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Abstract

Quercetin (QUE), a member of the bioflavonoid family, has been proposed to have antioxidative, anti-inflammatory and
antihypertensive properties. This study was designed to investigate the protective effect of QUE on oxidized low-density
lipoprotein (ox-LDL)-induced cytotoxicity in RAW264.7 macrophages and specifically the endoplasmic reticulum (ER)
stress-C/EBP homologous protein (CHOP) pathway-mediated apoptosis. Our results showed that treatment with QUE
(20, 40 and 80 umol/L) significantly attenuated ox-LDL-induced cholesterol accumulation in macrophages and foam cell
formation in a dose-dependent manner. Similar to tunicamycin (TM), a classical ER stress inducer, ox-LDL reduced cell
viability and induced apoptosis in RAW264.7 macrophages. The cytotoxic effects of ox-LDL and TM were significantly
inhibited by QUE treatment. Interestingly, we found that QUE also significantly suppressed the ox-LDL- and TM-induced
activation of ER stress signaling events, including the phosphorylation of inositol-requiring enzyme 1 (IRE1), translocation
of activating transcription factor 6 (ATF6) from the cytoplasm to the nucleus and upregulation of X-box-binding protein 1.
In addition, exposure of RAW264.7 macrophages to ox-LDL or TM resulted in a significant increase in the expression of
CHOP, a transcription factor regulated by IRE1 and ATF6 under conditions of ER stress, as well as a decrease in Bcl-2
transcript and protein concentrations. QUE blocked these effects in a dose-dependent manner. These data indicate that
QUE can protect RAW264.7 cells from ox-LDL-induced apoptosis and that the mechanism at least partially involves its
ability to inhibit the ER stress-CHOP signaling pathway.
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plaque progression.” However, in advanced lesions, where

Introduction

Atherosclerotic plaque rupture is the precipitating event that
results in the majority of clinical manifestations of acute cor-
onary syndrome patients, including unstable angina, acute
myocardial infarction and sudden coronary death.' There
is increasing evidence that macrophages are intimately
involved in the formation and destabilization of athero-
sclerotic plaques.*® It is now believed that apoptosis of
lipid-containing macrophages initially contributes to the
lipid core formation and later to plaque instability.*
Indeed, macrophage apoptosis occurs during all stages of
atherosclerosis. In early lesions, the process of phagocytic
clearance of apoptotic macrophages is efficient, decreases
macrophage burden, limits lesion cellularity and suppresses
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this process is defective, macrophage apoptosis promotes
an inflammatory response and lesional necrosis, which
lead to plaque disruption and acute thrombosis.>~* Thus,
reducing macrophage apoptosis in late lesions is an attrac-
tive strategy for attenuating plaque instability.>®

Quercetin (QUE; 3,3',4',5,7-pentahydroxylflavone) is one
of the well-studied flavonoids that are ubiquitous in plants
and are present in considerable amounts in fruits and veg-
etables.” QUE has been reported to have physiological func-
tions such as antioxidative activity,” lowering of blood
pressure’ and ameliorating hyperglycemia-related dis-
eases.'” The antiapoptotic effects of QUE have been
reported in several cells such as neural cells, cardiomyoblast
cells and endothelial cells.""~**> Chow et al.'* have shown
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that QUE inhibits H,O,-induced macrophage apoptosis via
its antioxidant activity and by modulating heme oxygenase 1
gene expression. However, the relationship between the
endoplasmic reticulum (ER) stress-C/EBP homologous
protein (CHOP) pathway and prevention of macrophage-
derived foam cell apoptosis by QUE is still unknown.

CHOP, also known as growth arrest and DNA
damage-inducible gene 153 (GADD153), is a leucine
zipper transcription factor that is present at low levels
under normal conditions but is robustly expressed in
response to ER stress.'”> CHOP deficiency has been shown
to attenuate myocardial reperfusion injury by inhibiting
myocardial apoptosis and inflammation.'® Mice deficient
in CHOP are also markedly protected from pancreatic
B-cell apoptosis and diabetes.'” Recently, ER stress-CHOP
pathway-mediated apoptosis in macrophages has been
demonstrated to contribute to the instability of atherosclero-
tic plaques, and CHOP deficiency has been found to protect
macrophages from ER stress-induced apoptosis in vitro and
in advanced atherosclerotic lesions of mice.'®~*' Thus, there
is a positive correlation among CHOP expression, apoptosis
of macrophage cells and progression of atherosclerotic
plaques to the vulnerable stage.”

Oxidized low-density lipoprotein (ox-LDL) plays an impor-
tant role in the formation of foam cells, and induces macro-
phage apoptosis.”> We have previously shown that ox-LDL
can induce ER stress during the formation of macrophage-
derived foam cells.** However, if QUE protects macrophages
from ox-LDL-induced apoptosis by inhibiting the ER
stress-CHOP pathway remains unclear. In this study, we
investigated the link between ox-LDL-induced apoptosis
and activation of the ER stress pathway using RAW264.7
macrophages. Furthermore, we provide evidence for the anti-
apoptotic effect of QUE, with emphasis on its role in downre-
gulating the ER stress-CHOP pathway-mediated apoptosis.

Materials and methods
Reagents

QUE, tunicamycin (TM), oil red O and rabbit antibody
against B-actin were obtained from Sigma (St Louis, MO,
USA). Dulbecco’s modified Eagle’s medium (DMEM) and
fetal bovine serum were purchased from Gibco (BRL,
Gaithersburg, MD, USA). RIPA lysis buffer and bicinchoni-
nic acid (BCA) protein quantitation kits were purchased
from Solarbio (Beijing, China). Rabbit polyclonal antibodies
against CHOP and Bcl-2 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Rabbit antibodies
against activating transcription factor 6 (ATF6), phospho-
inositol-requiring enzyme 1 (p-IRE1) and X-box-binding
protein 1 (XBP1) were purchased from Abcam (Cambridge,
MA, USA). Horseradish peroxidase-labeled goat anti-rabbit
IgG and SABC-Cy3 immunohistochemistry reagent kits
were obtained from Boshide (Wuhan, China). 3-(4,5-
dimethylthiazol-2-y-1)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) was purchased from Genview (Houston, TX, USA).
The Annexin V-FITC apoptosis detection kit was purchased
from KeyGEN Biotech (Nanjing, China). Polyvinylidene flu-
oride (PVDF) membranes were purchased from Millipore

(Bedford, MA, USA). Enhanced chemiluminescence (ECL)
kits were purchased from Thermo Scientific Pierce
(Rockford, IL, USA). Realtime polymerase chain reaction
(PCR) reagent kits were purchased from Tiangen Biological
Chemistry (Beijing, China) and tissue/cell free cholesterol
assay kits from Applygen (Beijing, China).

Isolation and oxidation of LDL

Human LDL was isolated and oxidized as described
recently.” In brief, LDL (density = 1.019-1.063 g/mL) was
isolated from plasma of normolipidemic donors by sequen-
tial ultracentrifugation, and incubated with 10 umol/L
CuSO; for 18 h at 37°C. Following incubation, 0.1 mmol/L
ethylenediaminetetraacetic acid (EDTA) was added to
prevent further oxidation, and the oxidized LDL was
concentrated to 1 mg/mL. The extent of LDL oxidation was
assessed based on its increased mobility in an agarose gel
(compared with that of native LDL) and also by the presence
of increased concentrations of thiobarbituric acid-reactive
substances (TBARS) in the sample. Typically, ox-LDL prep-
arations had TBARS of >30 umol/g protein and a relative
mobility index on agarose gels of 2.0-2.5 when compared
with that of native LDL. Lipoproteins were stored at 4°C in
the dark and freshly prepared every two weeks.

Cell culture and treatment

RAW?264.7, a mouse macrophage cell line, was purchased
from the Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China). Cells were cultured in
DMEM supplemented with 2 mmol/L glutamine, anti-
biotics (100 U/mL penicillin A and 100 U/mL streptomycin)
and 10% heat-inactivated fetal bovine serum, and main-
tained in a 37°C humidified incubator containing 5% CO..

RAW264.7 cells were treated with 100 mg/L of ox-LDL
for 24h or 5mg/L of TM (a classical ER stress inducer)
for 12h in the presence or absence of different concen-
trations of QUE.

Oil red O staining for the detection of cytoplasmic lipids

Cells were cultured on glass coverslips in six-well plates and
incubated with 100 mg/L ox-LDL for 24 h in the presence or
absence of QUE. Cells were washed with phosphate-
buffered saline (PBS), fixed with a 4% paraformaldehyde
solution for 20 min, stained with 0.5% oil red O in isopropa-
nol for 30 min, and counterstained with hematoxylin for
another five minutes. The cells were visualized using an
Olympus BX51 microscope (Olympus, Tokyo, Japan), and
the images were recorded with a JVC 3-CCD camera
(Olympus) and analyzed using Image-Pro Plus software
(version 6.0; Media Cybernetics, Bethesda, MD, USA). The
lipid droplet content was expressed as the average value
of the integrated optical density.

Intracellular total cholesterol assay

The intracellular total cholesterol (TC) concentration was
measured using a tissue/cell TC assay kit according to the
manufacturer’s instructions. RAW264.7 cells were treated
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as described above and then harvested and divided into two
equal portions to be processed for measurement of protein
concentration and TC content. Lipids were extracted using
a lysis solution provided in the kit. To determine TC concen-
trations, cholesterol ester hydrolase was used to convert
cholesterol ester into free cholesterol. Then, cholesterol
oxidase was used to generate H,O, from the free cholesterol
generated in the previous step, and peroxidase was used to
catalyze the reaction of H,O, with 4-amino-antipyrine and
phenol to yield a stable rose-color product. The absorbance
of this colored product was measured at 550 nm using
an Infinite F200 microplate reader (Tecan, Miannedorf
Switzerland), and the concentration of TC was determined
using a standard curve and was normalized to levels of
total cellular protein.

MTT assay

Cell viability was determined using the MTT reduction assay.
Briefly, cells were seeded at a density of 1 x 10* cells/well in
96-well plates and were treated with 100 mg/L of ox-LDL for
24 h or with 5 mg/L of TM for 12 h in the presence or absence
of QUE. Following the incubations, MTT was added to a final
concentration of 0.5 mg/mL and the samples were incubated
at 37°C for four hours. After removing the supernatant,
150 uL  dimethylsulfoxide was added to dissolve the
formazan crystals, and the optical density was measured
at 490 nm using an Infinite F200 microplate reader (Tecan).
Cell viability was expressed as the percentage of the MTT
count of treated cells relative to that of the untreated
control cells (100%).

Detection of apoptosis by flow cytometry analysis and
laser scanning confocal microscopy

The Annexin V-FITC/PI double-staining assay was used to
quantify apoptosis according to the manufacturer’s protocol.
Following treatment, cells were centrifuged, washed with
PBS and resuspended in 500 uL binding buffer, and incu-
bated with 5 uL. Annexin V-FITC and 5 uL of propidium
iodide (PI) solution for 10 min at room temperature in
the dark. The samples were analyzed on a FACScan flow
cytometer using CellQuest software (Becton Dickinson,
San Jose, CA, USA). Double staining of cells with Annexin
V-FITC and PI allowed the identification of different cell
populations based on their staining patterns as follows:
live cells (FITC PI"), early apoptotic (FITC"PI"), late apop-
totic (FITC*PI") and necrotic cells (FITC PI™).

The cells treated as described above were analyzed on
glass coverslips using a laser scanning confocal microscope
(Bio-Rad Radiance 2100, Hercules, CA, USA) with 488 nm
excitation and 525 nm emission wavelengths. Cells under-
going prophase apoptosis fluoresced bright green fluor-
escence due to Annexin V-FITC staining, whereas the
nuclei of cells undergoing advanced stage apoptosis
fluoresced cardinal red due to PI staining.

Immunofluorescence assay for ATF6 nuclear relocation

RAW?264.7 cells were grown on glass coverslips until sub-
confluent. The treated cells were washed with PBS, fixed

in 4% paraformaldehyde in PBS, permeabilized with 0.1%
Triton-X 100 and blocked in 3% bovine serum albumin
(BSA). Samples were incubated with ATF6 antibody (1:100
in PBS-1% BSA) for one hour at room temperature.
Following incubation with the appropriate secondary anti-
body (1:200 in PBS-1% BSA), the samples were incubated
with SABC-Cy3 complex and 4,6-diamidino-2-phenylindole.
Coverslips were then washed with PBS and mounted in anti-
fade reagent. Stained cells were analyzed using a laser scan-
ning confocal microscope (Bio-Rad Radiance 2100).

Western blot analysis

Total protein was extracted in RIPA lysis buffer (50 mmol/L
HEPES, pH 7.4, 150 mmol/L NaCl, 1% Triton X-100,
4 mmol/L sodium orthovanadate, 20 mmol/L sodium pyro-
phosphate, 200 mmol/L sodium fluoride, 2 mmol/L phe-
nylmethylsulfonyl fluoride, 1 mmol/L EDTA, 10% glycerol
and protease inhibitors), and the insoluble material was
removed by centrifugation at 12,000 x g for 30 min at 4°C.
The protein concentration of the supernatant was deter-
mined using the BCA protein assay. Equivalent amounts
of protein from each lysate sample were mixed with
protein loading buffer, heated at 95°C for five minutes,
resolved by 8-10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred onto PVDF membranes
by electroblotting. After blocking in Tris-buffered saline
(TBS) containing 0.1% Tween 20 and 10% non-fat dried
milk for two hours at room temperature, the membranes
were incubated with primary antibodies for three hours
at room temperature or overnight at 4°C. After four
washes with TBS containing 0.1% Tween 20, the membranes
were incubated with horseradish peroxidase-conjugated
secondary antibodies for one hour at room temperature.
Protein bands were visualized by ECL reaction. The
Image-Pro Plus software was used to measure the band
intensities, which were normalized to pB-actin protein
concentrations.

Quantitative realtime PCR analysis

The Primer Design 4.1 software (Sci-ed Software,
Durham, NC, USA) was used to design the following
primers: CHOP forward primer: 5 CCACCACA
CCTGAAAGCAGAA 3/, reverse primer: 5 GGTGCCCCC
AATTTCATCT 3'(length of 150 bp); Bcl-2 forward primer:
5 GGATGACTTCTCTCGTCGCTAC 3/, reverse primer: 5
TGACATCTCCCTGTTGACGCT 3’ (length of 199 bp);
B-actin forward primer: 5 CGGGGACCTGACTGACTACC
3/, reverse primer: 5 AGGAAGGCTGGAAGAGTGC 3/
(length of 251bp). The primers were synthesized by
Takara (Shiga, Japan). Total RNA was extracted using
Trizol reagent (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s instructions. First-strand cDNA was
synthesized using MuLV Reverse Transcriptase (Applied
Biosystems, Carlsbad, CA, USA) from 2 ug of total RNA.
Realtime PCR was performed with a Rotor-Gene Q realtime
PCR cycler (Qiagen, Shanghai, China) using SYBR-green
PCR master mix kits (TianGen Biotech, Beijing, China).
Initial denaturation was performed at 94°C for 10 min,
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followed by 40 cycles of denaturation at 94°C for 20s,
then annealing at 56°C for 30s and extension at 68°C
for 30s. The data were analyzed using the Rotor-Gene
Q software (version 1.7; Qiagen), and relative mRNA
levels were calculated using the 272" method and normal-
ized against B-actin. Each experiment was repeated three
times.

Statistical analysis

Results are shown as the mean + SEM for at least three inde-
pendent experiments. Statistical analysis was performed
using one-way analysis of variance (ANOVA) followed by
Student-Newmann-Keuls multiple comparison tests with
SPSS 13.0 software for Windows (Apache Software
Foundation, SPSS Inc., Chicago, IL, USA). P values <0.05
were considered statistically significant.

Results

QUE inhibits ox-LDL-induced lipid accumulation in
RAW264.7 cells

The oil red O staining for analysis of lipid droplets indicated
that many lipid droplets were present in RAW264.7 cells
treated with ox-LDL (100 mg/L) for 24 h. However, the
ox-LDL-induced accumulation of lipid droplets was attenu-
ated by QUE in a dose-dependent manner (Figure 1a and b).

Lipid accumulation was further confirmed by intracellu-
lar TC quantitative assay. Compared with the control,
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intracellular TC content was significantly increased
(2.7-fold) by ox-LDL treatment (100 mg/L) for 24 h. This
effect was attenuated by 20.4%, 29.4% and 40.9% upon
QUE treatment at 20, 40 and 80 umol/L, respectively
(Figure 1c).

QUE protects RAW264.7 cells from cell death induced
by ox-LDL or TM

The cytotoxic effect of QUE in RAW264.7 cells was evalu-
ated by MTT assay. Our results indicated that treatment
with QUE at 20, 40 and 80 umol/L for 24 h did not result
in a significant reduction in cellular viability (Figure 2a).
Next, we determined the protective effect of QUE on
ox-LDL-induced cell death. The addition of ox-LDL at
100 mg/L for 24 h decreased cell viability by approximately
52.4% as measured by MTT assay. However, incubation of
ox-LDL-treated cells with different doses of QUE (20, 40
and 80 umol/L) resulted in a dose-dependent increase in
cell viability (23.9%, 49.6%, and 66.9%, respectively) com-
pared with cells not treated with QUE (Figure 2b).

To determine the protective effect of QUE on ER stress-
mediated cell death, TM, a classical ER stress inducer,
was used in the study. As illustrated in Figure 2c, when
RAW264.7 cells were treated with both QUE (80 wmol/L)
and TM (5 mg/L) for 12h, cell viability increased com-
pared with TM treatment alone. This suggested that QUE
was able to inhibit ER stress-induced reduction in cellular
viability.
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QUE reduces ox-LDL-induced intracellular lipid accumulation in RAW264.7 cells. (a) Cells were treated with ox-LDL (100 mg/L) in the absence or pres-

ence of QUE at different concentrations (20, 40 and 80 umol/L) for 24 h, and the intracellular lipid droplets were stained by oil red O. Representative lipid droplet
staining images are shown. Scale bar = 20 um. (b) The average integrated optical density (IOD) of lipid droplets stained with oil red O from differentiated macro-
phage foam cells was obtained via checking five fields in each condition. (c) Under the same conditions as in (a), the intracellular total cholesterol (TC) content was
measured using a tissue/cell TC assay kit. Data are presented as the mean + SEM of at least four independent experiments. **P < 0.01 versus vehicle-treated
control; *P < 0.05, **P < 0.01 versus ox-LDL treatment. QUE, quercetin; ox-LDL; oxidized LDL. (A color version of this figure is available in the online journal)
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Figure 2 Effects of QUE on cell viability. (a) Determination of the cytotoxic effects of QUE on RAW264.7 cells. Cells were treated with different concentrations (20,
40 and 80 umol/L) of QUE for 24 h. (b) QUE inhibits ox-LDL-induced cell death. Cells were treated with different concentrations (20, 40 and 80 umol/L) of QUE in
the presence of ox-LDL (100 mg/L) treatment for 24 h. (c) QUE inhibits tunicamycin (TM)-induced cell death. Cells were treated with QUE (80 umol/L) in the pres-
ence of TM (5 mg/L) for 12 h. The viability of cells under different treatments was measured by MTT assay and expressed as the percentage of control (survival of
control). Data are expressed as the mean + SEM of at least three independent experiments. **P < 0.01 versus vehicle-treated control; *P < 0.01 versus ox-LDL
treatment; %P < 0.01 versus TM treatment. QUE, quercetin; ox-LDL; oxidized LDL

QUE attenuates ox-LDL- or TM-induced apoptosis of
RAW264.7 cells

To determine whether QUE could protect against
ox-LDL-induced apoptosis, the treated cells were subjected
to Annexin V-FITC/PI double staining and analyzed by
flow cytometry. As observed in Figure 3a, the treatment of
RAW264.7 cells with 100 mg/L ox-LDL for 24 h induced
apoptosis, whereas QUE treatment (20, 40 and 80 wmol/L)
reduced ox-LDL-induced apoptosis in a dose-dependent
manner.

Morphological changes in cells were also observed using
laser scanning confocal microscopy after Annexin V-FITC/PI
staining of the cells. As shown in Figure 3b, typical morpho-
logical changes, such as PI staining throughout the nuclei
and a halo of bright green staining (Annexin V-FITC) on the
plasma membrane, appeared when cells were treated with
100 mg/L of ox-LDL for 24 h. In contrast, QUE-treated cells
did not show these evident morphological changes associated
with apoptosis.

A similar anti-apoptotic activity of QUE was also
observed in a TM-induced apoptosis model. Flow cytome-
try analysis showed that the increase in apoptotic rate
induced by TM was inhibited by the addition of QUE
(Figure 3c).

Effect of QUE on the expression of CHOP and Bcl-2

CHOP is involved in the process of apoptosis associated
with ER stress through mechanisms that involve down-
regulation of Bcl-2.%° To determine the effect of QUE on
ox-LDL-induced CHOP and Bcl-2 expression, a Western

blot assay was performed as described in the Materials
and methods section. Ox-LDL treatment resulted in a sig-
nificant increase in CHOP expression in RAW264.7 cells
(63.5-fold), while Bcl-2 protein expression decreased by
75.0%, compared with untreated control cells. However,
treatment of cells with 20, 40 and 80 uwmol/L QUE decreased
CHOP levels by 27.6%, 41.9% and 61.9%, respectively, and
simultaneously increased Bcl-2 levels by 1.8-, 2.2- and
3.2-fold, respectively, compared with ox-LDL-treated cells
(Figure 4a).

The effect of QUE on the ox-LDL-induced modulation of
CHOP and Bcl-2 transcript levels was also determined by
realtime PCR (Figure 4b). Consistent with the Western blot
results, QUE treatment significantly decreased levels of
CHOP mRNA and increased Bcl-2 mRNA levels in a dose-
dependent manner, compared with that of ox-LDL-treated
cells.

In the TM-induced ER stress model, similar effects of
QUE on CHOP and Bcl-2 protein and mRNA levels were
observed. Treatment of cells with 80 umol/L QUE
decreased CHOP protein and mRNA levels by 36.2% and
32.9%, respectively, and increased Bcl-2 protein and
mRNA levels by 134.0% and 84.3%, respectively, compared
with TM-treated cells (Figure 4c and d).

QUE inhibits ox-LDL- or TM-mediated activation of
ATF6

ER transmembrane-localized p90-ATF6 (the inactive form of
ATF6) is cleaved into p50-ATF6, which translocates to the
nucleus where it specifically binds to ER stress response
element (ERSE) to activate the transcription of CHOP.**®
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Figure 3 QUE decreases apoptosis induced by ox-LDL or tunicamycin (TM) in RAW264.7 cells. (a) Cells were treated with ox-LDL (100 mg/L) in the absence or
presence of QUE at different concentrations (20, 40 and 80 umol/L) for 24 h, and the population of apoptotic cells stained with Annexin V-FITC and Pl was
detected by flow cytometry analysis. (b) Cells were treated as described in (a), and the morphological changes of apoptotic cells were observed with laser scan-
ning confocal microscope by AnnexinV-FITC/PI staining. Representative images are shown. Scale bar = 20 um. (c) Cells were treated with TM (5 mg/L) in the
absence or presence of QUE (80 umol/L) for 12 h, and the ratio of apoptotic cells stained with Annexin V-FITC and Pl was detected by flow cytometry analysis.
A representative of data of flow cytometry analysis was presented. The percentage of apoptotic cells under different treatments was measured and expressed as
the mean + SEM from three independent experiments. QUE, quercetin; ox-LDL; oxidized LDL; PI, propidium iodide. (A color version of this figure is available in

the online journal)

The induction of CHOP protein and mRNA by ox-LDL or
TM (Figure 4) suggests that p90-ATF6 is activated into
p50-ATF6. We used immunofluorescence analysis to
confirm this hypothesis. As shown in Figure 5, ATF6
showed a diffused cytoplasmic localization in untreated
control cells, whereas clusters of ATF6 were detected in
the nuclear region in ox-LDL- or TM-treated cells, indicative
of activated ATF6. The ATF6 relocation from the cytoplasm
to the nucleus in RAW264.7 cells induced by ox-LDL or TM
was significantly inhibited by QUE.

Effect of QUE on the expression of p-IRE1 and XBP-1

XBP-1, another transcription factor that positively regulates
CHOP transcription throuéh binding to ERSE, is induced by
both ATF6 and IRE1** The effect of QUE on the
expression of p-IRE1 and XBP-1 was examined by immuno-
blotting analysis. As shown in Figure 6, both p-IRE1 and
XBP-1 protein levels were increased in the presence of
ox-LDL and TM. However, QUE significantly suppressed
the upregulation of p-IRE1 and XBP-1 expression induced
by ox-LDL or TM.

Discussion

Apoptosis is a key event in the progression of advanced
atherosclerosis. Apoptosis of lipid-containing macrophages
leads to the development of the necrotic core in an athero-
sclerotic plaque and reduced excretion of cellular matrix in
the plaque region. This is a contributing factor in plaque
instability that then results in a number of cardiovascular
complications.”® Thus, suppression of macrophage apopto-
sis may be effective in preventing acute cardiovascular
events. Considerable efforts have been made to identify a
natural compound that has cardiovascular benefits. QUE,
one of the flavonoids that is ubiquitous in plants, was
reported to demonstrate antiapoptotic properties in
various cell ’types.n‘14 Nevertheless, the effect of QUE on
ox-LDL-induced macrophage apoptosis and the possible
molecular mechanisms of its physiological effects remained
to be elucidated. The results of this study suggest that
QUE prevents ox-LDL-induced apoptosis in macrophages
and suppresses the ER stress-CHOP pathway via inhibiting
ATF6 and IRE1 activation. Moreover, QUE results in
reduced CHOP expression with an increase in Bcl-2 gene
expression, which could potentially be a cyto-protective
mechanism.
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Figure 4 Effect of QUE on CHOP and Bcl-2 expression induced by ox-LDL or tunicamycin (TM) in RAW264.7 cells. Cells were treated as described in Figure 3.
The expression of CHOP and Bcl-2 were analyzed by Western blot and normalized to g-actin levels (a and c). The mRNA levels of CHOP and Bcl-2 were measured

by quantitative realtime PCR, which were measured relative to time-matched, vehicle-treated controls and calculated after adjusting for g-actin using the 2~

AACt

method (b and d). Data are presented as the mean + SEM of at least three independent experiments. *P < 0.05, **P < 0.01 versus vehicle-treated control;
#P < 0.05, *P < 0.01 versus ox-LDL treatment; P < 0.05, 4P < 0.01 versus TM treatment. QUE, quercetin; ox-LDL; oxidized LDL; CHOP, C/EBP homologous

protein

Increasing evidence strongly suggests that ox-LDL causes
apoptosis and necrosis of macrophages.’ Ox-LDL is taken
up by scavenger receptors on macrophages and results in
a large accumulation of cholesterol in macrophages, which
results in disruption of lipid homeostasis. Furthermore,
cellular accumulation of excess cholesterol may serve as
a trigger for cell death, which then promotes artery
intimal inflammation, calcification, thrombosis and plaque
rupture, which are the major sequelae of advanced athero-
sclerosis.®> QUE has been shown to protect cultured macro-
phages from apoptosis induced by H,0..'* However,
whether QUE could inhibit macrophage-derived foam
cell formation and protect macrophages against
ox-LDL-induced apoptosis had not yet been studied. Our
data demonstrated that macrophages treated with ox-LDL
for 24h accumulated significant amounts of lipid as
measured by oil red O staining and intracellular TC

assay, with a concomitant increase in the apoptotic rate of
cells. In contrast, addition of QUE to ox-LDL-treated macro-
phages reduced the ox-LDL uptake by RAW264.7 cells and
decreased the apoptotic rate in a dose-dependent manner.
The protective effects of QUE have been observed in
different cell types, but the mechanism is not completely
understood. Suematsu et al.>* indicated that QUE was able
to inhibit H,O,-induced apoptosis in neuronal SH-SY5Y
cells by inhibiting the pro-apoptotic Bax gene expression,
enhancing the antiapoptotic Bcl-2 gene expression and inhi-
biting the activation of the caspase cascade. Wang et al.*®
indicated that the antiapoptotic effect of QUE is via the acti-
vation of the PI3K/Akt signaling pathway. Chow et al.'*
demonstrated that the antioxidant potential of QUE
might contribute to the protective effect of QUE on
H,0,-induced apoptosis in macrophage cells. In contrast,
QUE has also been shown to induce apoptosis by activating
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Figure 5 QUE inhibits nuclear translocation of ATF6 in RAW264.7 macrophages. Cells were treated as described in Figure 3. Immunofluorescence experiments
show ATF6 visualized by Cy3 labeling (red) and nuclei stained with DAPI (blue) with laser scanning confocal microscope. Representative fluorescent images are
shown. Scale bar = 20 um. DAPI, 4',6-diamidino-2-phenylindole; ATF6, activating transcription factor 6; QUE, quercetin; ox-LDL; oxidized LDL. (A color version of

this figure is available in the online journal)
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Figure 6 QUE inhibits the upregulation of p-IRE1 and XBP-1 expression induced by ox-LDL or tunicamycin (TM) in RAW264.7 cells. Cells were treated as
described in Figure 3. The expression of p-IRE1 and XBP-1 proteins was analyzed by Western blot, and the protein concentrations were normalized to
B-actin proteins levels (a and b). Data are expressed as the mean + SEM of at least three independent experiments. *P < 0.05, **P < 0.01 versus vehicle-treated
control; *P < 0.05, *P < 0.01 versus ox-LDL treatment; P < 0.05, %P < 0.01 versus TM treatment. QUE, quercetin; ox-LDL; oxidized LDL; p-IRE1,

phospho-inositol-requiring enzyme 1; XBP-1, X-box-binding protein 1

the mitochondria-dependent pathway in cancer cells.***”
Therefore, the biological effects of QUE in cells are contro-
versial and require further elucidation. In this study, we
found that QUE downregulated CHOP expression by inhi-
biting ATF6 activation and IRE1 phosphorylation and inhib-
ited ox-LDL-induced apoptosis in RAW264.7 cells. TM has
been known to promote apoptosis by activating ER stress
signaling pathways.*® Therefore, we further examined the
effect of QUE on TM-induced apoptosis in RAW264.7
cells. We found that QUE attenuated TM-induced cytotox-
icity with a decrease in CHOP expression. The activation

of ATF6 and IRE1 induced by TM was also significantly
suppressed by QUE. This suggested that suppression of
the ER stress-CHOP pathway by QUE is involved in the
prevention of ox-LDL-induced apoptosis.

ER is an organelle present in all eukaryotic cells and plays
a leading role in protein synthesis and regulation of calcium
homeostasis. However, the ER is sensitive to multiple
stimuli, such as oxidative stress, dysregulation of calcium
dynamics, inhibition of sugar chain modification and so
on, which lead to ER dysfunction characterized by the
accumulation of unfolded and/or misfolded proteins and
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an imbalance in calcium homeostasis (ER stress).?® It is well
known that ER stress is an adaptive mechanism by which cells
react to perturbations in ER homeostasis through transla-
tional attenuation and the upregulation of ER chaperone
genes and related proteins. However, when ER function is
severely impaired, the organelle triggers apoptotic signals.
One component of the ER stress-mediated apoptosis
pathway is CHOP.'®~?' CHOP knockout mice show normal
development and fertility but exhibit reduced apoptosis in
response to ER stress.?’ Thus, the induction of CHOP indi-
cates an increase in ER-initiated apoptosis. Although the
direct transcriptional target of CHOP has not been found,*
the Bcl-2 pathway may be involved downstream of CHOP,
thereby connecting CHOP activation and apoptosis.”**!
Members of the Bcl-2 family are also located on the ER, and
Bcl-2 plays a central role in regulating pathways that are anti-
apoptotic. In this study, we showed that ox-LDL or TM treat-
ment increased the expression of CHOP and decreased Bcl-2
expression in RAW264.7 cells, and these alterations were sig-
nificantly inhibited by QUE.

ATF6 and IRE1 are two important upstream molecules
that play an important role in the induction of CHOP in
ER stress. ATF6 is a type Il transmembrane protein, and
its intra-ER domain is linked to glucose-regulated proteins
78 (GRP78), resulting in the physiological inactivation of
ATF6. Under conditions of increased ER stress, ATF6 dis-
sociates from GRP78, translocates to the Golgi apparatus
and is processed by site 1 protease or site 2 protease.
Processed ATF6 translocates to the nucleus and upregulates
target genes such as CHOP via the ER stress response
element (ERSE).*”?*%? IRE1 is a type I transmembrane
protein with kinase and endonuclease activities. Under con-
ditions of increased ER stress, its endonuclease activity is
triggered by oligomerization and auto-phosphorylation.
This leads to the catalytic removal of a 26-bp intron from
the mRNA of XBP-1, and mature XBP-1 mRNA is translated
into the transcription factor that regulates the expression
of target genes like CHOP, also via the ERSE.*’*° This
study showed that similar to TM, ox-LDL had an effect
that resulted in the translocation of ATF6 from the cyto-
plasm into the nucleus and upregulation of p-IRE1 and
XBP1, and this effect was significantly suppressed when
RAW264.7 cells were pharmacologically treated with QUE.

In conclusion, this study showed for the first time that a
natural product, quercetin, protected RAW264.7 macro-
phage cells from ox-LDL-induced apoptosis through
the inhibition of the ER stress-CHOP pathway in vitro.
These results might explain the diverse physiological
activities of quercetin and shed light on the pharma-
cological application of quercetin in atherosclerosis-related
diseases.
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