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The flavonoid quercetin 3-glucoside (Q3G) protected
SH-SY5Y, HEK293, and MCF-7 cells against hydrogen perox-
ide-induced oxidative stress. cDNA microarray studies sug-
gested that Q3G-pretreated cells subjected to oxidative stress
up-regulate the expression of genes associated with lipid and
cholesterol biosynthesis. Q3G pretreatment elevated both the
expression and activation of sterol regulatory element-binding
protein-2 (SREBP-2) only in SH-SY5Y cells subjected to oxidative
stress. Inhibition of SREBP-2 expression by small interfering RNA
or small molecule inhibitors of 2,3-oxidosqualene:lanosterol
cyclase or HMG-CoA reductase blockedQ3G-mediated cytopro-
tection in SH-SY5Y cells. By contrast, Q3G did not protect
eitherHEK293 orMCF-7 cells via this signaling pathway.More-
over, the addition of isopentenyl pyrophosphate rescued
SH-SY5Y cells from the inhibitory effect of HMG-CoA reduc-
tase inhibition. Last, Q3G pretreatment enhanced the incorpo-
ration of [14C]acetate into [14C]cholesterol in SH-SY5Y cells
under oxidative stress. Taken together, these studies suggest a
novel mechanism for flavonoid-induced cytoprotection in
SH-SY5Y cells involving SREBP-2-mediated sterol synthesis
that decreases lipid peroxidation by maintaining membrane
integrity in the presence of oxidative stress.

Cholesterol, phospholipids, and sphingolipids are major
structural components of the eukaryotic plasma membrane
that play an essential role in maintaining membrane integrity.
In the hydrophobic region of the membrane bilayer, sterols fill
the spaces created by the acyl chains of phospholipids, thereby
conferring rigidity and decreasing permeability (1). The biolog-
ical function ofmembrane proteins is influenced by cholesterol
in a number of ways (2). Cholesterol levels can regulate the
activity of enzymes involved in the biosynthetic pathway of this
lipid and form membrane rafts that participate in signal trans-
duction (3). The importance of raft-associated cholesterol in
cancer cell proliferation, migration, and cell survival has been
well documented (4).
Cholesterol is derived endogenously from acetyl-CoA and

exogenously by low density lipoprotein (LDL)4 receptor-medi-
ated uptake of plasma LDL (5). The synthesis and uptake of
cholesterol are regulated by the transcription factors sterol reg-
ulatory element-binding proteins SREBPs (6). Alternate splic-
ing of SREBP-1 gives rise to SREBP-1a and SREBP-1c, which
activates genes involved in fatty acid metabolism, whereas
SREBP-2 activates genes critical to cholesterol synthesis (6).
SREBP-2 is synthesized as a 125-kDa precursor protein. When
cholesterol levels are low, SREBP cleavage-activating protein
(SCAP) escorts SREBP-2 from the endoplasmic reticulum to
Golgi, where SREBP-2 is proteolytically cleaved by proteases
into amature form (65 kDa) that translocates to the nucleus and
binds to the sterol regulatory element, triggering the transcrip-
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tion of genes necessary for cholesterol synthesis (7). If cho-
lesterol levels exceed cellular demands, the SCAP�SREBP
complex is sequestered in the endoplasmic reticulum by the
insulin-induced gene product known as Insig-1 (8). Recently,
plasmamembrane compartments rich in cholesterol have been
reported to participate in cell survival pathways that reduce the
injurious oxidative stress (9).
Oxidative stress is a pathophysiological state that occurs

when free radicals and reactive oxygen species (ROS) exceed
the ability of antioxidant small molecules and proteins to neu-
tralize them (10). Oxidative stress has been implicated in a
number of pathological conditions (11–13). The injurious
events triggered by ROS are thought to include lipid peroxida-
tion (14), ion channel modification, DNA damage, and protein
oxidation (15). Lipids are susceptible to oxidative damage
because of their high degree of unsaturation and abundance in
cell membranes. Neurons in the central nervous system are
highly susceptible to oxidative stress due to their high rate of
aerobic metabolism, presence of catalysts such as heavy metals
that generate free radicals, excitotoxic amino acids, and low
levels of antioxidants (16–18). Hence, we used the neuroblas-
toma SH-SY5Y cells as an in vitromodel to assess the effects of
oxidative stress on a neuronal-like cell line. Oxidative stress
generated by free radicals is counteracted by sophisticated anti-
oxidant defense systems (19, 20); however, the excessive pro-
duction of ROS during pathological conditionsmay overwhelm
endogenous antioxidant defenses resulting in tissue injury.
Antioxidants derived from dietary sources have been shown to
reduce oxidative tissue damage (21).
Among the most potent dietary free radical scavengers iden-

tified to date are a class of polyphenolic compounds known as
flavonoids found in wine, fruits, vegetables, and teas (21). Epi-
demiological data suggest that apple flavonoids reduce the risk
of cancer, cardiovascular disease, and neurological disorders
(22). Quercetin and its glycoside derivatives are themost abun-
dantly consumed flavonoids in the diet, reaching levels of
30–40 mg/day (23). Flavonoids are known to scavenge free
radicals, inhibit a variety of kinases, reduce lipid peroxidation,
inhibit apoptosis, prevent platelet aggregation, and exhibit anti-
proliferative effects (24–26). Several flavonoids have been doc-
umented to cross the blood-brain barrier and to protect neu-
rons from cell death in both in vitro and in vivo models of
neurodegenerative diseases (27–29).
In the present study, we first demonstrate cytoprotective

effects of Q3G against hydrogen peroxide injury associated
with oxidative stress in SH-SY5Y cells. In order to determine if
Q3G-mediated cytoprotection against oxidative stress is appli-
cable to other cell lines that are not neuronal in origin, we also
determined that Q3G protects the human embryonic kidney
cell line HEK293 and the human breast cancer cell line MCF-7
from oxidative injury. Then using cDNAmicroarrays to profile
changes in gene expression associated with Q3G-mediated
cytoprotection in SH-SY5Y cells, we report that only in cells
pretreated with Q3G and then subjected to oxidative stress was
the expression of numerous genes implicated in cholesterol
biosynthesis elevated. Since the transcriptional regulating fac-
tor SREBP-2 plays a critical role in this biosynthesis and was
activated in cells pretreated with Q3G and subjected to oxida-

tive stress, cholesterol synthesis was blocked using siRNA tech-
nology to knock down SREBP-2 expression and chemical inhib-
itors to block the biosynthetic enzymes HMG-CoA reductase
and 2,3-oxidosqualene:lanosterol cyclase (OSC). We show
using these approaches that Q3G-induced de novo cholesterol
synthesis plays a pivotal role in the cytoprotective effects of this
flavonoid in SH-SY-5Y cells perhaps by enhancing membrane
integrity that resists lipid peroxidation in the face of oxidative
stress.

EXPERIMENTAL PROCEDURES

Materials—Q3G was purchased from ChromaDex Inc.
(Santa Ana, CA). The purity of Q3G was greater than 99.0% as
determined by high pressure liquid chromatography/UV,
NMR, and mass spectrometry. Caspase-3-cleaved spectrin
antibody was generously provided by Dr. Donald Nicholson
(Merck). Oxidosqualene:lanosterol cyclase inhibitor (OSCi),
designated as RO0714565 (IC50 � 10 nM), was generously pro-
vided by Hoffman-La Roche (Pharmaceutical Division, Basal,
Switzerland). [14C]Acetate, sodium salt (55 mCi/mmol; 1.66–
2.22 GBq/mmol), and [14C]cholesterol (58.0 mCi/mmol; 2.15
GBq/mmol) were purchased fromPerkinElmer andAmersham
Biosciences, respectively. Cell culture reagents were obtained
from Hyclone. All other chemicals and reagents were pur-
chased from Sigma.
Plasmids—The LDLp-588luc and TK-LXRE3-luc plasmids

were gifts from Dr. D. S. Ory (30). LDLp-588luc contains the
human LDL receptor (LDLr) promoter upstream of the lucifer-
ase reporter gene. The �-galactosidase construct was gener-
ously provided by Dr. C. Sinal (Department of Pharmacology,
Dalhousie University, Halifax, Canada).
Cell Culture—The human neuroblastoma cells (SH-SY5Y),

human embryonic kidney cells (HEK293), and human breast
cancer cells (MCF-7) were obtained from the American Type
Culture Collection. SH-SY5Y, MCF-7, and HEK293 cells were
grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% serum (10% fetal bovine serum for SH-SY5Y and
MCF-7 cells; 10% horse serum for HEK293 cells), 2 mM L-glu-
tamine, 1 mM sodium pyruvate, penicillin (100 units/ml), and
streptomycin (100 �g/ml) at 37 °C in a humidified atmosphere
of 5% CO2. These cell lines were seeded at an initial density of
5 � 105 cells/ml in a 75-cm2 flask and passaged every third day.
SH-SY5Y cells doubled every 48 h, whereas HEK293 and
MCF-7 cells doubled every 24 h.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro-

mide (MTT) Assay—Cell viability was determined using the
MTTassay (supplemental Fig. 1,A–D). SH-SY5Y,HEK293, and
MCF-7 cells were seeded in a 96-well plate at a density of 1 �
104 cells/100 �l and treated with varying concentrations of
Q3G (0.01–100 �M), quercetin dihydrate (0.01–100 �M), or
Me2SO vehicle for 6 or 18 h. Following a rinse in PBS, the cells
were subjected to an H2O2 insult (500 �M for 15 min for
SH-SY5Y cells, 500�M for 3 h for HEK293 cells, and 800�M for
24 h for MCF-7 cells, respectively). After several washes, the
cells were maintained in the growthmedium for 18 h. The cells
were then incubated with 0.5 mg/ml MTT (Sigma) at 37 °C for
4 h. The formazan crystals generated by viable mitochondrial
succinate dehydrogenase from MTT were extracted using an
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equal volume of the solubilizing buffer (0.01 N HCl and 10%
SDS). Absorbance was measured at 562 nm in an ELx800uv
microplate reader (Bio-tek Instruments, Inc.). The resultant
data were expressed as the percentage of viable cells relative to
untreated controls.
Cell Death ELISA—A cell death ELISA kit that detects cyto-

plasmic histone-associated DNA fragments in cell lysates was
used to assess cell death according to the manufacturer’s
instructions (Roche Applied Science). Briefly, cells were seeded
in a 24-well plate at a density of 5� 104 cells/500�l and treated
with Q3G (10 �M) or tert-butylhydroquinone (tBHQ) (5 �M)
for 18 h. Following a rinse in PBS, the cells were subjected to an
H2O2 insult (500 �M for 15 min). After several washes, the cells
were maintained in the growth medium for 18 h. The positive
control was prepared according to the manufacturer’s instruc-
tions (Roche Applied Science). Absorbance was read at 405 nm
using an ELx800uv microplate reader (Bio-tek Instruments).
DNA fragmentation was expressed as an enrichment factor, a
measure of specific enrichment of mono- and oligonucleo-
somes in the cell lysates. The enrichment factor was calculated
as a ratio of the absorbance of the test sample to that of the
untreated control.
Cytotoxicity Assay—Cell membrane integrity was assayed by

measuring the release of lactate dehydrogenase (LDH) using
the CytoTox nonradioactive kit (Promega). A positive control
was prepared according to the manufacturer’s instructions
(Promega). Cells were plated in a 96-well plate at a density of
1 � 104 cells/100 �l in phenol red-free Dulbecco’s modified
Eagle’s medium supplemented with 5% fetal bovine serum, 1
mM sodium pyruvate, and 2 mM L-glutamine. After 18 h, cells
were incubated with Q3G (10 �M) for 6 h. The medium was
replaced, and cells were subjected to anH2O2 insult (500�M for
15 min). After washing, the cells were incubated with mevasta-
tin (1 �M) for 18 h. The cells were then centrifuged at 250 � g
for 4 min, and 50 �l of medium was removed from each well of
the plate and transferred to another 96-well plate. An equal
volume of substrate solution containing 2-(p-iodophenyl)-3-
(p-nitrophenyl)-5-phenyl-2H-tetrazolium chloride salts and
diaphorase was added to themedium and incubated in the dark
at room temperature for 30 min. The reaction was terminated
by the addition of 50 �l of stop solution to each of the wells.
Absorbance wasmeasured at 490 nmusing an ELx800uvmicro-
plate reader (Bio-tek Instruments). The background value was
subtracted, and the resultwas expressed as a percentage of LDH
release compared with the positive control.
Terminal Deoxynucleotidyltransferase-mediated Deoxyuri-

dine Triphosphate Nick End in Situ Labeling (TUNEL)—
TUNEL labeling was performed to detect damaged cells by
labeling the nicked end of DNA with terminal deoxynucleoti-
dyltransferase using the Apo Tag kit as per the manufacturer’s
instructions (Roche Applied Science) (supplemental Fig. 2A).
Cells seeded on a coverslip in a 24-well plate at a density of 5 �
104 cells/500 �l were treated with Q3G (10 �M) for 18 h. Fol-
lowing a rinse in PBS, the cells were subjected to H2O2 insult
(500 �M for 15 min). After several washes, the cells were main-
tained in growth medium for 18 h.We included both a positive
control (cells treated with 10 units of DNase for 20 min) and a
negative control (cells not treatedwith terminal deoxynucleoti-

dyltransferase enzyme) in the assay. TUNEL staining was then
performed, and slides were mounted with DakoCytomation
fluorescent mounting medium (DakoCytomation, Carpinteria,
CA). The images were captured on a Zeiss invertedmicroscope
using a Nikon camera.
Determination of ROS—ROS was measured using 5-

(and 6-)carboxy-2,7-dichlorofluorescin diacetate (Molecular
Probes) as substrate that is oxidized to a fluorescent product in
the presence of ROS (supplemental Fig. 2B). Cells were seeded
in a 24-well plate at a density of 5 � 105 cells/500 �l in phenol
red free Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 1 mM sodium pyruvate, and 2 mM
L-glutamine. Cells were then incubated with Q3G, tBHQ, or
vehicle (0.01 and 0.05% Me2SO) for 18 h. Following a rinse in
PBS, the cells were subjected to the H2O2 insult (500 �M for 15
min) and treated with 0.11 mg/ml horseradish peroxidase for
15min. 5-(and 6-)Carboxy-2,7-dichlorofluorescin diacetate (10
�M) was added to the cells immediately after the insult and
incubated at 37 °C for 15 min. Subsequently, the cells were
washed with PBS and lysed in 10 mM Tris-HCl buffer contain-
ing 0.5% Tween 20. The lysates were centrifuged at 10,000 � g
for 10min, and the supernatantwas added to an opaque 96-well
plate (Costar). Fluorescence wasmeasured using Flx800micro-
plate fluorescence reader (Bio-tek Instruments) with an excita-
tion wavelength (485 nm) and an emission wavelength (528
nm). ROS was expressed as -fold induction compared with
untreated cells that received no oxidative insult.
cDNA Microarray Studies—cDNA microarray studies were

performed by the Southern Alberta Microarray Facility
(SAMF) using human 14K microarray slides (GEO Platform
accession numbers GPL3963 and GPL3964), printed at the
University of Calgary. These arrays contain 13,972 70-mer oli-
gonucleotides designed against theUniGene data base (Operon
version 1.0) spotted in duplicate. For further information con-
cerning the genes represented on these microarray chips and
the microarrays used in these experiments, please see the
SAMF site on the World Wide Web.
RNA Extraction—In the first experiment, SH-SY5Y cells

were treated with Q3G (10 �M) or Me2SO vehicle (0.05%) for
6 h. In a second experiment, SH-SY5Y cells were treated with
Q3G (10 �M) orMe2SO vehicle (0.05%) for 6 h and subjected to
an H2O2 insult (500 �M for 15 min) and allowed to recover for
6 h in growth medium before RNA extraction. Total RNA was
extracted using an RNeasy minicolumn (Qiagen). The integrity
of total RNA was determined on a 1% formaldehyde-agarose
gel, and the absorbance of RNA was measured at 260 and 280
nm using a spectrophotometer. RNA samples having a 260/280
absorbance ratio of 1.9–2.0 were subsequently used for
microarray analysis.
cDNA Synthesis, Purification, and Hybridization—cDNA

microarray studies were carried out by the SAMF at the Uni-
versity ofCalgary. cDNA labelingwas performedusing the Fair-
Play Microarray Labeling Kit II (catalog number 252006; Strat-
agene). For the detailed protocol, please see the Web site).
Meaurement of Microarray Data and Specification—The

scans were saved as image files in TIFF format and imported
into QuantArrayTM version 3.0 (PerkinElmer Life Sciences)
microarray analysis software used for spot identification, quan-
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tification, and background estimation. The quantified and
imaged gpr files were then loaded into Gene Traffic DuoTM
(Iobion) for microarray data management and analysis. The
data were filtered to flag spots with intensities of less than 100
units, or less than twice the average background. The data were
normalized according to the Lowess method resident in the
Gene Traffic software (31). In order to identify genes that were
differentially expressed and statistically significant, Signifi-
cance Analysis of Microarray (SAM) version 2.2 software was
used (available on the World Wide Web). The data set created
in Gene Traffic 4.0 was analyzed by SAM using the following
criteria: one class analysis, median center arrays, and 100 per-
mutations. SAM plots (supplemental Fig. 3, A and B) and SAM
tables were generated at corresponding � values. The number
of significant genes with a -fold change greater than 1.5 and a
false discovery rate of �7% were determined. These significant
genes were further analyzed through Panther software (avail-
able on theWorldWideWeb) to delineate the potential biolog-
ical processes involved (supplemental Fig. 3C). The pathways
defined by this set of genes were analyzed using PathwayArchi-
tect (Stratagene).
Quantitative Real Time PCR—Quantitative RT-PCR was

performed using the DNA Engine Opticon 2 System (MJ
Research) (supplemental Figs. 4, A–E, and 5, A and B). Total
RNA was isolated from Q3G-, Q dihydrate-, and Me2SO-
treated SH-SY5Y, HEK293, and MCF-7 cells that were sub-
jected to oxidative stress using the RNeasy minicolumn (Qia-
gen). Briefly, 3 �g of DNase-treated total RNA was reverse
transcribed using a First Strand cDNA synthesis kit according
to the manufacturer’s instructions (Superarray Incorporation
Inc.). The 20-�l RT reaction mix was diluted 5-fold in RNase-
free water. In order to validate up-regulated genes, cDNA from
Q3G-treated cells was serially diluted 10-fold (5 points in dupli-
cates), and the standard curve was generated for GAPDH and
the genes of interest (SCD1 and HMG-CoA reductase and
SREBP-2, respectively). To validate a down-regulated gene
(sestrin 1), cDNA fromMe2SO-treated cells was serially diluted
10-fold (5 points in duplicates), and standard curves were gen-
erated for GAPDH and sestrin 1, respectively. A negative (no
RT control) was included in all of the experiments. Triplicates
of control and experimental cDNA samples were included in
the experiment at an appropriate dilution. PCRmastermix was
prepared using an RT2 Real-TimeTM PCR kit using gene-spe-
cific primers in 25 �l/well of a 96-well plate as per the manu-
facturer’s instructions (Superarray Incorporation Inc.). The
cycling parameter included activation of Taq polymerase at
95 °C for 15 min. This step was followed by denaturation at
95 °C/15 s, annealing for SCD1 at 60 °C/30 s with the primers
5�-TACCGCTGGCACATCAACTT-3� (sense) and 5�-TTG-
GAGACTTTCTTCCGGTCA-3� (antisense) (32) (product
size, 87 bp); annealing for HMG-CoA reductase at 55 °C/30 s
with the primers 5�-TACCATGTCAGGGGTACGTC-3�
(sense) and 5�-CAAGCCTAGAGACATAATCATC-3� (anti-
sense) (33) (product size, 247 bp); annealing for sestrin 1 at
58 °C/30 s with the primers 5�-GGCAAACCATTTTGAG-
GAAA-3� (sense) and 5�-ACTCCCCACTTGGAGGATCT-3�
(antisense) (PRIMER 3 software) (available on theWorldWide
Web) (product size, 278 bp); annealing for SREBP-2 at 62 °C/

40 s with the primers 5�-CCCTTCAGTGCAACGGTCATT-
CAC-3� (sense) and 5�-GATGCTCAGTGGCACTGACTC-
TTC-3� (antisense), respectively (33) (product size, 401 bp)
and primer extension at 72 °C/30 s for a total of 40 cycles.
The GAPDH Amplimer set (Clontech) was used to amplify
GAPDH (450 bp). The melting curve analysis was performed
to verify the accurate amplification of target amplicon. Data
analysis was performed using Opticon software version 2.02.
Using the standard curve generated for SCD1, HMG-CoA
reductase, SREBP-2, sestrin 1, and GAPDH, respectively, the
relative -fold increase in gene expression in the Q3G-treated
sample over the Me2SO control was calculated using the com-
parative CT method (��CT) (34) and was quantified using
2���CT with GAPDH as the internal control. The data were
expressed as the relative -fold increase or decrease in gene
expression compared with the Me2SO control.
Lipid Peroxidation Assay—Lipid peroxidation is the method

of choice for detecting phospholipid oxidation in cells either by
measuring the initial products of oxidative attack, such as the
lipid hydroperoxides and conjugated dienes, or by measuring
the breakdown products of polyunsaturated fatty acid, namely
malondialdehyde and 4-hydroxynonenal. A lipid peroxidation
kit (Calbiochem) was used to measure lipid hydroperoxides
generated by lipid oxidation utilizing a redox reaction with fer-
rous ions. The reaction of hydroperoxides with ferrous ions
resulted in the generation of ferric ions thatwere detected using
thiocyanate as a chromogen. Briefly, cells were seeded in a
6-well plate at a density of 5 � 105 cells/ml and incubated with
Q3G (10 �M) or Me2SO (0.05%) for 6 h. The cells were then
rinsed with PBS and subjected to H2O2 insult (500 �M for 15
min). The medium was replaced, and after 6 h, the lipid
hydroperoxides were extracted from the cells using Extract
R-saturated methanol and deoxygenated chloroform as per
the manufacturer’s instructions (Calbiochem). For the lipid
peroxidation assay, a standard curve was generated. Briefly,
standard and test samples were diluted in deoxygenated
chloroform/methanol mixture (2:1) in a reaction volume of
950 �l in a glass tube. Chromogen substrate was freshly pre-
pared, added to the samples (50 �l), and incubated at room
temperature for 5 min. A volume of 300 �l was transferred
from the glass tube to a glass 96-well plate, and absorbance
was read at 490 nm using an ELx800uv microplate reader
(Bio-tek Instruments). The lipid hydroperoxides in the test
sample were extrapolated from a standard curve and
expressed as nM/mg of protein.
Cholesterol Assay—SH-SY5Y cells were seeded in a 6-well

plate at a density of 5 � 105 cells/ml. Cells were incubated with
Q3G (10 �M) or Me2SO vehicle (0.05%) for 6 h and exposed to
H2O2 insult (500 �M for 15min). After washing and incubation
in growth medium for 6 h, the cells were counted. A phase
separation method (chloroform/methanol, 2:1) was used to
extract cholesterol from 8.5 � 105 cells. The organic phase was
evaporated, and the lipids were dissolved in 2-propanol. Cho-
lesterol and cholesterol esters were measured as per the manu-
facturer’s protocol (Biovision). The samples were diluted 1:25
in 50 �l of the cholesterol reaction buffer. An equal volume of
reactionmix containing cholesterol reaction buffer, cholesterol
probe, enzyme mix, and cholesterol esterase was added to the
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samples and incubated in the dark for 60 min at 37 °C. Absorb-
ance was read at 562 nm using an ELx800uv microplate reader
(Bio-tek Instruments). The values obtained were subtracted
from blank containing the reaction buffer and extrapolated
from the standard curve for cholesterol. Total cellular choles-
terol was expressed as �g/�l per sample.
Determination of Cholesterol Synthesis Using [14C]Acetate—

The de novo synthesis of cholesterol was determined using
methodology adapted from Singh and Porter (35) with slight
modifications. SH-SY5Y cells were cultured in 6-well plates at a
density of 5� 105 cells/ml and incubatedwith 1�Ci (37 kBq) of
[14C]acetate (PerkinElmer Life Sciences) for 24 h. Cells were
then washed with PBS and incubated with Q3G (10 �M) or
Me2SO vehicle (0.05%) for 6 h. Following a rinse in PBS, the
cells were subjected to the H2O2 insult (500 �M for 15min) and
incubated in growth medium for 6 h. Cells were then washed
twice with PBS and harvested by trypsinization. Cells were
resuspended in 200�l of Tris buffer (20mM, pH 7.4) containing
0.1% Triton X-100 and lysed by sonication on ice. Protein was
estimated in the cell lysate using the Bio-Rad reagent. Lipids
were extracted using 200�l of choloroform/methanol (2:1), the
solvent was completely evaporated in a SpeedVac (Savant), and
the lipids were resuspended in 50 �l of choloroform/methanol
(2:1) and spotted onto thin silica plates (LK6D Silica Gel
60A; Whatman) along with the [14C]cholesterol standard
(Amersham Biosciences). TLC was performed using cyclo-
hexane/ethyl acetate (50:50), and the plates were developed
by autoradiography. The spots corresponding to cholesterol
were scrapped, and radioactivity was measured by scintilla-
tion counting (Beckman Coulter). The data were expressed
as incorporation of [14C]acetate into [14C]cholesterol
(cpm/mg of protein).
Inhibition of Cholesterol Synthesis Using Mevastatin—Cells

were seeded in a 96-well plate at a density of 1� 104 cells/100�l
and treated with Q3G (10 �M) for 6 h. Following a rinse in PBS,
the cells were subjected to the H2O2 insult (500 �M for 15min).
After several washes, cells were incubated with the inhibitor of
HMG-CoA reductase, mevastatin (1 �M) (LKT Laboratory) for
18 h. Cell viability was measured using the MTT assay as
described. Absorbance was measured at 562 nm using an
ELx800uv microplate reader (Bio-tek Instruments). The result-
ant data were expressed as percentage viability compared with
untreated controls.
Inhibition of Cholesterol Synthesis Using OSCi—SH-SY5Y

cells were seeded in a 96-well plate at a density of 1 � 104
cells/100 �l and treated with Q3G (10 �M) for 6 h. Following a
rinse in PBS, the cells were subjected to theH2O2 insult (500�M
for 15 min). After several washes, cells were incubated with
OSCi (3 and 30 nM, respectively) for 18 h.OSCi was dissolved in
Me2SO with a final concentration not exceeding 0.05%. Cell
viability was measured using the MTT assay as described.
Absorbance wasmeasured at 562 nmusing an ELx800uvmicro-
plate reader (Bio-tek Instruments). The resultant data were
expressed as the percentage of viable cells relative to untreated
controls.
Isopentenyl Pyrophosphate (IPP) Rescue Studies—SH-SY5Y

cells were seeded in a 96-well plate at a density of 1 � 104
cells/100 �l and treated with Q3G (10 �M) for 6 h. Following a

rinse in PBS, the cells were subjected to theH2O2 insult (500�M
for 15 min). Cells were incubated with mevastatin (1 �M) alone
or mevastatin (1 �M) with varying concentrations of IPP triam-
monium salt solution (25 and 50 �M; Sigma) or IPP vehicle (1%
methanol) for 18 h. The MTT assay was performed as
described. Absorbance was measured at 562 nm using an
ELx800uv microplate reader (Bio-tek Instruments). The result-
ant data were expressed as the percentage of viable cells com-
pared with untreated controls.
Transfection Studies—To measure the LDLr induction,

SH-SY5Y cells were co-transfectedwith 900 ng of LDLp-588luc
and 100 ng of �-galactosidase plasmid using Lipofectamine
2000 reagent (Invitrogen). SH-SY5Y cells were plated at a den-
sity of 2� 105 cells/500 �l andmaintained at 37 °C in a 5%CO2
incubator for 18 h. SH-SY5Y cells were transfected in 250 �l of
serum-free medium for 6 h, and then an equal volume of
Dulbecco’s modified Eagle’s medium containing 20% fetal
bovine serum was added to the cells. After 24 h, the medium
was replaced, and the cells were incubated with 10 �M Q3G
orMe2SO vehicle (0.05%) for 6 h. Following a rinse with PBS,
the cells were exposed to 500 �MH2O2 for 15 min and placed
in the growth medium for 6 h. Cell lysates were prepared
using the lysis buffer by a repetitive freeze-thaw method
(Promega). Luciferase activity was determined, and normal-
ization was achieved by measuring �-galactosidase activity
as per the manufacturer’s instructions (Promega). Data were
expressed as -fold increase in luciferase activity relative to
�-galactosidase activity.
Western Blot Analysis for SREBP-2—SH-SY5Y cells were

seeded in a 6-well plate at a density of 5� 105 cells/ml. The cells
were treated with Q3G (10 �M) or Me2SO vehicle (0.05%) for
6 h. The cells were then rinsed with PBS and subjected to H2O2
insult (500 �M for 15min). Following a rinse with PBS, the cells
were allowed to recover in growth medium for 6 h. Western
blot analysis for SREBP-2 was also performed using HEK293
cells (supplemental Fig. 5, B and C). HEK293 cells were seeded
in a 6-well plate at a density of 2 � 105 cells/ml. The cells were
treated with 0.1 �M Q3G or Me2SO vehicle (0.0005%) for 6 h.
The cells were then rinsed with PBS and subjected to H2O2
insult (500 �M for 3 h). Following a rinse with PBS, the cells
were allowed to recover in growth medium for 6 h. Whole cell
protein extracts were prepared from SH-SY5Y and HEK293
cells using radioimmune precipitation buffer (1%TritonX-100,
0.04% SDS, 0.037 M NaCl, 0.05 M Tris-HCl base, and 0.32 M
deoxycholic acid, pH 8.0) containing a protease inhibitor mix-
ture (Roche Applied Science). Protein concentration in cell
lysates was estimated using a Bio-Rad reagent. Briefly, 20 �g of
protein was resolved on a 12.5% SDS-PAGE and transferred to
polyvinylidene difluoride transfermembrane (MilliporeCorp.).
The membranes were blocked (5% nonfat milk powder in TBS
and 0.1%Tween 20) at room temperature for 1 h and incubated
with a SREBP-2 primary antibody (BDBiosciences) at a dilution
of 1:1000 at 4 °C overnight. Following several washes, the
membranes were incubated with peroxidase-conjugated
anti-mouse secondary antibody (Vector Laboratories) at a
1:2500 dilution at room temperature for 1 h. Following sev-
eral washes, immunoreactivity was visualized using the ECL
chemiluminescence kit according to the manufacturer’s
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instructions (Amersham Biosciences). The blots were
exposed to x-ray film (Eastman Kodak Co.) for 24 h and
developed using a Kodak developer. The data were expressed
as -fold induction of cleaved active SREBP-2 (65 kDa) to total
SREBP-2 (uncleaved precursor form of SREBP-2 (110
kDa) � cleaved active form of SREBP-2 (65 kDa)) normal-
ized to �-actin levels.
siRNA Studies—Transfection studies in SH-SY5Y cells

were carried out using siRNA-targeting SREBP-2. siRNAs
were purchased from Ambion. Silencer predesigned siRNA
oligonucleotides (sense, 5�-GGCUUUGAAGACGAAGCU-
Att-3�; antisense, 5�-UAGCUUCGUCUUCAAAGCCtg-3�)
targeting SREBP-2 were used. As a negative control, siRNA
containing 19-bp nontargeting sequences with 3� dT over-
hangs was used to rule out nonspecific effects on gene
expression. To standardize the conditions for transient
transfection, we seeded cells in 24-well plates at a density of
5 � 104 cells/500 �l. Transfection was carried out using 3 �l
of Lullaby transfection reagent (OZ Biosciences) and 15
pmol of siRNA (final concentration was 30 nM) for 3 h as per
the manufacturer’s instructions (OZ Biosciences). The
medium was replaced, and cells were incubated at 37 °C in a
5% CO2 incubator for 24 h. Total RNA was extracted using
the RNeasy kit (Qiagen), and siRNA knockdown of SREBP-2
was confirmed by one-step RT-PCR (Clontech) using 100 ng
of total RNA and primers 5�-CCCTTCAGTGCAACGGT-
CATTCAC-3� and 5�-GATGCTCAGTGGCACTGACTC-
TTC-3� as sense and antisense primers, respectively (33)

(product size, 401 bp) as per the
manufacturer’s instructions. The
RT-PCR product was loaded on a
2% agarose gel and visualized by
ethidium bromide staining. As an
internal control, we used 18S RNA
to normalize the loading. Simi-
larly, we carried out RT-PCR using
SREBP-1 primers 5�-CTGCTGAC-
CGACATCGAAGAC-3� and 5�-
GATGCTCAGTGGCACTGACTC-
3� as sense and antisense primers,
respectively (33) (product size, 321
bp) as per the manufacturer’s
instructions.
The cells were seeded in a 96-well

plate at a density of 1� 104 cells/100
�l. siRNA studies were performed
using SREBP-2 siRNA and the
silencer negative control siRNA, as
described previously. After 24 h
post-transfection, the cells were
incubated with Q3G (10 �M) or
Me2SO vehicle (0.05%) for 6 h. Fol-
lowing a rinse with PBS, the cells
were exposed to 500�MH2O2 for 15
min and placed in growth medium
for 18 h. The MTT assay was then
performed as described. The result-
ant data were expressed as the per-

centage of viable cells compared with untreated controls.
Statistical Analysis—Data analysis was performed using Stu-

dent’s t test, one-way analysis of variance, and Tukey’s post hoc
test using GraphPad Prism version 3. An � value of �0.05 was
considered to be significant.

RESULTS

Q3G but Not Quercetin Dihydrate Protected SH-SY5Y,
HEK293, and MCF-7 Cells against Oxidative Damage—Q3G
differs from the parent compoundQ dihydrate (Fig. 1A) in hav-
ing a glucosidemoiety attached to carbon atom -3 on theC-ring
(Fig. 1B). In the present study, we investigated the cytoprotec-
tive effect of Q3G and Q dihydrate against H2O2-induced oxi-
dative stress in various cell lines. First, we determined the dose
and time of exposure to H2O2 to reduce cell viability by 50%.
Treatment of SH-SY5Y cells with 500 �M of H2O2 for 15 min
resulted in a 40% decrease in cell viability relative to untreated
cells (supplemental Fig. 1A). The dose- and time-response
curves for HEK293 and MCF-7 cells exposed to H2O2 demon-
strated that these cells were completely resistant to this insult at
a concentration and exposure time that caused a 50% loss of
cellular viability in SH-SY5Y cells. Exposure to a concentration
of 500 �M of H2O2 for 3 h was required to kill 50% of HEK293
cells (supplemental Fig. 1B), whereas 800 �M H2O2 for 24 h
produced only a 20% loss in cell viability in MCF-7 cells (sup-
plemental Fig. 1C).
Pretreatment with Q3G increased viability by �40% (1 �M)

and 55% (10 �M) relative to cells treated with H2O2 alone (Fig.

FIGURE 1. Q3G protects SH-SY5Y cells against cell death induced by oxidative stress. A, structure of Q
dihydrate. B, structure of Q3G. C, MTT assay depicting the dose-response curve of SH-SY5Y cells pretreated with
various concentrations of Q3G for 18 h prior to oxidative insult. The data are represented as percentage of cell
viability relative to untreated cells. Each bar represents the mean 	 S.E. of 16 determinations from two inde-
pendent experiments. *, p � 0.05 versus H2O2-treated cells. D, SH-SY5Y cells were pretreated with Q dihydrate
or Q3G for 18 h prior to the oxidative insult, and MTT assay was performed as described previously. The data are
represented as percentage of cell viability relative to untreated cells. Each bar represents the mean 	 S.E. from
16 determinations from two independent experiments. *, p � 0.05 versus H2O2-treated cells.

SREBP-2 Mediates Quercetin 3-Glucoside-induced Cytoprotection

2236 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 4 • JANUARY 25, 2008

 by guest on July 24, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full//DC1
http://www.jbc.org/cgi/content/full//DC1
http://www.jbc.org/cgi/content/full//DC1
http://www.jbc.org/cgi/content/full//DC1
http://www.jbc.org/


1C). Q3G showed a biphasic response as a concentration of 100
�M did not afford any protection against the H2O2 insult (Fig.
1C). Treatmentwith 10�MQ3Galone did not alter cell viability
relative to control cells that were not treated with the flavonoid
or exposed to oxidative stress (Fig. 1C). These results indicate
that 10 �M Q3G provided maximal protection from the loss of
cell viability produced by the H2O2 insult, and at this concen-
tration Q3G was not cytotoxic; nor did it alter the rate of cell
division (Fig. 1C). Pretreatment with 10�MQdihydrate did not
protect cells against H2O2 insult. This implies that at the con-
centrations tested in this model, Q3G is an effective cytopro-
tectant, whereas Q dihydrate is not (Fig. 1D).
HEK293 cells pretreated with different concentrations of

Q3G (0.01–10 �M) for 6 h showed an inverted U-shaped rever-
sal of H2O2-induced cell death with a peak reversal of hydrogen
peroxide-induced death of 50% generated by the 0.1 �M Q3G,
whereas 10 �M Q3G failed to protect against H2O2-induced
oxidative insult (supplemental Fig. 1D). TheMe2SO vehicle did
not exert any protective effect against H2O2-induced oxidative
insult (supplemental Fig. 1D). Treatment with 10 �M Q3G
alone did not alter cell viability relative to untreated cells (sup-
plemental Fig. 1D). In contrast, Q dihydrate was not effective
against H2O2-induced oxidative insult at any of the concentra-
tions tested (data not shown). Similarly, pretreatment of
MCF-7 cells with varying concentrations of Q3G for 6 h pro-
duced an inverted U shaped protection against H2O2-induced
oxidative death, with a concentration of 0.1�MQ3Gproducing
a 50% increase in cell survival (supplemental Fig. 1E). As was
observed inHEK293 cells, Q dihydrate was not effective against
the injurious effects of H2O2 at any of the concentrations tested
(data not shown). We therefore demonstrate that Q3G pro-
tected against oxidative stress in SH-SY5Y, HEK 293, and
MCF-7 cells, whereas Q dihydrate was ineffective.
Q3G Protected SH-SY5Y Cells against H2O2-induced Cell

Death—Having established that Q3G (10 �M) exerted a cyto-
protective effect in SH-SY5Y cells against oxidative stress, we
explored whether protection was mediated by reducing apo-
ptotic and/or necrotic cell death. SH-SY5Y cells exposed to 500
�M H2O2 for 15 min showed a 2-fold increase in nucleosomal
enrichment factor compared with untreated cells (Fig. 2A).
This was comparable with the magnitude of nucleosomal
enrichment produced by the positive control. Pretreatment of
SH-SY5Y cells withQ3G (10�M) or a positive control, tBHQ (5
�M) resulted in a significant reduction in cell death compared
with cells treated with either a hypertonic solution or H2O2
(Fig. 2A).
Next, we determined the effect of the H2O2 insult on the

membrane integrity of SH-SY5Y cells by examining extracellu-
lar levels of the intracellular enzyme LDH. The release of LDH
from the cell membrane is a marker for necrotic cell death. We
found that H2O2 caused an increase in LDH release compared
with untreated control (Fig. 2B). Pretreatment with Q3G
reduced the increase in LDH release induced byH2O2 by�66%
relative to those cells exposed to H2O2 alone (Fig. 2B). Since
cholesterol is a major constituent of the plasmamembrane and
contributes tomembrane integrity, we used an inhibitor of cho-
lesterol synthesis (mevastatin, HMG-CoA reductase inhibitor)
to assess the protective effects of Q3G pretreatment in

FIGURE 2. Cellular and metabolic effects of Q3G-mediated cytoprotec-
tion against oxidative stress. A, cell death ELISA (CDE). SH-SY5Y cells
were pretreated with Q3G (10 �M) or tBHQ (5 �M) for 18 h prior to the
oxidative insult. CDE was performed as described under “Experimental
Procedures.” Data are expressed as nucleosomal enrichment factor. Each
bar represents the mean 	 S.E. of four determinations from two inde-
pendent experiments. PC, positive control. *, p � 0.05 versus H2O2-treated
cells. B, LDH assay. SH-SY5Y cells were pretreated with 10 �M Q3G or 0.05%
Me2SO for 6 h prior to the oxidative insult. The medium was replaced, and
cells were incubated with 1 �M mevastatin for 18 h. A CytoTox96 nonra-
dioactive cytotoxicity assay was performed to assay for LDH release as
described under “Experimental Procedures.” Data are expressed as per-
centage of LDH release compared with the positive control. Each bar rep-
resents the mean 	 S.E. of 24 determinations from three independent
experiments **, p � 0.01 relative to H2O2-treated cells. C, lipid peroxida-
tion assay. SH-SY5Y cells were pretreated with 10 �M Q3G or 0.05% Me2SO
(DMSO) for 6 h prior to the oxidative insult. Lipid hydroperoxides were
measured in the Q3G or Me2SO-treated samples. Data were extrapolated
from the standard curve as described under “Experimental Procedures.”
The data are expressed as nM lipid hydroperoxides/mg of protein. Each bar
represents the mean 	 S.E. of six determinations from three independent
experiments. *, p � 0.05 relative to H2O2-treated cells.
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SH-SY5Y cells exposed to oxidative damage. The addition of
mevastatin partially reversed the protective effects of Q3G pre-
treatment, and mevastatin alone did not increase LDH release
(Fig. 2B).
We used TUNEL staining to identify cells injured by oxida-

tive stress (supplemental Fig. 2A). Like the positive control,
cells exposed to H2O2 were TUNEL-positive. Pretreatment
with Q3G prior to the oxidative insult significantly decreased
the number of TUNEL-positive cells. To further evaluate the
mechanism of cell death induced by H2O2, Western blot anal-
ysis was carried out using an antibody that detects caspase-3-
cleaved spectrin (36). In SH-SY5Y cells treated with H2O2,
higher levels of caspase-3-cleaved spectrin were detected com-
pared with untreated cells (data not shown). Pretreatment of
SH-SY5Y cells with Q3G orMe2SO did not reduce the levels of
H2O2-induced caspase-3 activation (data not shown). Pretreat-
ment with Q3G alone did not induce apoptosis (data not
shown).
In SH-SY5Y cells, H2O2 activated both necrotic as well as

apoptotic pathways. Based on a failure to reduce caspase-3 acti-
vation, we conclude that Q3G protected SH-SY5Y cells against
necrotic rather than apoptotic cell death.
Q3GPretreatment Reduces Intracellular ROS—The ability of

quercetin to scavenge free radicals is well documented; how-
ever, little is known about the free radical scavenging abilities of
Q3G. SH-SY5Y cells treated with H2O2 and horseradish perox-
idase showed a 2.5-fold increase in ROS activity compared with
untreated control cells (supplemental Fig. 2B). Pretreatment
with Q3G (5 �M) produced a nearly complete reversal of intra-
cellular ROS to those observed in cells not exposed to oxidative
stress (supplemental Fig. 2B). Pretreatment with 5 �M tBHQ
produced a reduction in ROS levels comparable with 10 �M
Q3G; however, 10 �M tBHQ did not reduce ROS levels. Vehi-
cle-treated samples displayed a small reduction in intracellular
ROS levels. However, this reduction was not statistically signif-
icant (supplemental Fig. 2B). These results indicate that Q3G
protected SH-SY5Y cells from the injurious effects of oxidative
stress.
Lipid Peroxidation Assay—In SH-SY5Y cells subjected to

H2O2-induced oxidative stress, we detected 40 nM lipid
hydroperoxides/mg of protein. Pretreatment of SH-SY5Y cells
with Q3G led to a significant decrease in lipid peroxidation by
4-fold compared with H2O2-treated cells (Fig. 2C). In cells pre-
treated with Me2SO vehicle, there was an increase in lipid
hydroperoxides comparable with H2O2-treated cells (Fig. 2C).
Since the assay is very sensitive and measures the initial prod-
ucts of lipid peroxidation rather than the secondary breakdown
products, the estimation of lipid peroxidation is more reliable,
and it is not overestimated as compared with other methods of
detection (i.e. thiobarbituric acid reactive substances assay).
We conclude from these studies that Q3G pretreatment is
effective in reducing H2O2-induced lipid peroxidation.
Gene Profiling Using cDNA Microarray Implicated Elevated

Cholesterol Biosynthesis in Q3G-mediated Cytoprotection—
Treatment of SH-SY5Y cells with Q3G alone did not alter
gene expression in SH-SH5Y cells compared with cells that
were treated with Me2SO vehicle. Significance Analysis of
Microarray (SAM) revealed one significantly up-regulated gene

at a false discovery rate of 0% and a� value of 0.381 (supplemental
Fig. 3A). Pretreatment of cells with Q3G followed by oxidative
stress resulted in altered gene expression compared with
Me2SO-treated cells. SAM analysis showed that at a � value of
0.266, therewere 28 significantly altered genes (25 up-regulated
and three down-regulated genes) with a false discovery rate of
7.31% (supplemental Fig. 3B). Putative functional linkages
between the genes modulated by Q3G under oxidative stress
revealed that 16 of 25 (64%) of these genes are involved in the
cholesterol and lipid pathway (supplemental Fig. 3C).
Confirmation of cDNA Microarray Findings by qRT-PCR—

The changes in the expression of SCD1, HMG-CoA reductase,
and sestrin 1 as determined by cDNAmicroarray were all con-
firmed by qRT-PCR (supplemental Fig. 4,A–C, respectively). In
SH-SY5Y cells subjected to the H2O2 insult, both SCD1 and
HMG-CoA reductase transcripts were unchanged compared
with untreated cells (supplemental Fig. 4,D andE, respectively).
Q3GPretreatment Results in ElevatedCholesterol Levels after

Oxidative Stress—The -fold increases in expression of genes
that were up-regulated by Q3G under oxidative stress as
determined by cDNA microarray (black) and qRT-PCR
(bracketed) in the cholesterol biosynthetic pathway are
shown in Fig. 3A. Since many of the up-regulated genes are
involved in cholesterol biosynthesis, cholesterol levels were
determined. Cells treated with vehicle and then exposed to
oxidative stress did not show an increase in cholesterol levels
over cells exposed to oxidative stress alone (Fig. 3B). By con-
trast, cells pretreated with Q3G and then exposed to oxida-
tive stress showed a significant increase in cholesterol levels
of �35%, compared with vehicle-treated cells exposed to the
oxidative insult (Fig. 3B).
Q3G Pretreatment Enhanced de Novo Cholesterol Synthesis

in SH-SY5Y Cells Subjected to Oxidative Stress—SH-SY5Y cells
pretreated with Q3G showed a 2-fold increase in conversion of
[14C]acetate into [14C]cholesterol under oxidative stress com-
pared with Me2SO-treated cells (Fig. 3C). Cells treated with
H2O2 alone did not showan increase in cholesterol biosynthesis
compared with untreated cells. Moreover, basal cholesterol
biosynthesis was not altered by either Q3G or Me2SO alone
(Fig. 3C).
These results indicate thatQ3Gpretreatment increased total

cellular cholesterol and enhanced de novo cholesterol synthesis
in SH-SY5Y cells subjected to oxidative stress.
Mevastatin Reduced the Cytoprotective Effects of Q3G—Me-

vastatin, an inhibitor of HMG-CoA reductase, was used to
inhibit cholesterol synthesis in SH-SY5Y cells in order to deter-
mine whether cholesterol biosynthesis mediated Q3G-induced
cytoprotection against oxidative stress. PretreatmentwithQ3G
reversed the loss of cell viability produced by oxidative stress by
about 25% (Fig. 4A). This protective effect of Q3Gwas reversed
by the addition of mevastatin after the H2O2 insult (Fig. 4A). By
contrast, mevastatin (1 �M) did not alter the loss of cell viability
produced by the H2O2 insult; nor did it alter cell viability when
added on its own compared with untreated cells, suggesting
that the concentration of mevastatin used was noncytotoxic
(Fig. 4A).
Effect of OSCi on Cytoprotective Effects of Q3G—The 2,3-

oxidosqualene:lanosterol cyclase inhibitor, OSCi, was used to
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determine the effects of selective inhibition of cholesterol syn-
thesis on Q3G-mediated cytoprotection against oxidative
stress. Pretreatment with Q3G improved cell viability by about
12% under oxidative stress (Fig. 4B). This protective effect of
Q3Gwas reversed by the addition of 30 nMOSCi after theH2O2
insult (Fig. 4B). OSCi at a concentration of 3 nM was not effec-
tive in reversing the cytoprotective effect of Q3G against oxida-
tive stress induced by H2O2. OSCi at a concentration of 30 nM
did not alter cell viability after the H2O2 insult. Treatment

of cells with OSCi alone did not
alter cell viability compared with
untreated cells, suggesting that the
concentration of OSCi used in the
study was noncytotoxic. These ob-
servations indicate that selective
inhibition of cholesterol synthesis
by OSCi abrogates the protective
effect of Q3G.
Inhibition of Cholesterol and

Isoprenoid Pathway Induced by
Mevastatin Is Rescued by IPP
Treatment—Pretreatment of SH-
SY5Y cells with mevastatin (1 �M)
inhibited the protective effect of
Q3G under oxidative stress. This
was rescued by the addition of 50
�M of IPP to cells (Fig. 4C). A con-
centration of 25 �M IPP was not
effective in rescuing the effect of
mevastatin inhibition on Q3G-me-
diated protection under oxidative
stress (Fig. 4C). A concentration of
IPP (50 �M) on its own was noncy-
totoxic. Also, the vehicle used to
dissolve IPP did not alter cell via-
bility (Fig. 4C). We therefore con-
clude that the isoprenoid pathway
is not involved in Q3G-mediated
cytoprotection.
Increased Levels of SREBP-2mRNA

in Q3G-pretreated SH-SY5Y Cells
Subjected to Oxidative Stress—
Quantitative RT-PCR revealed a
2-fold increase in the expression
of SREBP-2 mRNA only in cells
pretreated with Q3G and sub-
jected to oxidative stress (Fig. 5A).
In comparison with Q3G, pre-
treatment of SH-SY5Y cells with Q
dihydrate did not alter the mRNA
levels of SREBP-2 (Fig. 5B).The
expression of SREBP-2 mRNA was
unaffected by oxidative stress
alone (data not shown). These
results are consistent with our
cDNAmicroarray results, suggest-
ing that Q3G, but not Q dihydrate,
increased levels of transcripts

encoding SREBP-2 in cells under oxidative stress.
In HEK293 cells pretreated with Q3G, there was also a slight

but significant increase in the SREBP-2 transcript under oxida-
tive stress (supplemental Fig. 5A). In MCF-7 cells, preliminary
RT-PCR data indicated no change in the SREBP-2 transcript in
either treated or untreated groups (data not shown).
Enhanced Expression of LDLr in SH-SY5Y Cells Pretreated

with Q3G and Subjected to Oxidative Stress—Transient trans-
fection of SH-SY5Y cells with LDL plasmid was used to assess

FIGURE 3. Q3G induces cholesterol synthesis in SH-SY5Y cells under oxidative stress. A, SREBP-2-mediated
cholesterol biosynthetic pathway in mammalian cells. The key intermediary steps in the de novo cholesterol
pathway from acetyl-CoA are shown. The -fold changes in the genes up-regulated by Q3G under oxidative
stress as identified by cDNA microarray (SAMF human 14K) are shown in black, whereas elevations measured
by qRT-PCR are bracketed. NA, not applicable; these genes are not represented on the SAMF human 14K chip.
B, determination of total cell cholesterol. SH-SY5Y cells pretreated with 10 �M Q3G or 0.05% Me2SO (DMSO)
vehicle for 6 h was subjected to the oxidative insult. Cholesterol and cholesterol esters were measured in the
Q3G- or Me2SO-treated samples. Data were extrapolated from the standard curve as described under “Exper-
imental Procedures.” Data are expressed as the concentration of total cell cholesterol (�g/�l) in each sample.
Each bar represents the mean 	 S.E. of six determinations from three independent experiments. *, p � 0.05;
H2O2-treated cells. C, de novo cholesterol synthesis. SH-SY5Y cells were incubated with 1 �Ci of [14C]acetate for
24 h. SH-SY5Y cells pretreated with 10 �M Q3G or 0.05% Me2SO vehicle for 6 h were subjected to the oxidative
insult. After 18 h, lipids were extracted, cholesterol was separated using TLC, and scintillation counting was
performed as described under “Experimental Procedures.” Data are expressed as incorporation of [14C]acetate
into [14C]cholesterol (cpm/mg of protein). Each bar represents the mean 	 S.E. of six determinations from two
independent experiments performed. **, p � 0.01 relative to H2O2-treated cells.
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whether Q3G up-regulated the expression of LDLr, a SREBP-
2-regulated gene under oxidative stress. In SH-SY5Y cells
treated with Me2SO or Q3G and not subjected to oxidative
insult, relative luciferase levels were unchanged, indicating no
induction of the LDL receptor (Fig. 5C). However, SH-SY5Y
cells pretreated with Q3G and subjected to oxidative stress
showed a significant increase in relative luciferase levels, indi-
cating induction of the LDLr compared with DMSO � H2O2-
treated or H2O2-treated controls (Fig. 5C).
Q3G Induces the Processing of Transcriptionally Active

SREBP-2 from Its Precursor in SH-SY5Y Cells under Oxidative
Stress—We compared levels of the transcriptionally inactive
precursor form of SREBP-2 (110 kDa) and the transcriptionally
active cleaved form of SREBP-2 (65 kDa) in SH-SY5Y cells by
Western blotting. In untreated or Me2SO- or Q3G-treated
cells, the levels of uncleaved transcriptionally inactive SREBP-2
(110 kDa) appeared higher than the levels of cleaved transcrip-
tionally active SREBP-2 (65 kDa) (Fig. 6A). In cells pretreated
with Q3G and exposed to oxidative stress, levels of active
SREBP-2 (65 kDa) relative to uncleaved transcriptionally inac-
tive SREBP-2 (110 kDa) appeared higher than that observed in
cells exposed to only oxidative stress (H2O2) or vehicle (0.05%
Me2SO) � H2O2 (Fig. 6B). This suggests that the combination
of Q3G pretreatment followed by oxidative stress led to an
increase in the cleaved form of SREBP-2. Densitometric scans
of the Western blots revealed over a 2-fold increase in tran-
scriptionally active SREBP-2 compared with total SREBP-2 in
cells receiving Q3G pretreatment and subjected to oxidative
stress (Fig. 6C).
When compared with SH-SY5Y cells, Western blot analysis

of SREBP-2 derived from HEK293 whole cell lysates showed a
different pattern. In untreated or Me2SO- or Q3G (0.1 �M)-
treated cells, the levels of uncleaved or transcriptionally inac-
tive SREBP-2 precursor (130 kDa) were low compared with the
cleaved or transcriptionally active form of SREBP-2 (65 kDa)
(supplemental Fig. 5B). Cells pretreated with either Q3G or
Me2SO prior to the H2O2 insult also failed to demonstrate an
activation of SREBP-2 (supplemental Fig. 5C). These observa-
tions indicate that SREBP-2 pathway is activated only in
SH-SY5Y cells pretreated with Q3G and subjected to oxidative
stress.
siRNA-mediated Knockdown of SREBP-2 Abolishes the Pro-

tective Effect of Q3G—In order to specifically silence the
SREBP-2 gene, SH-SY5Y cells were transfectedwith siRNA tar-
geting SREBP-2 mRNA. RT-PCR demonstrated that there was
a concentration-dependent suppression of SREBP-2 mRNA by
the SREBP-2 siRNA compared with cells transfected with the
negative control siRNA. No effect of siRNA was observed on
18S mRNA expression that served as an internal control (Fig.

FIGURE 4. Effect of cholesterol synthesis inhibitors on Q3G mediated
cytoprotection. A, SH-SY5Y cells pretreated with 10 �M Q3G or 0.05% Me2SO
vehicle for 6 h was subjected to the oxidative insult. Following the insult,
Q3G-pretreated cells were incubated with 1 �M mevastatin for 18 h. Cell via-
bility was assessed by MTT assay as described under “Experimental Proce-
dures.” Each bar represents the mean 	 S.E. of 24 determinations from three
independent experiments. ***, p � 0.001 relative to all groups including
H2O2-treated cells. �, ***, p � 0.001 relative to all groups including the
untreated cells. #, ***, p � 0.001 relative to all other groups. B, SH-SY5Y cells
pretreated with 10 �M Q3G or 0.05% Me2SO vehicle for 6 h were subjected to
the oxidative insult. Following the insult, Q3G-pretreated cells were incu-
bated with OSCi (3 and 30 nM, respectively) for 18 h. MTT assay was then
performed as described under “Experimental Procedures.” Data are repre-
sented as percentage of cell viability relative to the untreated cells. Each bar
represents the mean 	 S.E. of 24 determinations from three independent
experiments. *, p � 0.05 relative to H2O2-treated cells except for the Q3G �
H2O2 � OSCi (3 nM) group and H2O2 � OSCi (30 nM) group. �, ***, p � 0.001
relative to Q3G � H2O2 group and OSCi (30 nM) only group. �, *, p � 0.05
relative to the Q3G � H2O2 � OSCi (3 nM) group and H2O2 � OSCi (30 nM)
group except for the H2O2 group. ***, p � 0.001 relative to all groups.
C, SH-SY5Y cells pretreated with 10 �M Q3G or 0.05% Me2SO vehicle for 6 h
was subjected to the oxidative insult. Following the insult, Q3G-pretreated
cells were incubated with 1 �M mevastatin and isopentenyl pyrophosphate
(25 and 50 �M) for 18 h. Cell viability was assessed by MTT assay as described
under “Experimental Procedures.” Each bar represents the mean 	 S.E.

of 24 determinations from three independent experiments. **, p � 0.01
relative to all other groups, including H2O2-treated cells, except for the
Q3G � H2O2 � mevastatin � IPP (50 �M) group and the IPP (50 �M) only
group. #, ***, p � 0.001 relative to all other groups except for the Q3G �
H2O2 � mevastatin � IPP (25 �M) group, H2O2 � IPP (50 �M) group, and
Q3G � H2O2 � mevastatin � vehicle (1% methanol) group. �, ***, p �
0.001 relative to the Q3G � H2O2 � mevastatin group. �, **, p � 0.01
relative to all other groups except for the Q3G � H2O2 group and IPP (50
�M) only group. ***, p � 0.001 relative to all other groups except for the
Q3G � H2O2 group and IPP (50 �M) only group.
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7A). At a concentration of 30 nM, there was a complete knock-
down of SREBP-2 mRNA relative to the control siRNA 24 h
post-transfection. Therefore, 30 nM siRNAwas used for all fur-

ther studies. siRNA-mediated knockdown of SREBP-2 did not
suppress the expression of SREBP-1mRNA.No effect of siRNA
was observed on 18SmRNA expression that served as an inter-
nal control (Fig. 7B).
To assess the effect of SREBP-2 knockdown on Q3G-medi-

ated cytoprotection against oxidative stress, we carried out a
MTT assay 48 h post-transfection. The specific knockdown of
SREBP-2 led to a 2-fold decrease in cell viability induced by
Q3G pretreatment under oxidative stress (Fig. 7C). By contrast,
the negative control siRNA had no effect on Q3G-mediated
protection against oxidative stress (Fig. 7C). The concentration
of siRNA targeting SREBP-2 (30 nM) or negative control siRNA
(30 nM) did not affect cell viability. Moreover, there was no
difference in the loss of cell viability upon H2O2 insult in trans-
fected versus nontransfected cells (Fig. 7C). We therefore con-
clude that inhibition of SREBP-2 expression by siRNA blocks
Q3G-mediated cytoprotection in SH-SY5Y cells subjected to
oxidative stress.

DISCUSSION

A major finding of the present study was that the flavonoid
Q3G protected SH-SY5Y cells from injurious concentrations
of H2O2 by elevating cellular cholesterol levels through acti-
vation of SREBP-2. This novel mechanism occurred only
when the cells were pre-exposed to Q3G prior to the H2O2
insult, suggesting that transcriptional events where respon-
sible for cytoprotection. This transcriptional response con-
sisted of increased expression of genes responsible for cho-
lesterol biosynthesis that served to increase plasma
membrane integrity by limiting lipid peroxidation. In our
hands, pretreatment with Q dihydrate did not protect
SH-SY5Y cells subjected to oxidative damage. It is therefore
not surprising that Q dihydrate failed to activate SREBP-2.
Q3G protected HEK 293 and MCF-7 cells from oxidative
injury by a mechanism that did not involve either the
SREBP-2 signaling or the well known antioxidant-responsive
element-Nrf2 antioxidant pathways.
The antioxidant activity of flavonoids has been implicated in

the ability of these compounds to prevent ROS-induced cell
death (37). Quercetin has been reported to directly scavenge
free radicals and chelate metal ions, enabling this compound to
reduce single strand DNA breaks, lipid peroxidation, and pro-
tein damage (38, 39). The structural basis for the antioxidant
activity of Q3G in SH-SY5Y cells may be attributed to chemical
features it shares with quercetin, such as the presence of 3�,4�-
dihydroxycatechol in the B ring, the inclusion of 2,3-unsatura-
tion in the C-ring, and oxo function in the C-4 position of the
C-ring (40, 41). By contrast, the antioxidant activity of querce-
tin was unaffected by 3-glycosylation in the C-ring, whereas
glucosylation at the 4�-position of quercetin abolished both its
antioxidant activity and inhibition of lipid peroxidation, further
supporting our observations (42). The major chemical differ-
ence betweenQ3G andQ dihydrate used in the present study is
the presence of the glucoside group attached to the C ring of
Q3G that is absent fromQdihydrate. Thismay result in a better
uptake of Q3G into cells. For example, it is well known that the
intestinal sodium-dependent glucose transporter (SGLT1) is
involved in Q3G uptake across the brush border membrane of

FIGURE 5. Q3G increases SREBP-2 mRNA levels and LDLr expression under
oxidative stress. A, SH-SY5Y cells were pretreated with 10 �M Q3G or 0.05%
Me2SO (DMSO) for 6 h prior to the oxidative insult. Total RNA was extracted, and
qRT-PCR was performed using SREBP-2 primers. Relative quantification of
SREBP-2 is shown. Data are expressed as the relative -fold increase in the gene
expression after normalization to an internal control, GAPDH. Each bar represents
the mean 	 S.E. of four determinations from two independent experiments.
**, p � 0.01 versus Me2SO-treated cells. B, SH-SY5Y cells were pretreated with 10
�M Q dihydrate or 0.05% Me2SO for 6 h prior to the oxidative insult. Total RNA was
extracted, and qRT-PCR was performed using SREBP-2 primers. Relative quantifi-
cation of SREBP-2 is shown. Data are expressed as the relative -fold increase in the
gene expression after normalization to an internal control, GAPDH. Each bar rep-
resents the mean 	 S.E. of four determinations from two independent experi-
ments. C, SH-SY5Y cells were transfected with LDLp-588luc and �-galactosidase
plasmid for 24 h and pretreated with 0.05% Me2SO or 10 �M Q3G for 6 h prior to
H2O2 exposure. Cell lysates were prepared, and luciferase activity was detected as
described under “Experimental Procedures.” Data are expressed as -fold increase
in luciferase activity relative to �-galactosidase activity. Each bar represents the
mean 	 S.E. of six determinations from three independent experiments. *, p �
0.05 relative to H2O2-treated cells.
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rat small intestine (43). A similar glucose transporter protein
(GLUT1) is expressed in SH-SY5Y cells (44). A recent study has
implicatedGLUT1 in transporting the oxidized formof vitamin
C tomitochondria in mammalian cells, thus conferring protec-
tion against oxidative damage (45). Hence, we hypothesize that
a similarmechanismmay be involved in the preferential uptake
of Q3G by GLUT1 in SH-SY5Y cells, thereby protecting cells
against oxidative damage.
Lipid peroxidation triggered by free radicals in isolatedmem-

brane is known to enhance formation of membrane-restricted

cholesterol domains through self-
associated cholesterol monomers
(46). Similar to other flavonoids, the
inhibition of lipid peroxidation by
Q3G may be attributed to the pres-
ence of an o-dihydroxyl group (25).
An additional mechanism for the
cytoprotective effects of Q3G may
be related to the ability of quercetin-
like compounds to become interca-
lated between the acyl chains of
phospholipids in the plasma mem-
brane. The hydrophobic nature of
quercetin and its ability to form�-�
interactions with cholesterol may
enable it to enter the lipid bilayer in
a cholesterol-dependent fashion,
resulting in resistance to lipid per-
oxidation (48). Conversely, mem-
branes depleted of cholesterol dis-
play increased lipid peroxidation
and an elevated loss of membrane
integrity (49). Pretreatment with
Q3G may therefore have produced
cytoprotective effects by increasing
the resistance ofmembranes to lipid
peroxidation by increasing incorpo-
ration of this flavonoid into the
plasma membrane.
Pretreatment of SH-SY5Y cells

with Q3G followed by exposure to
H2O2 reduced the loss of cellular
viability and protected against
necrotic cell death. Similarly, pre-
treatment of HEK293 and MCF-7
cells with a very low concentration
ofQ3G (0.1�M)was effective in pre-
venting the loss of cell viability pro-
duced by the H2O2 insult. Oxidative
stress induced by H2O2 in bovine
aortic endothelial cells has been
shown to activate caspase-3 and
increase the number of TUNEL-
positive cells. In this study, ablation
of lipid raft structure with methyl-
�-cyclodextrin enhanced caspase-3
activation and TUNEL-positive
cells in H2O2 treated cells, suggest-

ing that cholesterol rich compartmentsmediate the prosurvival
pathway under oxidative stress (9). In the present study, we did
not observe a concordant reduction in H2O2-induced
caspase-3 activation in cells pretreated with Q3G, suggesting
that Q3G-mediated cytoprotection occurs by a caspase-3-
independent pathway. This is contrary to several reports in
which flavonoids have been shown to protect cells by inhib-
iting caspase-3 activation, loss of mitochondrial membrane
potential, and the release of cytochrome c (37, 50, 51). Our
observation is supported by a study in which quercetin

FIGURE 6. Q3G increases the levels of transcriptionally active SREBP-2 (65 kDa) under oxidative stress.
A, Western blot analysis of SREBP-2 protein extracts from untreated cells (lanes 1 and 2) or cells pretreated with
0.05% Me2SO (DMSO) (lanes 3 and 4) or 10 �M Q3G (lanes 5 and 6) for 6 h were prepared, as described under
“Experimental Procedures.” Both uncleaved (110 kDa) and cleaved (65 kDa) forms of SREBP-2 were visualized
using an antibody that selectively recognizes SREBP-2. B, protein extracts were prepared from SH-SY5Y cells
subjected to H2O2 insult (lanes 1 and 2) or pretreated with 0.05% Me2SO (lanes 3 and 4) or 10 �M Q3G (lanes 5
and 6) for 6 h prior to oxidative stress, as described under “Experimental Procedures.” Both uncleaved precursor
(110 kDa) and cleaved active (65 kDa) forms of SREBP-2 were visualized using an antibody that selectively
recognizes SREBP-2. C, the quantified image after �-actin normalization is shown. Each bar represents the
mean 	 S.E. of two determinations from two independent experiments. *, p � 0.05 relative to H2O2-treated
cells.
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metabolites also protected cardiomyoblasts against H2O2-
induced oxidative stress by a caspase-3-independent path-
way (52). We conclude that Q3G may protect SH-SY5Y cells
against necrotic rather than apoptotic cell death.
A pivotal mechanism by which cells counteract oxidative

stress is via the up-regulation of genes that encode antioxi-
dant proteins, such as NQO1, NQO2, GST, HO-1 and
�-GCS (53, 54). In HepG2 cells, quercetin has been reported

to enhance the Nrf2 (antioxidant-responsive element-nu-
clear factor-E2-related factor 2) pathway, leading to cytopro-
tection (55). Unlike quercetin, Q3G did not up-regulate
these phase II antioxidant enzymes under oxidative stress in
both SH-SY5Y and HEK293 cells. By contrast, we report a
unique cytoprotective mechanism involving SREBP-2-medi-
ated cholesterol biosynthesis only in Q3G-pretreated
SH-SY5Y cells subjected to oxidative stress. Q3G pretreat-
ment increased both the mRNA levels of SREBP-2 precursor
and its processing into matured SREBP-2 under oxidative
stress. In contrast, HEK 293 cells pretreated with Q3G
showed a significant increase in SREBP-2 mRNA levels with-
out a concomitant increase in SREBP-2 processing under
oxidative stress. Similarly, inMCF-7 cells, Q3G failed to acti-
vate SREBP-2 signaling pathway. Since siRNA-mediated
knockdown of SREBP-2 abolished Q3G-mediated cytopro-
tection, it appears that elevated SREBP-2 signaling is a pro-
tective mechanism unique to SH-SY5Y cells under oxidative
stress. This finding is consistent with a study in which soy
isoflavones were shown to increase the expression of a SRE-
regulated gene by stimulating the maturation of SREBP-2
(56). The ability of Q3G pretreatment to activate SREBP-2
and elevate de novo synthesis of cholesterol only in cells
under oxidative stress suggests that these events represent
an adaptive response to cellular stress. These observations
are supported by studies in fission yeast, where stress
induced by hypoxia and heat shock led to increased SREBP-
mediated transcription, resulting in de novo synthesis of
cholesterol that compensated for the reduction in choles-
terol levels produced by heat stress or low oxygen conditions
(57). We propose that SREBP-2-mediated sterol synthesis
protects against oxidative stress by decreasing lipid peroxi-
dation, thereby maintaining membrane integrity.
A recent study also showed that treatment of HepG2 cells

with a flavonoid, epigallocatechin gallate (EGCG), increased
the active form of SREBP-2 (58). This elevation was attributed
to inhibition of the ubiquitin-proteasome pathway by EGCG,
resulting in a concomitant increase in SREBP-2 and LDLr acti-
vation (58). The mechanism by which Q3G increases SREBP-2
transcription and its processing is not known. We hypothesize
that like another steroid-like analogue GW707 and the nonste-
roidal molecules (GW300, GW532, and GW575), which are
SCAP ligands, a structural analogue of Q3G derived from oxi-
dative stress may also act as a SCAP ligand, thereby mediating
cytoprotection via increased SREBP-2-induced gene expres-
sion (59).
Mevastatin, an inhibitor of HMG-CoA-reductase, blocks the

synthesis of both nonsterol isoprenoids and sterols (60). We
observed thatmevastatin inhibited the protective effect of Q3G
under oxidative stress, and this effect was reversed by the addi-
tion of IPP indicative of rescue of the mevalonate pathway. In
the cholesterol synthesis pathway, OSC catalyzes the cycliza-
tion ofmonooxidosqualene to lanosterol (61). Since farnesylpy-
rophosphate is located upstream of OSC in the cholesterol syn-
thesis pathway, inhibition of OSC should not block the
formation of isoprenoids or affect protein prenylation or CoQ
production. Consequently, blocking OSC would only inhibit
sterol synthesis. Our finding that the OSCi blocked Q3G-me-

FIGURE 7. siRNA-mediated knockdown of SREBP-2. A, RT-PCR of
SREBP-2 transcript. SH-SY5Y cells were transfected with varying concen-
tration of siRNA-mediating knockdown of SREBP-2 (lanes 1–3) and 30 nM of
control negative siRNA (lane 4) for 24 h. RT-PCR was performed using 100
ng of total RNA and specific primers for SREBP-2 and 18S as described
under “Experimental Procedures.” B, RT-PCR of SREBP-1 transcript.
SH-SY5Y cells were transfected with varying concentrations of siRNA
mediating knockdown of SREBP-2 (lanes 1–3) and 30 nM control siRNA
(lane 4) for 24 h. RT-PCR was performed using 100 ng of total RNA and
specific primers for SREBP-1 and 18S as described under “Experimental
Procedures.” C, SH-SY5Y cells were transfected with siRNA mediating
knockdown of SREBP-2 (30 nM) and the negative control siRNA (30 nM) for
24 h. SH-SY5Y cells were pretreated with 0.05% Me2SO or 10 �M Q3G for
6 h prior to the oxidative insult and placed in recovery media for 18 h. MTT
assay was performed as described under “Experimental Procedures.” Data
are represented as percentage of cell viability of the untreated cells. Each
bar represents the mean 	 S.E. of 24 determinations from three independ-
ent experiments. *, p � 0.05 relative to all other groups, including H2O2-
treated cells, except for the Q3G � H2O2 � control siRNA group, SREBP-2
siRNA group, and control siRNA group. #, **, p � 0.01 relative
to all other group except H2O2 group and H2O2 � SREBP-2 siRNA group.
�, *, p � 0.05 relative to all other groups, including the �H2O2 only group,
except for the Q3G � H2O2 group, SREBP-2 siRNA group, and control
siRNA group.
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diated cytoprotection under oxidative stress suggested that
Q3G-mediated cytoprotection involves sterol synthesis and not
the nonsterol isoprenoids. Consistent with this result, theOSCi
has been shown to block cholesterol synthesis inHepG2 cells in
the nanomolar range (62). We analyzed de novo cholesterol
synthesis using [14C]acetate and found that Q3G pretreatment
enhanced the incorporation of [14C]acetate into [14C]choles-
terol under oxidative stress. The use of [14C]acetate to study de
novo synthesis of cholesterol is supported by numerous publi-
cations (63, 64). Taken together, these studies strongly suggest
that elevated de novo cholesterol synthesis contributes to the
cytoprotective effects of Q3G pretreatment in cells under oxi-
dative stress.
Cholesterol depletion in cells leads to transcription of the

LDLr gene that facilitates the uptake of LDL, a protein that
aids in cholesterol transport. In contrast, excess cholesterol
represses LDLr expression. The expression of LDLr is regu-
lated by SREBPs (65). In the present study, we show
increased LDLr expression by Q3G pretreatment in cells
under oxidative stress. In concordance with these findings,
several compounds, including curcumin and polyphenols
present in red grape juice have been shown to activate LDLr
expression, thereby reducing circulating levels of cholesterol
(66, 67). The fact that LDLr expression was elevated in Q3G-
treated cells under oxidative stress suggests that a similar
mechanism may also apply to this flavonoid. This mecha-

nism is compatible with the ability
of Q3G to protect SH-SY5Y cells
by de novo cholesterol synthesis.

Several studies have demon-
strated the induction of cholesterol
efflux by flavonoids (47, 68). Antho-
cyanin-induced chlolesterol efflux
from mouse peritoneal macro-
phages and macrophage-derived
foam cells is mediated in part by the
peroxisome proliferator-activated
receptor �-LXR�-ABCA1 pathway
(47). SH-SY5Y cells pretreated with
Q3G did not show an increase in
cholesterol efflux under oxidative
stress (data not shown). Moreover,
Q3G did not induce transcriptional
activation of LXR� (data not
shown), indicating that cholesterol
efflux did not account for the
increase in cholesterol synthesis
induced by Q3G in cells under oxi-
dative stress.
Based on our findings, we pro-

pose a novel model for Q3G-medi-
ated cytoprotection against oxida-
tive stress (Fig. 8). In this model,
Q3G, a flavonol abundant in apple
skins, protects SH-SY5Y cells
against H2O2-induced oxidative
stress by the up-regulation of genes
involved in cholesterol synthesis.

Elevated synthesis of cholesterol by Q3G serves to protect
SH-SY5Y cells from oxidative stress by reducing lipid peroxi-
dation andmembrane damage. A logical extension of our stud-
ies would be to use appropriate animal diseasemodels to deter-
mine if Q3G may be useful in the treatment of cardiovascular
and neurodegenerative diseases by a similar mechanism.
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