


DNA synthesis. Our observations provide evidence for early
necrotic and sustained apoptotic effects of quercetin, which
might be preventive as well as therapeutic in the fight against
oral and potentially other cancers.

Materials and Methods

Materials

Quercetin dihydrate (>98% purity), bovine serum albu
min (BSA), propidium iodide (PI), and 3-[4,5-dimethyl
thiazolyl-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
were obtained from Sigma Chemical Co. (St. Louis, MO).
Mouse monoclonal antibody against TS (TS-106) was ob
tained from Chemicon International (Temerula, CA). Goat
anti-mouse secondary antibody was obtained from KPL
(Gaithersburg, ME).3H]-Thymidine (20 Ci/mmaol) was pur
chased from American Radiolabeled Chemicals, Inc. (St.
Louis, MO). All other chemicals were purchased from Sigma
or Fisher (Pittsburgh, PA).

Cell Culture and Treatments

Human oral squamous carcinoma (tongue) SCC-9 cells
were obtained from the American Type Culture Collection
(ATCC) (Manassas, VA) and cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM)/Ham'’s F12 medium (Fisher),
supplemented with 10% fetal bovine serum (FBS) (Atlas Bi-
ologicals, Fort Collins, CO), 1% penicillin/streptomycin, and
0.4 ug/ml hydrocortisone in a 5% CGatmosphere at 37°C.
Vehicle dimethyl sulfoxide (DMSO, 0.1% final volume) was

with 690-nm background subtraction using a microplate
reader.

The thymidine incorporation assay measures the rate of
proliferation of cells by determining the incorporation of
[3H]-thymidine into cellular nucleic acids (22,23). Briefly,
cells were plated in 6-well plates at 0.2 x61€ells/well,
grown for 48 h, and then incubated with quercetin (Ogb0
in serum-free medium with 0.1% BSA for 16 h. The cells
were then pulsed with uCi/ul of [3H]-thymidine for 3 h,
washed, and trypsinized. After treatment with 5%
trichloroacetic acid for 20 min on ice followed by washing
with ethanol, the cells were lysed overnight. Acid-insoluble
radioactivity was determined by liquid scintillation spectros
copy.

For recovery experiments, cells were incubated with 50
MM quercetin or vehicle for 48 h. The cells were then incu
bated for an additional 0-72 h in drug-free medium. After
trypsinization, the number of cells was determined using a
hematocytometer.

Hematoxylin—Eosin Staining

SCC-9 cells were treated in the presence or absence of 50
UM quercetin for 48 h. After fixation in 100% ethanol for 24
h, the cells were rehydrated with a graded series of decreas-
ing concentrations of ethanol (95-0%), stained for 15 min
with hematoxylin, washed with phosphate-buffered saline
(PBS) for development of blue color, and then incubated with
eosin for another 10 min. After staining, the cells were dehy-
drated with a graded series of increasing concentrations of
ethanol (0-100%) and evaluated with a Zeiss Axiovert 100
microscope.

used as a control in all experiments. The cells were used at
passage 10-30. The basal levels in untreated cells varied td_actate Dehydrogenase Leakage Assay

some extent between different passages, but the magnitude of

effects in the presence of quercetin was the same. All cell
treatments except the thymidine incorporation assay were
done in complete medium, that is, with 10% FBS.

Cell Proliferation Assays

The MTT assay measures cell viability and proliferation
based on the ability of the mitochondrial succinate-
tetrazolium reductase system to convert the yellow tetra
zolium MTT to a purple formazan dye. The amount of dye
produced is proportional to the number of metabolically live
cells (21). Cells were seeded at an initial density of 5,000
cells/well in 96-well plates. After reaching 70—75% conrflu
ency, cells were exposed to quercetin (0—200) in com+
plete medium for 24 h, 48 h, or 72 h, each concentration be
ing tested at least in triplicate. The medium was aspirated,
and 100ul MTT solution (0.5 mg/ml) was added f@ h at
37°C to allow MTT metabolization (Sigma protocol). The
formazan crystals were dissolved in 0MTT solvent (0.1
M HCI, 10% Triton X-100 in anhydrous isopropanol). The

Quercetin toxicity in SCC-9 cells was determined at
24-96 h after the addition of 3{M quercetin. The cells were
harvested by scraping into 0.05 mM Tris/KClI buffer, pH 7.6,
and were then sonicated. The cell lysate as well as the culture
medium were analyzed immediately. Cell cytotoxicity in the
cultures was assessed by determining release of lactate
dehydrogenase (LDH) from the cells into the culture medium
(24) using a kit from Pointe Scientific, Inc. (Lincoln Park,
MI). LDH leakage was estimated from the ratio between the
LDH activity in the culture medium and the total LDH activ

ity (medium plus cell lysate).

Apoptosis Detection

Flow cytometry: The annexin V-FITC apoptosis de
tection kit (BD Pharmingen, San Jose, CA) was used for the
detection of apoptotic cells (25) per manufacturer’s specifi
cations. Briefly, cells were incubated in the presence and the
absence of 5QM quercetin for 24, 48, and 72 h. After treat
ment, cells were washed twice with cold PBS, resuspended
in 1X binding buffer at a concentration of 1 x 8.€ells/ml,

absorbance of formazan formed was measured at 570 nmand then incubated with 1@ of annexin V-FITC and 5ul of
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Pl (1 pg/ml) for 15 min at room temperature in the dark. TS Western Blotting
Samples were analyzed by flow cytometry within 1 h.

Annexin V—positive/Pl-negative cells were considered early
apoptotic, annexin V— and Pl-positive cells were late apopt
otic, annexin V—negative/PI-positive cells were necrotic, and
annexin V— and Pl-negative cells were viable.

Cells grown to 75-80% confluency were treated with
qguercetin (5-5QuM) or DMSO in complete medium for
24—72 h. The cells were washed with cold PBS and lysed in
ice-cold lysis buffer (50 mM Tris-HCI, 150 mM NacCl, 1 mM
EDTA, 1 mM NaF, 1 mM NgVQOy, 0.25% Na-deoxycholate,
1% NP-40, 1% Triton X-100, and 1 mM PMSF with freshly

Fluorescence microscopy: The annexin V-FITC flue added protease inhibitors) for 10 min at 4°C, as modified
rescence microscopy kit coupled with Pl staining was also from Ref. 27. The lysates were sonicated and cleared by
used for the detection of adherent apoptotic cells. Briefly, centrifugation at 14,00@ for 15 min at 4°C, and the
cells were seeded on four-well chambered cover glasses angupernatant (total cell lysate) was used orimmediately stored
grown to about 75% confluency; this was followed by treat at—80°C. Protein concentration was determined by the-Low
ment with 50uM quercetin or vehicle for 24, 48, or 72h. Ad Iy assay (28). For Western blotting, $@ protein (boiled
herent cells were stained according to the kit instructions. With sample buffer) was resolved on 12% Tris-HCI
The dual-labeled cells were visualized by fluorescence mi Polyacrylamide gels (29) and transferred to nitrocellulose
croscopy with a Leica TCS SP2 AOBS confocal microscope. membranes (30) (Bio-Rad, Hercules, CA). The blot was
Cells with bound annexin-V will show green staining in the blocked fa' 1 h with 5% milk in 0.1% Tris-buffered saline
plasma membrane. Cells that have lost membrane integritywith 0.1% Tween-20 (TBST) and incubated with TS-106
will show red staining (PI) throughout the cytoplasm and a monoclonal antibody (Chemicon International, Temecula,
halo of green staining on the cell surface (plasma mem CA) (1:500) overnight at 4°C followed by washing with
brane). Cells with green staining were scored as apoptotic,0-1% TBST and incubation with HRP-conjugated goat anti-
cells with both green and red staining were scored as latemouse secondary antibody (1:2,000) (KPL, Gaithersburg,

apoptotic, whereas those with only red staining were censid MD). SuperSignal chemiluminescent substrate (Pierce,
ered necrotic. Rockford, IL) was added, and the membrane was exposed to

Hyperfilm ECL (Amersham Biosciences, Piscataway, NJ).
The membrane was then stripped and probed factin as a

Caspase-3 activity assay: A caspase-3/CPP32 Fluo- |oading control. Densitometric quantitation of the bands used
rometric Assay Kit (Biovision, Mountain View, CA) was  NI|H Image 1.62 software.

used to determine the effect of quercetin on caspase-3 activa-
tion in SCC-9 cells according to the manufacturer’s specifi-
cations. Briefly, cells at approximately 75-80% confluency
were exposed to 50M quercetin or vehicle for 24—72 h. Sus- Data were expressed as mean + SE. Statistical signifi-
pensions containing 1 x $@rypsinized cells/ml were incu-  cance of differences between control and treated samples
bated for 10 min on ice in lysis buffer followed by addition of was calculated by Student’s two-tailedest.P < 0.05 was

50 uM substrate (DEVD-7-amino-4-trifluoromethyl  considered significant. The kgvalues were calculated using
coumarin) (26) and incubationf@ h at37°C. The fluores  prism (GraphPad Software, San Diego, CA). Unless ether

cent proteolytic cleavage product was quantified by wise mentioned, all the data shown in this study are represen
fluorometry with 400-nm excitation and 505-nm emission. tative of two or three experiments.

Quercetin-induced changes in caspase-3 activity were nor
malized to the corresponding uninduced control activities.

Statistical Analysis

Results

Cell Cycle Analysis Effects on Cell Growth

Asynchronized cells were plated in 60-rAptates at 0.1 x To examine the antiproliferative effect of quercetin in
10 cells/ml, grown until 75-80% confluency, and then SCC-9 cells, we first determined its effects on cell growth by
treated with 0, 5, 10, 25, and B quercetin for 24, 48,and  the MTT assay, which measures the metabolically live cells
72 h. The cells were collected by trypsinization, washed based on their mitochondrial dehydrogenase activity (21). As
twice with cold PBS, and centrifuged. The pellets were re shown in Fig. 1A, quercetin caused growth inhibition in a
suspended in 100l cold PBS and 90@ cold 70% ethanol time- and dose-dependent manner. Quercetin produced sta
and incubated overnight at 4°C. After centrifugation the cell tistically significant P < 0.05) inhibition at 100 and 200M
pellets were washed with cold PBS and resuspended in PBSafter 48 h treatment and at 50 to 2081 after the 72 h treat
containing 1 mg/ml RNase and 1p@/ml PI. Following in ment. The 1Gp values were 94M and 50uM for the 48-h
cubation in the dark for 30 min at 4°C, the cells were-ana and 72-h treatments, respectively.

lyzed by flow cytometry. Data were acquired on a BD In parallel, de novo DNA synthesis was measured as the
FACSCalibur using CellQuest software and were analyzed incorporation of thymidine into DNA after 24-h treatment.
using Modfit LT software. As shown in Fig. 1B, the inhibitory effect of quercetin on
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DNA synthesis was much stronger than on cell growth, with
a calculated Igp value of 15uM after only 24-h treatment.
To determine if the antiproliferative effect was reversible,

>

120 1 cells were treated with 5AM quercetin or vehicle for 48 h.

5 100 4 The vehicle-treated and drug-treated cells were then-incu
88 20+ bated in drug-free medium for 0, 6, 24, 48, and 72 h followed
58 60 4 by trypsinization and counting of the cells. After 48 h of
3 E * % treatment with quercetin, the cell number had decreased by
< 7 50% relative to vehicle-treated cells (time 0 in Fig. 1C). The

20 1 x different effect seen with direct counting of cells (Fig. 1C)

0 . . . compared with Fig. 1A may reflect that the MTT assay mea

1 10 - 100 1000 sures changes in mitochondrial activity, not directly the cell
Quercetin concentration (LM} number. Once quercetin was removed, the cell number did

not increase but rather showed a small further decrease,
whereas the cell number in the absence of treatment,-as ex
pected, increased with time. These data indicate that the
guercetin effect was not reversible.

o~

3 1004
£ 5 | Effects on Cell Morphology
EE L Observations made under the light microscope showed
<= 50 4 that, after quercetin treatment, the cell number had decreased
S and, more interestingly, the shape of the cells had changed in
E 25 4 comparison with control cells. To visualize more clearly
E e these changes, cells were first incubated with |50
o v v v ¥ P guercetin for 48 h and then fixed in ethanol, stained with
0 10 2 30 4 0 hematoxylin and eosin, observed under the microscope, and
Quercetin concentration (M) photographed. As shown in Fig. 2A, in the cultures treated
with quercetin, there were fewer cells, and, in the remaining
cells, swelling and damage of the plasma membrane (indi-
C cated with arrows) could be seen.
To further assess the damage of quercetin to the plasma
300 membrane, SCC-9 cells were treated withB@d quercetin
250 for 24-96 h, and the leakage of intracellular LDH into the
culture medium was measured (Fig. 2B). Treatment with
200

_ quercetin for 24 h showed cell damage, causing a significant
150 increase (1.8-fold) in LDH release into the culture medium,
indicating that quercetin is cytotoxic. There was no further

Cell numher
{% of contral}

100 increase in the LDH release after longer treatment with
50 guercetin. The effect on LDH release was concentration de
o4 : : . : pendent with a significant increase also with |28 quer
o 24 48 72 cetin (data not shown).

Time after drug removal (h)

Quercetin-Induced Necrosis Followed by
Figure 1. Antiproliferative effects of quercetin in SCC-9 cells. (A) The  Apoptosis
cells were incubated with quercetin (0—-2001) for 24, 48, or 72 h in com
plete medium (with 10% fetal bovine serum). Cell proliferation was deter To determine if the quercetin inhibitory effects on cell
mined by the 3-[4,5-dimethylthiazolyl-2-yl]-2,5-diphenyltetrazolium bro  growth and the morphological changes observed are due to
mide assay. Results are expressed relative to tiid Guercetin controldl necrosis and/or apoptosis, the cells were examined by

24 h,@® 48 h, A 72 h). (B) The cells were incubated with quercetin (0-50 . . .
uM) for 24 h in serum-free medium with 0.1% bovine serum albumin. DNA annexin V-FITC and PI staining after treatment for 48 h with

synthesis was determined by the thymidine incorporation assay and ex 20 UM quercetin. To visualize the necrotic/apoptotic -fea
pressed relative to the| @ quercetin control. (C) Cells were treated for 48 tures, the cells were analyzed by fluorescence microscopy.
h with 50 uM quercetin or vehicle in complete medium. The medium was Figure 3 shows representative images of untreated and

then replaced with drug-free medium, and after various times (0-72 h) the o ,arcetin-treated cells. The untreated cells did not show any
cells were trypsinized and counted. Results are expressed relative to control

(48-h incubation with drug-free mediun®., quercetinfll, control. All vat staining, S“_gges“”g that. these Ce”S. do not undergo_ signifi
ues are mean + SE of at least triplicate cultures in two or three independentCaNt Necrosis or apoptosis. Quercetin-treated cells displayed
experiments. *, ** Different from contro{<0.05, 0.01). some staining for annexin V only (green; apoptotic cells) and
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Figure 2. (A) Effect of quercetin on SCC-9 cell morphology. SCC-9 cells were exposedjd/Equercetin for 48 h in complete medium. After fixation, cells
were stained with hematoxylin (blue nuclei) and eosin (pink cytosol) and then visualized under a light microscope at a magnification of 40xt ¢B) Effec
quercetin on the plasma membrane integrity. Cells were exposed d5quercetin for 24-96 h. Cell toxicity was determined by the release of lactate
dehydrogenase (LDH) from the cells into the culture medium. LDH release is given as percentage increase relative to control (0.1% dimethyNalifegide
are mean + SE of triplicates from three independent experiments. The quercetin-treated cells were different from<Or)l (

more staining for both annexin V and Pl (yellow; late as after 24 h of treatment. After 72 h of treatment, the per
apoptotic cells) and for Pl only (red; necrotic cells). centage of early and late apoptotic cells increased 6.2- and
To quantify the extent and time course of apoptosis and 3.2-fold, respectively, when compared with control, suggest
necrosis after quercetin treatment, we used flow cytometry ing that at this late time point quercetin may induce an
after the same staining. The cells were sorted according toapoptotic effect that overlaps with the necrotic effect. It
annexin V and PI status into early apoptotic, late apoptotic, should be emphasized that the cell cycle analysis pertains to
necrotic, and viable cells. As shown in Fig. 4A, the number the cells that were still attached after the various treatments.
of early and late apoptotic cells after 24 and 48 h of quercetin It is likely that the apoptotic and particularly the necrotie ef
treatment was not different from vehicle-treated controls (ra fects are underestimated.
tio ~ 1). In contrast, the number of necrotic cells increased  These data indicate that quercetin may induce an initial
2.4- and 5.8-fold compared with controls at 24 and 48 h, re shock to the cells that results in necrosis followed by a “reor
spectively, and stayed elevated (4.2-fold) after 72 h. Theseganization” of the remaining viable cells that submit them
data are consistent with the LDH leakage observed as earlyselves to apoptosis following prolonged treatment.
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