


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/mmol) 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
0.4µg/ml hydrocortisone in a 5% CO2 atmosphere at 37°C.
Vehicle dimethyl sulfoxide (DMSO, 0.1% final volume) was
used as a control in all experiments. The cells were used at
passage 10–30. The basal levels in untreated cells varied to
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% conflu-
ency, cells were exposed to quercetin (0–200µM) 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 100µl MTT solution (0.5 mg/ml) was added for 3 h at
37°C to allow MTT metabolization (Sigma protocol). The
formazan crystals were dissolved in 100µl MTT solvent (0.1
M HCl, 10% Triton X-100 in anhydrous isopropanol). The
absorbance of formazan formed was measured at 570 nm

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 × 106 cells/well,
grown for 48 h, and then incubated with quercetin (0–50µM)
in serum-free medium with 0.1% BSA for 16 h. The cells
were then pulsed with 1µCi/µl 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
µM 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
µM 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.

Lactate Dehydrogenase Leakage Assay

Quercetin toxicity in SCC-9 cells was determined at
24–96 h after the addition of 50µM quercetin. The cells were
harvested by scraping into 0.05 mM Tris/KCl 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 50µM 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 × 106 cells/ml,
and then incubated with 10µl of annexin V-FITC and 5µl of
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PI (1 µg/ml) for 15 min at room temperature in the dark.
Samples were analyzed by flow cytometry within 1 h.
Annexin V–positive/PI-negative cells were considered early
apoptotic, annexin V– and PI-positive cells were late apopt-
otic, annexin V–negative/PI-positive cells were necrotic, and
annexin V– and PI-negative cells were viable.

Fluorescence microscopy: The annexin V-FITC fluo-
rescence microscopy kit coupled with PI staining was also
used for the detection of adherent apoptotic cells. Briefly,
cells were seeded on four-well chambered cover glasses and
grown to about 75% confluency; this was followed by treat-
ment with 50µM quercetin or vehicle for 24, 48, or 72 h. Ad-
herent cells were stained according to the kit instructions.
The dual-labeled cells were visualized by fluorescence mi-
croscopy with a Leica TCS SP2 AOBS confocal microscope.
Cells with bound annexin-V will show green staining in the
plasma membrane. Cells that have lost membrane integrity
will show red staining (PI) throughout the cytoplasm and a
halo of green staining on the cell surface (plasma mem-
brane). Cells with green staining were scored as apoptotic,
cells with both green and red staining were scored as late
apoptotic, whereas those with only red staining were consid-
ered necrotic.

Caspase-3 activity assay: A caspase-3/CPP32 Fluo-
rometric Assay Kit (Biovision, Mountain View, CA) was
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 50µM quercetin or vehicle for 24–72 h. Sus-
pensions containing 1 × 106 trypsinized cells/ml were incu-
bated for 10 min on ice in lysis buffer followed by addition of
50 µM substrate (DEVD-7-amino-4-trifluoromethyl-
coumarin) (26) and incubation for 2 h at37°C. The fluores-
cent proteolytic cleavage product was quantified by
fluorometry with 400-nm excitation and 505-nm emission.
Quercetin-induced changes in caspase-3 activity were nor-
malized to the corresponding uninduced control activities.

Cell Cycle Analysis

Asynchronized cells were plated in 60-mm2 plates at 0.1 ×
106 cells/ml, grown until 75–80% confluency, and then
treated with 0, 5, 10, 25, and 50µM quercetin for 24, 48, and
72 h. The cells were collected by trypsinization, washed
twice with cold PBS, and centrifuged. The pellets were re-
suspended in 100µl cold PBS and 900µl cold 70% ethanol
and incubated overnight at 4°C. After centrifugation the cell
pellets were washed with cold PBS and resuspended in PBS
containing 1 mg/ml RNase and 100µg/ml PI. Following in-
cubation in the dark for 30 min at 4°C, the cells were ana-
lyzed by flow cytometry. Data were acquired on a BD
FACSCalibur using CellQuest software and were analyzed
using Modfit LT software.

TS Western Blotting

Cells grown to 75–80% confluency were treated with
quercetin (5–50µM) 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-HCl, 150 mM NaCl, 1 mM
EDTA, 1 mM NaF, 1 mM Na3VO4, 0.25% Na-deoxycholate,
1% NP-40, 1% Triton X-100, and 1 mM PMSF with freshly
added protease inhibitors) for 10 min at 4°C, as modified
from Ref. 27. The lysates were sonicated and cleared by
centrifugation at 14,000g for 15 min at 4°C, and the
supernatant (total cell lysate) was used or immediately stored
at –80°C. Protein concentration was determined by the Low-
ry assay (28). For Western blotting, 50µg protein (boiled
with sample buffer) was resolved on 12% Tris-HCl
polyacrylamide gels (29) and transferred to nitrocellulose
membranes (30) (Bio-Rad, Hercules, CA). The blot was
blocked for 1 h with 5% milk in 0.1% Tris-buffered saline
with 0.1% Tween-20 (TBST) and incubated with TS-106
monoclonal antibody (Chemicon International, Temecula,
CA) (1:500) overnight at 4°C followed by washing with
0.1% TBST and incubation with HRP-conjugated goat anti-
mouse secondary antibody (1:2,000) (KPL, Gaithersburg,
MD). SuperSignal chemiluminescent substrate (Pierce,
Rockford, IL) was added, and the membrane was exposed to
Hyperfilm ECL (Amersham Biosciences, Piscataway, NJ).
The membrane was then stripped and probed for� -actin as a
loading control. Densitometric quantitation of the bands used
NIH Image 1.62 software.

Statistical Analysis

Data were expressed as mean ± SE. Statistical signifi-
cance of differences between control and treated samples
was calculated by Student’s two-tailedt-test.P < 0.05 was
considered significant. The IC50values were calculated using
Prism (GraphPad Software, San Diego, CA). Unless other-
wise mentioned, all the data shown in this study are represen-
tative of two or three experiments.

Results

Effects on Cell Growth

To examine the antiproliferative effect of quercetin in
SCC-9 cells, we first determined its effects on cell growth by
the MTT assay, which measures the metabolically live cells
based on their mitochondrial dehydrogenase activity (21). As
shown in Fig. 1A, quercetin caused growth inhibition in a
time- and dose-dependent manner. Quercetin produced sta-
tistically significant (P < 0.05) inhibition at 100 and 200µM
after 48 h treatment and at 50 to 200µM after the 72 h treat-
ment. The IC50 values were 94µM and 50µM for the 48-h
and 72-h treatments, respectively.

In parallel, de novo DNA synthesis was measured as the
incorporation of thymidine into DNA after 24-h treatment.
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 IC50 value of 15µM after only 24-h treatment.

To determine if the antiproliferative effect was reversible,
cells were treated with 50µM quercetin or vehicle for 48 h.
The vehicle-treated and drug-treated cells were then incu-
bated in drug-free medium for 0, 6, 24, 48, and 72 h followed
by trypsinization and counting of the cells. After 48 h of
treatment with quercetin, the cell number had decreased by
50% relative to vehicle-treated cells (time 0 in Fig. 1C). The
different effect seen with direct counting of cells (Fig. 1C)
compared with Fig. 1A may reflect that the MTT assay mea-
sures changes in mitochondrial activity, not directly the cell
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
quercetin effect was not reversible.

Effects on Cell Morphology

Observations made under the light microscope showed
that, after quercetin treatment, the cell number had decreased
and, more interestingly, the shape of the cells had changed in
comparison with control cells. To visualize more clearly
these changes, cells were first incubated with 50µM
quercetin for 48 h and then fixed in ethanol, stained with
hematoxylin and eosin, observed under the microscope, and
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-
cated with arrows) could be seen.

To further assess the damage of quercetin to the plasma
membrane, SCC-9 cells were treated with 50µM quercetin
for 24–96 h, and the leakage of intracellular LDH into the
culture medium was measured (Fig. 2B). Treatment with
quercetin for 24 h showed cell damage, causing a significant
increase (1.8-fold) in LDH release into the culture medium,
indicating that quercetin is cytotoxic. There was no further
increase in the LDH release after longer treatment with
quercetin. The effect on LDH release was concentration de-
pendent with a significant increase also with 25µM quer-
cetin (data not shown).

Quercetin-Induced Necrosis Followed by
Apoptosis

To determine if the quercetin inhibitory effects on cell
growth and the morphological changes observed are due to
necrosis and/or apoptosis, the cells were examined by
annexin V-FITC and PI staining after treatment for 48 h with
50 µM quercetin. To visualize the necrotic/apoptotic fea-
tures, the cells were analyzed by fluorescence microscopy.
Figure 3 shows representative images of untreated and
quercetin-treated cells. The untreated cells did not show any
staining, suggesting that these cells do not undergo signifi-
cant necrosis or apoptosis. Quercetin-treated cells displayed
some staining for annexin V only (green; apoptotic cells) and
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Figure 1. Antiproliferative effects of quercetin in SCC-9 cells. (A) The
cells were incubated with quercetin (0–200µM) for 24, 48, or 72 h in com-
plete medium (with 10% fetal bovine serum). Cell proliferation was deter-
mined by the 3-[4,5-dimethylthiazolyl-2-yl]-2,5-diphenyltetrazolium bro-
mide assay. Results are expressed relative to the 0-µM quercetin controls�
24 h,� 48 h,� 72 h). (B) The cells were incubated with quercetin (0–50
µM) for 24 h in serum-free medium with 0.1% bovine serum albumin. DNA
synthesis was determined by the thymidine incorporation assay and ex-
pressed relative to the 0-µM quercetin control. (C) Cells were treated for 48
h with 50µM quercetin or vehicle in complete medium. The medium was
then replaced with drug-free medium, and after various times (0–72 h) the
cells were trypsinized and counted. Results are expressed relative to control
(48-h incubation with drug-free medium).�, quercetin;�, control. All val-
ues are mean ± SE of at least triplicate cultures in two or three independent
experiments. *, ** Different from control (P <0.05, 0.01).



more staining for both annexin V and PI (yellow; late
apoptotic cells) and for PI only (red; necrotic cells).

To quantify the extent and time course of apoptosis and
necrosis after quercetin treatment, we used flow cytometry
after the same staining. The cells were sorted according to
annexin V and PI status into early apoptotic, late apoptotic,
necrotic, and viable cells. As shown in Fig. 4A, the number
of early and late apoptotic cells after 24 and 48 h of quercetin
treatment was not different from vehicle-treated controls (ra-
tio ~ 1). In contrast, the number of necrotic cells increased
2.4- and 5.8-fold compared with controls at 24 and 48 h, re-
spectively, and stayed elevated (4.2-fold) after 72 h. These
data are consistent with the LDH leakage observed as early

as after 24 h of treatment. After 72 h of treatment, the per-
centage of early and late apoptotic cells increased 6.2- and
3.2-fold, respectively, when compared with control, suggest-
ing that at this late time point quercetin may induce an
apoptotic effect that overlaps with the necrotic effect. It
should be emphasized that the cell cycle analysis pertains to
the cells that were still attached after the various treatments.
It is likely that the apoptotic and particularly the necrotic ef-
fects are underestimated.

These data indicate that quercetin may induce an initial
shock to the cells that results in necrosis followed by a “reor-
ganization” of the remaining viable cells that submit them-
selves to apoptosis following prolonged treatment.
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Figure 2. (A) Effect of quercetin on SCC-9 cell morphology. SCC-9 cells were exposed to 50µM quercetin 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 40×. (B) Effect of
quercetin on the plasma membrane integrity. Cells were exposed to 50µM quercetin 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% dimethyl sulfoxide). Values
are mean ± SE of triplicates from three independent experiments. The quercetin-treated cells were different from control (P < 0.05).



6. Levi F, Pasche C, La Vecchia C, Lucchini F, Franceschi S, et al.: Food
groups and risk of oral and pharyngeal cancer. Int J Cancer 77,
705–709, 1998.

7. Sakagami H, Oi T, and Satoh K: Prevention of oral diseases by
polyphenols (review). In Vivo 13,155–172, 1999.

8. Hertog MGL, Hollman PCH, and Katan MB: Content of potentially
anticarcinogenic flavonoids of 28 vegetables and 9 fruits commonly
consumed in the Netherlands. J Agric Food Chem 40, 2379–2383,
1992.

9. Hertog MGL, Hollman PCH, and van de Putte B: Content of poten-
tially anticarcinogenic flavonoids of tea infusions, wines and fruit
juices. J Agric Food Chem 41,1242–1246, 1993.

10. Kiviranta J, Huovinen K, and Hiltunen R: Variation of phenolic sub-
stances in onion. Acta Pharm Fenn 97,67–72, 1988.

11. Hertog MGL, Hollman PCH, Katan MB, and Kromhout D: Intake of
potentially anticarcinogenic flavonoids and their determinants in
adults in the Netherlands. Nutr Cancer 20,21–29, 1993.

12. Rice-Evans CA, Miller NJ, and Paganga G: Structure-antioxidant ac-
tivity relationships of flavonoids and phenolic acids. Free Radic Biol
Med 20,933–956, 1996.

13. Middleton EJ, Kandaswami C, and Theoharides TC: The effects of
plant flavonoids on mammalian cells: implications for inflammation,
heart disease, and cancer. Pharmacol Rev 52,673–751, 2000.

14. Colic M and Pavelic K: Molecular mechanisms of anticancer activity
of natural dietetic products. J Mol Med 78,333–336, 2000.

15. Kong A-NT, Yu R, Hebbar V, Chen C, Owuor E, et al.: Signal
transduction events elicited by cancer prevention compounds. Mutat
Res 480–481,231–241, 2001.

16. Bremner P and Heinrich M: Natural products as targeted modulators of
the nuclear factor-kB pathway. J Pharm Pharmacol 54, 453–472,
2001.

17. Walle T: Absorption and metabolism of flavonoids. Free Radic Biol
Med 36,829–837, 2004.

18. Walle T, Browning AM, Steed LS, Reed SG, and Walle UK: Flavonoid
glucosides are hydrolyzed and thus activated in the oral cavity in hu-
mans. J Nutr 135,48–52, 2005.

19. Browning AM, Walle UK, and Walle T: Flavonoid glycosides inhibit
oral cancer cell proliferation—role of cellular uptake and hydrolysis to
the aglycones. J Pharm Pharmacol 57,1037–1041, 2005.

20. Rheinwald JG and Beckett MA: Tumorigenic keratinocyte lines re-
quiring anchorage and fibroblast support cultured from human
squamous cell carcinomas. Cancer Res 41,1657–1663, 1981.

21. van de Loosdrecht AA, Beelen RHJ, Ossenkoppele GJ, Broekhoven
MG, and Langenhuijsen MMAC: A tetrazolium-based colorimetric
MTT assay to quantitate human monocyte mediated cytotoxicity
against leukemic cells from cell lines and patients with acute myeloid
leukemia.J Immunol Methods 174,311–320, 1994.

22. Dicker P and Rozengurt E: Phorbol esters and vasopressin stimulate
DNA synthesis by a common mechanism. Nature 287,607–612, 1980.

23. ElAttar TMA and Lin HS: Inhibition of human oral squamous carci-
noma cell (SCC-25) proliferation by prostaglandin E2 and vitamin E
succinate. J Oral Pathol Med 22,425–427, 1993.

24. Wacker WEC, Ulmer DD, and Vallee BL: Metalloenzymes and myo-
cardial infarction. II. Malic and lactic dehydrogenase activities and
zinc concentrations in serum. N Engl J Med 255,449–456, 1956.

25. van Engeland M, Nieland LJW, Ramaekers FCS, Schutte B, and
Reutelingsperger CPM: Annexin V-affinity assay: a review on an
apoptosis detection system based on phosphatidylserine exposure.
Cytometry 31,1–9, 1998.

26. Thornberry NA, Rano TA, Peterson EP, Rasper RM, Timkey T, et al.:
A combinatorial approach defines specificities of members of the
caspase family and granzyme B: functional relationships established
for key mediators of apoptosis. J Biol Chem 272, 17907–17911,
1997.

27. Yeh K, Cheng A, Wan J, Lin C, and Liu C: Down-regulation of
thymidylate synthase expression and its steady-state mRNA by
oxaliplatin in colon cancer cells. Anti-Cancer Drugs 15, 371–376,
2004.

28. Lowry OH, Rosebrough NJ, Farr AL, and Randall RJ: Protein mea-
surement with the Folin phenol reagent. J Biol Chem 193,265–275,
1951.

29. Laemmli UK: Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227,680–685, 1970.

30. Towbin H, Staehelin T, and Gordon J: Electrophoretic transfer of pro-
teins from polyacrylamide gels to nitrocellulose sheets: procedure and
some applications. Proc Natl Acad Sci USA 76,4350–4354, 1979.

31. Nicholson DW, Ali A, Thornberry NA, Vaillancourt JP, Ding CK, et
al.: Identification and inhibition of the ICE/CED-3 protease necessary
for mammalian apoptosis.Nature 376,37–43, 1995.

32. Patel T, Gores GJ, and Kaufmann SH: The role of proteases during
apoptosis.FASEB J 10,587–597, 1996.

33. Abu-Qare AW and Abou-Donia MB: Biomarkers of apoptosis: release
of cytochrome c, activation of caspase-3, induction of
8-hydroxy-2�-deoxyguanosine, increased 3-nitrotyrosine, and alter-
ation of p53 gene.J Toxicol Environm Health B Crit Rev 4, 313–332,
2001.

34. Ayusawa D, Shimizu K, Koyama H, Kaneda S, Takeishi K, et al.:
Cell-cycle-directed regulation of thymidylate synthase RNA in human
diploid fibroblasts stimulated to proliferate.J Mol Biol 190,559–567,
1986.

35. Johnston PG, Liang C-M, Henry S, Chabner BA, and Allegra CJ: Pro-
duction and characterization of monoclonal antibodies that localize
human thymidylate synthase in the cytoplasm of human cells and tis-
sue.Cancer Res 51,6668–6676, 1991.

36. Boulton DW, Walle UK, and Walle T: Extensive binding of the
bioflavonoid quercetin to human plasma proteins.J Pharm Pharmacol
50,243–249, 1998.

37. van der Woude H, Gliszczynska-Swiglo A, Struijs K, Smeets A, and
Alink GM: Biphasic modulation of cell proliferation by quercetin at
concentrations physiologically relevant in humans.Cancer Lett 200,
41–47, 2003.

38. Walle T, Vincent TS, and Walle UK: Evidence of covalent binding of
the dietary flavonoid quercetin to DNA and protein in human intestinal
and hepatic cells.Biochem Pharmacol 65,1603–1610, 2003.

39. Bröker LE, Kruyt FAE, and Giaccone G: Cell death independent of
caspases: a review.Clin Cancer Res 11,3155–3162, 2005.

40. Laughton MJ, Halliwell B, Evnas PJ, and Hoult JRS: Antioxidant and
prooxidant actions of the plant phenolics quercetin, gossypol and
myrecetin.Biochem Pharmacol 38,2859–2865, 1989.

41. Metodiewa D, Jaiswal AK, Cenas N, Dickancaite E, and
Segura-Aguilar J: Quercetin may act as a cytotoxic prooxidant after its
metabolic activation to semiquinone and quinoidal product.Free
Radic Biol Med 26,107–116, 1999.

42. Gmeiner WH, Trump E, and Wei C: Enhanced DNA-directed effects
of FdUMP[10] compared to 5FU.Nucleosides Nucleotides Nucleic
Acids 23,401–410, 2004.

43. Hosokawa N, Hosokawa Y, Sakai T, Yoshida M, Marui N, et al.: Inhib-
itory effect of quercetin on the synthesis of a possibly cell-cycle-re-
lated 17-kDa protein, in human colon cancer cells.Int J Cancer 45,
1119–1124, 1990.

44. Park J-K, Lee S-H, Kang J-H, Nishio K, Saijo N, et al.: Synergistic in-
teraction between gefitinib (Iressa, ZD1839) and paclitaxel against hu-
man gastric carcinoma cells.Anti-Cancer Drugs 15,809–818, 2004.

45. Cheong E, Ivory K, Doleman J, Parker ML, Rhodes M, et al.: Synthetic
and naturally occurring COX-2 inhibitors suppress proliferation in a
human oesophageal adenocarcinoma cell line (OE33) by inducing
apoptosis and cell cycle arrest.Carcinogenesis 25,1945–1952, 2004.

46. Choi J-A, Kim J-Y, Lee J-Y, Kang C-M, Kwon H-J, et al.: Induction of
cell cycle arrest and apoptosis in human breast cancer cells by
quercetin.Int J Oncol 19,837–844, 2001.

47. Carreras CW and Santi DV: The catalytic mechanism and structure of
thymidylate synthase.Annu Rev Biochem 64,721–762, 1995.

48. Mirjolet JF, Barberi-Heyob M, Merlin JL, Marchal S, Etienne MC, et
al.: Thymidylate synthase expression and activity: relation to S-phase
parameters and 5-fluorouracil sensitivity.Br J Cancer 78, 62–68,
1998.

230 Nutrition and Cancer 2005



49. Kawasaki G, Yoshitomi I, Yanamoto S, and Mizuno A: Thymidylate
synthase and dihydropyrimidine dehydrogenase expression in oral
squamous cell carcinoma: an immunohistochemical and
clinicopathologic study. Oral Surg Oral Med Oral Pathol Oral Radiol
Endod 94,717–723, 2002.

50. Pinedo HM and Peters GFJ: Fluorouracil: biochemistry and pharma-
cology.J Clin Oncol 6, 1653–1664, 1988.

51. Pestalozzi BC, McGinn CJ, Kinsella TJ, Drake JC, Glennon MC, et al.:
Increased thymidylate synthase protein levels are principally associ-
ated with proliferation but not cell cycle phase in asynchronous human
cancer cells.Br J Cancer 71,1151–1157, 1995.

52. Dannenberg AJ, Lippman SM, Mann JR, Subbaramaiah K, and
DuBois RN: Cyclooxygenase-2 and epidermal growth factor receptor:
pharmacologic targets for chemoprevention.J Clin Oncol 23,
254–266, 2005.

Vol. 53, No. 2 231


