were induced by ox‑LDL and 
inflammatory mediators in the endothelial gap. Then macro-
phages engulf ox‑LDL to cause cholesterol ester accumulation 
and foam cell formation. Foam cells contribute to initial 
pathological changes leading to AS (3).

ABCA1 is an ABC transporter superfamily member 
mainly expressed in macrophages. ABCA1, as an integrated 
membrane protein, is necessary for lipid outflow transporters, 
and contributes to clearance of excess cholesterol via 

consumption of ATP and promotion of RCT (12,13). As a 
major transporter of intracellular cholesterol efflux, ABCA1 
promotes deposition of cholesterol in macrophages so it 
contributes to AS (14). ABCG1 is expressed in macrophages 
and ABCG1 expression contributes to RCT. ABCG1 
expression can promote cholesterol outflow of macrophages, 
inhibit excessive cholesterol accumulation, and reduce the 
formation of foam cells (15). LXRs are cholesterol metabolic 
receptors that regulate expression of key genes in cholesterol 
metabolism, as well as participate in lipid metabolism, innate 

Figure 5. Quercetin and RAW 264.7 cell senescence measured using β‑galactosidase staining. Data are presented as the mean ± standard deviation. **P<0.01. 
Scale bar, 50 µm. ox‑LDL, oxidized low density lipoprotein; QUE, quercetin.

Figure 4. ABCA1, ABCG1, LXR‑α, PCSK9, p53, p21 and p16 expression changes following quercetin treatment in ox‑LDL‑induced RAW264.7 cells. Western 
blot analysis quantification of ABCA1, ABCG1, LXR‑α, PCSK9, p53, p21 and p16 proteins. Data are presented as the mean ± standard deviation. *P<0.05, 
**P<0.01. ABCA1, ATP‑binding cassette transporter 1; ABCG1, ATP‑binding cassette sub‑family G member 1; LXR‑α, liver X receptor‑α; PCSK9, proprotein 
convertase subtilisin/kexin type 9; ox‑LDL, oxidized low density lipoprotein; QUE, quercetin.
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immune of macrophages, inflammatory response and other 
physiological activities (16). LXRs include two homologous 
subtypes, LXR‑α and LXR‑β. LXR‑α, a supranuclear 
receptor protein, is an oxidized cholesterol‑activated nuclear 
receptor that regulates ABCA1 gene expression (17). PCSK9 
is a subtilisin which regulates lipid metabolism (18). Studies 
of PCSK9 in AS are chiefly focused on regulation of lipid 
metabolism, and PCSK9 can promote degradation of low 
density lipoprotein receptor (LDLR) in hepatocytes and 
regulate lipid metabolism to change LDL‑C (19). Moreover, 
PCSK9 can promote macrophage lipid accumulation and 
expression of inflammatory factors (20). Some studies show 
that PCSK9 inhibitors have anti‑AS effects because they 
activate the LXR‑α signaling pathway, and promote ABCA1 
protein expression to accelerate cholesterol efflux  (7). 
Studies indicate that P21 is involved in the regulation of 
cell proliferation, differentiation, migration, senescence and 
apoptosis. p21‑mediated cell senescence may not be related to 
P53 (21). P 16 is a major inhibitor of cyclin dependent kinase 
(CDKK), and upregulation of P16 is key to cell senescence 
associated with cell growth arrest (22).

Quercetin may prevent AS  (23) so it is often found in 
herbal products (24,25) but these have not been studied for 
efficacy. Studies suggest that quercetin may reduce inflam-
matory factors and adhesion molecules of AS by regulating 
the TLR/NF‑κB signaling pathway  (26) and upregulating 
ABCA1 proteins associated with RCT in apoE‑/‑ mice as well 
as promoting cholesterol efflux (9). Furthermore, quercetin 
may activate the PPARγ‑ABCA1 pathway to promote choles-
terol efflux in macrophages, thereby inhibiting the formation 
of foam cells (27). Quercetin may improve protein expression 
of ABCG1 in a concentration‑dependent manner in vitro (9), 
which is consistent with in vivo data (28). Studies show that 
quercetin can inhibit lipopolysaccharide‑induced RAW264.7 
macrophages and downregulate the TLR4 signaling pathway 
to block inflammation  (29). Quercetin also upregulates 
ABCA1 expression through p38 signaling pathway or acti-
vates the LXR‑α signaling pathway in THP‑1 cells to promote 
cholesterol efflux (30,31). Studies suggest that quercetin can 
prevent apoptosis by regulating translational modification of 
P53 and P21 (32). In addition, studies indicate that quercetin 
may decrease expression of PCSK9 and increase expression of 
ABCA1 in hepatocytes of apoE‑/‑ mice (10). Thus, quercetin 
may block the development of AS.

We used 100 mg/ml ox‑LDL to transform RAW264.7 
cells to foam cells. Quercetin treatment improved cell 
viability of ox‑LDL‑induced RAW264.7 cells and blocked 
lipid accumulation. Furthermore, immunofluorescent and 
Western blot results showed that quercetin regulated expres-
sion of ABCAl, ABCG1, LXR‑α, PCSK9, P53, P21 and 
P16, to promote RCT in RAW264.7 cells, inhibit foam cell 
formation, and inhibit senescence. Finally, β‑gal staining 
showed that quercetin could significantly reduce β‑gal posi-
tive cells, and SOD and MDA data confirmed that quercetin 
reduced RAW264.7 cell aging. Chinese kidney‑tonifying 
drugs are reported to regulate lipids in apoE‑/‑ mice and CAS 
patients (33,34), improving vascular elasticity and reducing 
senescence (35). These results above suggest that Chinese 
kidney‑tonifying drugs may have a good therapeutic pros-
pect for AS.

Thus, as one of the monomers of traditional Chinese 
medicine for tonifying the kidney, quercetin blocked damage 
of ox‑LDL‑induced RAW264.7 cells and improved viability, 
as well as reduced lipid accumulation and senescence. This 
may be attributed to effective regulation of ABCAl, ABCG1, 
LXR‑α, PCSK9, P53, P21 and P16 expression. Future studies 
will continue to study the effect of quercetin on the expression 
of related proteins in RCT.
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