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Abstract. A total of eleven stilbenes [1-6] and flavonoids [7-
11] were investigated for their tumor- specific cytotoxicity and
apoptosis-inducing activity, using four human tumor cell lines
(squamous cell carcinoma HSC-2, HSC-3, submandibular
gland carcinoma HSG and promyelocytic leukemia HL-60)
and three normal human oral cells (gingival fibroblast HGF,
pulp cell HPC, periodontal ligament fibroblast HPLF). All
of the compounds, especially sophorastilbene A [1],
(+)-a-viniferin [2], piceatannol [5], quercetin [9] and
isoliquiritigenin [10], showed higher cytotoxicity against the
tumor cell lines than normal cells, yielding tumor-specific
indices of 3.6, 4.7, >3.5, >3.3 and 4.0, respectively. Among
the seven cell lines, HSC-2 and HL-60 cells were the most
sensitive to the cytotoxic action of these compounds.
Sophorastilbene A [1], piceatannol [5], quercetin [9] and
isoliquiritigenin  [10] induced internucleosomal DNA
fragmentation and activation of caspases -3, -8 and -9 dose-
dependently in HL-60 cells. (+)-a-Viniferin [2] showed
similar activity, but only at higher concentrations. All the
compounds failed to induce DNA fragmentation and activated
caspases to much lesser extents in HSC-2 cells. Western blot
analysis showed that sophorastilbene A [1], piceatannol [5]
and quercetin [9] did not induce any consistent changes in the
expression of pro-apoptotic proteins (Bax, Bad) and anti-
apoptotic protein (Bcl-2) in HL-60 and HSC-2 cells. An
undetectable expression of Bcl-2 protein in control and drug-
treated HSC-2 cells may explain the relatively higher sensitivity
of this cell line to stilbenes and flavonoids.
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We have previously reported the tumor-specific cytotoxicity
of flavonoids and analogous phenols. Most pryranoflavones
and their derivatives and prenylated or geranylated flavones
were cytotoxic, but showed weak tumor-specificity (TS=0.3-
2.3), suggesting that the presence of both hydrophobic and
hydrophilic groups within the molecule are necessary for the
cytotoxic activity (1-3). Licochalcone B, a chalcone derivative
without the isoprenoid group, showed the highest tumor-
specificity (TS=31.7). Isoprenoid-substituted chalcone
showed higher cytotoxicity, and prenylation(s) on an
isoflavone, genistein, also increased the cytotoxicity, but is not
necessary for tumor-specificity (4). Among flavonoids and 2-
arylbenzofurans with isoprenoid substituents, sanggenol M,
sanggenon C and sanggenon B showed some tumor-specific
cytotoxicity (TS= 2.5, 2.7 and 2.3, respectively). These
compounds are Diels-Alder-type adducts with a chalcone and
a 6-dehydrogeranyl(prenyl)flavanone and its derivative. Seven
other flavanones showed similar tumor-specificity (TS=1.6-
3.0), whereas the more hydrophobic 2-arylbenzofurans
showed much weaker cytotoxicity and tumor-specificity
(TS=1.0-1.5) (5). Benzophenones, compounds with two
isoprenoid groups, showed higher cytotoxicity than the
monoprenylated compound, but they showed weak tumor-
specific cytotoxicity (TS=1.2-1.3). Fourteen xanthones
showed marginal tumor-specific cytotoxicity (TS=1.1->2.0)
(6). Thirteen anthraquinones showed relatively higher tumor-
specific cytotoxicity. Among them, emodin and aloe-emodin,
without glycosylation, were the most potent (TS=8.5 and
>18.6, respectively), whereas other anthraquinone glycosides
(TS=1.0->3.4), phenylbutane glucosides (TS=1.5-3.3) and
naphthalene glucosides (TS=1.1->1.4) were less active.
These data suggest that the glycosyl moiety is not necessary
for the tumor-specificity of anthraquinones (7). Studies with
eleven isoflavones and isoflavanones from Sophora species
suggest that: (i) compounds with two isoprenyl groups (one
in the A-ring and the other in the B-ring) or the o,a-
dimethylallyl group at C-5° of the B-ring should have
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Figure 1. Structure of stilbenes [1-6] and flavonoids [7-11] used in this study.

relatively higher cytotoxic activity; (ii) their cytotoxic activity
reached the maximum level when the log P was around 4; and
(iii) tumor-specificity (TS= <2.8) was not directly coupled
with the cytotoxic activity (8).

Our recent studies with twenty-six a,f-unsaturated
ketones (9), eight hydoxyketones (10) and twenty-three
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B-diketones (11) demonstrated that apoptosis-inducers did
not always show tumor-specific cytotoxicity, and that
compounds with higher tumor-specific cytotoxicity did not
always induce apoptosis in tumor cell lines. Recently,
stilbenes (resveratrol [4], piceatannol [5]) and flavonoids
(fisetin [8], quercetin [9], isoliquiritigenin [10], butein [11])
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have been shown to prolong the lifespan of Saccharomycess
cerevisiae through the activation of NAD-dependent protein
deacetylate (12). We investigated, here, whether eleven
related compounds including six stilbenes (sophorastilbene
A [1], (+)-o-viniferin [2], (-)-e-viniferin [3], resveratrol [4],
piceatannol [5], rhaponticin [6]) and flavonoids (kaempferol
[7], fisetin [8], quercetin [9], isoliquiritigenin [10], butein
[11]) (Figure 1) induce tumor-specific cytotoxicity and
apoptotic cell death, using four human tumor cell lines (oral
squamous cell carcinoma HSC-2, HSC-3, submandibular
gland carcinoma HSG, promyelocytic leukemia HL-60)
and three normal human cells (gingival fibroblast HGF,
pulp cell HPC, periodontal ligament fibroblast HPLF). We
used internucleosomal DNA fragmentation, caspase
activation and expression of apoptosis-related proteins as
markers for apoptosis.

Materials and Methods

Materials. The following chemicals and reagents were obtained from
the indicated companies: RPMI 1640 medium, DMEM (Gibco BRL,
Grand Island, NY, USA); fetal bovine serum (FBS), 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT),
phenylmethylsulfonyl fluoride (PMSF) (Sigma Chem. Ind., St. Louis,
MO, USA), dimethyl sulfoxide (DMSO), (Wako Pure Chem Ind.,
Osaka, Japan). Sophorastilbene A [1] (MW676.7), (+)-a-viniferin
[2] (MW678.7), (-)-e-viniferin [3] (MW454.5) and isoliquiritigenin
[10] (MW256.3) were prepared as previously described (13, 14).
Resveratrol [4] (MW22.8), piceatannol [5] (MW244.2), rhaponticin
[6] (MW420.4), kaempherol [7] (MW286.2), fesetin [8] (MW286.2),
quercetin [9] (MW302.2) and butein [11] (MW272.3) were
purchased from Tokyo Kasei Kogyo Co., Ltd., Japan.

Cell culture. Normal human cells, such as gingival fibroblast
(HGF), pulp cell (HPC) and periodontal ligament fibroblast
(HPLF), were obtained from human periodontal tissue after
informed consent, according to the guidelines of Meikai
University Ethics Committee, Japan (No. 0206). Since normal
cells have a limited lifespan (15), cells at 6-8 population doubling
level (PDL) were used for the present study. The human oral
squamous cell carcinoma cell lines (HSC-2, HSC-3) were supplied
by Prof. Nagumo, Showa University, and Dr. Fukuda, Meikai
University, Japan, respectively. The human submandibular gland
carcinoma cell line (HSG) was supplied by Drs. Atsumi and
Kurihara, Meikai University School of Dentistry, Japan. The
human promyelocytic leukemia cell line (HL-60) was supplied by
Prof. Nakaya, Showa University, Japan.

HL-60 cells were maintained at 37°C in RPMI 1640 medium
supplemented with 10% heat-inactivated FBS in a humidified 5%
CO, atmosphere. The other cells were cultured as monolayer
cultures at 37°C in DMEM supplemented with 10% heat-
inactivated FBS, in a humidified 5% CO, atmosphere, and
subcultured by trypsinization.

Cytotoxic activity. The relative viable cell number of adherent cells
was determined by MTT methods, while that of non-adherent cells
(HL-60 cells) was determined by trypan blue dye exclusion. For the
MTT assay, the cells in 96-microwell plate (Falcon, flat bottom,
Becton Dickinson, Franklin Lakes, NJ, USA) were treated for

24 hours without (control) or with various concentrations of the
test samples. The cells were washed once with phosphate-buffered
saline without Mg2+ or Ca2+* [PBS(-)], and further incubated for
4 hours with 0.2 mg/mL MTT in culture medium. After removal of
the medium, the cells were lysed with 0.1 mL of DMSO. The
absorbance at 540 nm of the solubilized formazan pellet (which
reflects the relative viable cell number) was then determined by
microplate reader (Biochromatic Labsystem, Helsinki, Finland).
For the trypan blue dye exclusion assay, the number of viable cells
which did not incorporate the trypan blue dye was calculated by
hemocytometer. From the dose-response curve, the 50% cytotoxic
concentration (CCs,) was determined. Tumor-specific cytotoxicity
(Sl value) was determined by the following equation:

SI={[CCs, (HGF) + CCs, (HPC) + CCs, (HPLF)] / [CC5, (HSC-2)
+CCs (HSC-3) + CCsy (HSG) + CCsy (HL-60)]} x (4/3)

Assay for DNA fragmentation. The cells were lysed with 50 uL lysate
buffer (50 mM Tris-HCI, pH 7.8, 10 mM EDTA, 0.5% (w/v)
sodium N-lauroylsarcosinate), and incubated sequentially with
1 mg/mL RNase A (Boehringer Mannheim, Germany) for 1 hour
at 50°C, and with 1 mg/mL proteinase K (Boehringer) for 1 hour at
50°C. DNA was extracted with phenol-chloroform-isoamylalcohol
(25:24:1) and precipitated with ethanol. The DNA was dissolved
with DNA loading buffer, and then applied to 2% agarose gel
electrophoresis. After staining with ethidium bromide, the DNA
was visualized by UV irradiation and photographed by CCD
camera (Bio Doc Inc., UVP).

Assay for caspase activity. The cells were lysed with 200 uL of lysis
solution (MBL, Nagoya, Japan). After standing on ice for 10 minutes
and centrifugation at 10,000 xg and 4°C, for 5 minutes, the
supernatant was collected. To 50 uL sample (equivalent to 0.2 mg
protein), 50 uL of 2 x reaction buffer (MBL) containing the substrate
for caspase-3 (DEVD-pNA (p-nitroanilide)), caspase-8 (IETD-pNA)
or caspase-9 (LEHD-pNA) was added. After incubation at 37°C for
4 hours, the absorbance at 405 nm of pNA produced by the cleavage
of the substrates was measured by microplate reader, according to
the manufacturer’s instruction (MBL).

Western blotting. The cell pellets were lysed with 100 uL of lysis
buffer (10 mM Tris-HCI, pH 7.6, 1% Triton X-100, 150 mM NaCl,
5 mM EDTA and 2 mM PMSF) for 10 minutes in ice-water, and
then incubated for 50 minutes at 4°C with RT-5 ROTATOR
(Titec, Saitama, Japan). The cell lysates were centrifuged at 16,000 xg
for 20 minutes at 4°C to remove the insoluble materials and the
supernatant was collected. The protein concentrations of
supernatant were measured by Protein Assay Kit (Bio Rad,
Hercules, CA, USA). An equal amount of protein from the cell
lysates (10 ug) was mixed with 2 x sodium dodecyl sulfate (SDS)-
sample buffer (0.1M Tris-HCI, pH 6.8, 20% glycerol, 4% SDS,
0.01% bromphenol blue, 1.2% 2-mercaptoethanol), boiled for 10
minutes and applied to the SDS-7% polyacrylamide gel
electrophoresis, before being transferred to a polyvinylidene
difluoride (PVDF) membrane. The membranes were blocked with
5% skim milk in PBS(-) plus 0.05% Tween 20 for 90 minutes and
incubated with anti-Bcl-2 antibody (1:1,000), anti-Bax antibody
(1:1,000), anti-Bad antibody (1:1,000) (Santa Cruz Biotechnology,
Delaware, CA, USA) or anti-actin antibody (1:1,000) (Sigma) for
90 minutes at room temperature. After incubation for 60 minutes
at room temperature with HRP-conjugated anti-IgG (1:2,000,Santa
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Table 1. Tumor-specific cytotoxic activity of flavonoids and stilbenes.

CCsp (WM)
Normal cells Tumor cells

MW HGF HPC HPLF HSC-2 HSC-3 HSG HL-60 TS
Stilbenes
1 677 196 210 207 27 61 108 28 3.6
2 679 464 573 553 36 60 349 6 4.7
3 455 111 146 94 42 84 110 31 1.8
4 228 500 676 582 155 288 316 45 2.9
5 244 367 414 >1000 63 232 373 11 >3.5
6 420 >1000 979 >1000 500 588 >1000 810 ><1.4
Flavonoids
7 286 >1000 >1000 >1000 743 >1000 >1000 29 ><1.4
8 286 608 170 641 39 188 375 16 3.1
9 302 750 909 >1000 35 250 745 31 >33
10 256 311 319 336 79 97 125 22 4
11 272 274 180 234 26 69 188 5 3.2

Asyg 0.389 0.433 0.448 2.146 1.572 0.462 -

TS=(ZCCsp(normal cells)/ ZCCs(tumor cell lines)) x (4/3)

Cruz Biotech), immunoblots were detected by Western Lightning ™
Chemiluminescence Reagent Plus (Perkin Elmer Life Sciences,
Boston, MA, USA).

Results

Tumor-specific cytotoxicity. We found that four tumor cell
lines (HSC-2, HSC-3, HSG, HL-60) were more sensitive to
all the stilbenes and flavonoids investigated than the three
normal cells (HGF, HPC, HPLF), yielding a tumor-
specificity index (Table I). However, the tumor cell lines
showed considerable variation in sensitivity. HL-60 cells
were the most sensitive, followed by HSC-2, HSC-3 and
HSG. On the other hand, the normal cells showed
comparable sensitivity with each other. There was no
apparent difference in the cytotoxicity between stilbenes [1-
6] and flavonoids [7-11]. Especially, sophorastilbene A [1],
(+)-a-viniferin [2], piceatannol [5], quercetin [9] and
isoliquiritigenin [10] showed higher cytotoxicity against the
tumor cell lines than normal cells, yielding tumor-specific
indices of 3.6, 4.7, >3.5, >3.3 and 4.0, respectively. There
was no clear-cut relationship between the cytoxicity and
molecular weight, or between the tumor-specificity and
molecular weight (Table I).

Induction of apoptosis. Sophorastilbene A [1] (at >50 uM),
piceatannol [5] (at >10 mM), quercetin [9] (at >40 uM)
and isoliquiritigenin [10] (at >10 uM) induced
internucleosomal DNA fragmentation and activation of
caspases -3, -8 and -9 dose-dependently in HL-60 cells (left
two columns in Figure 2). (+)-a-Viniferin [2] induced these
apoptosis markers only at much higher concentrations
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(>200 uM). All these compounds (up to 320 uM) failed to
induce internucleosomal DNA fragmentation and activated
caspases -3, -8 and -9 to much lesser extents in HSC-2 cells
(right two columns in Figure 2).

Western blot analysis shows that sophorastilbene A [1],
piceatannol [5] and quercetin [9] did not induce any
consistent changes in the expression of pro-apoptotic
proteins (Bax, Bad) and anti-apoptotic protein (Bcl-2) in
HL-60 (upper panel in Figure 3) and HSC-2 cells (lower
panel in Figure 3). No expression of Bcl-2 protein was
detectable in HSC-2 cells, without or with treatment with
any compounds (lower panel in Figure 3).

Discussion

The present study demonstrated that stilbenes and
flavonoids induced tumor-specific cytotoxicity to various
extents (Table I). Among these eleven compounds, (+)-a-
viniferin [2], a cyclic trimer of resveratrol [4] (16), showed
the highest tumor-specificity (TS=4.7), but this compound
induced apoptosis markers to a much lesser extent than that
attained by the other compounds investigated. This further
supports the fact that tumor-specificity and apoptosis
induction do not always correlate with each other. The
tumor-specificity of (-)-e-viniferin [3] (TS=1.9), a dimer of
resveratrol [4], was lower than that of resveratrol [4]
(TS=2.9). It should be noted that another trimer,
sophorastilbene A [1] (13) also showed higher tumor-
specificity (TS=3.6). This suggests that the higher tumor-
specificity of trimers [1, 2] might be due to a higher order
conformation. Piceatannol [5], a hydroxylated analog of
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resveratrol [4], showed higher tumor-specificity (TS= >3.5)
than [4]. Rhaponticin [6], which has a glucose and methyl
group in two different benzene rings, had much lower
cytotoxicity (Table I). Resveratrol [4] has been reported to
induce apoptosis in many tumor cell lines including HL-60
cells (17-19), human acute lymphoma cells (BJAB)(20),
human monocytic leukemia THP-1 (21), human colon
carcinoma cells (Caco-2, HTC116) (22-24), human breast,
colon and prostate cancer cells (25), gastric adenocarcinoma
(26), human medulloblastoma cells (Med-3, UW228-1, -2
and -3) (27) and melanoma cells (28). The mechanism of
apoptosis induction by resveratrol [4] includes the increase
of cells in the S-phase of the cell cycle and the decrease of
cells in G2/M-phase (25), the inhibition of polyamine
synthesis and increased polyamine catabolism (22), the
decline of Bcl-2 (18), the involvement of Bax (23), the
depolarizing mitochondrial membranes (20), the dependent
(19) and independent (21, 24, 27) on CD95-signaling, the
phosphorylation of ERK1/2 (28) and the inhibition of
protein kinase C activity (26). Piceatannol [5]- induced
apoptosis in BJAB cells has been reported to be
independent of the CD95/Fas signaling pathway (29).
Stilbene oligomers such as (-)-e-viniferin [3], gnetin H,
suffruticosol B and vaticanol C also induced apoptosis of
various tumor cells lines (30-32).

In addition, the present study demonstrated that five
flavonoids, kaempferol [7], fisetin [8], quercetin [9],
isoliquiritigenin [10] and butein [11], showed similar tumor-
specific cytotoxicity to that of stilbenes [1-6] (Table I),
suggesting that the stilbene structure is not an important
factor in determining tumor-specificity and apoptosis. The
tumor-specificity index of kaempferol [7] could not be
accurately calculated due to much lower cytotoxicity against
both normal and tumor cells. Another four compounds [8-
11] showed comparable cytotoxicity and tumor-specificity
(Table I). Quercetin [9], a widely distributed natural
flavonoid, has shown a variety of biological functions. It [9]
induced an antiproliferative effect or apoptosis in
transformed hepatic cell lines (33), melanoma (34, 35),
prostate cancer (36, 37) and breast cancer cells (37), by a
mechanism including growth arrest at the S-phase of the
cell cycle (36), loss of mitochondrial membrane potential,
decline of Bcl-2, inhibition of PKC-alpha expression,
translocation of PKC-delta (35) and inhibition of fatty acid
synthase activity (37). Quercetin [9] showed selective
growth inhibition and apoptosis in hepatic tumor cells, but
not in normal cells (33), in agreement with its higher
tumor-specificity found in this study (TS=>3.3). Quercetin
[9] enhanced the sensitivity of the K562/ADM and
HL-60/ADM cell lines to daunorubicin by restoring the
subcellular distribution of daunorubicin (38). Quercetin [9]
is also a well known antioxidant, scavenging radicals (39),
decreasing the production of leukotriene and reactive

oxygen species (ROS) (40), inhibiting ROS and reactive
nitrogen species (RNS)-caused tissue damage (41) and
protecting cells from oxidative stress-induced cell death
(42, 43). Fisetin [8] and quercetin [9] induced apoptosis in
human leukemia U937 cells through the activation of
caspases -3 and -8 (for [9]) and caspases and calpains (for
[8]), respectively, and sensitized U937 cells to apoptosis
induced by tumor necrosis factor (44). The structure-
activity relationship showed that at least two hydroxylations
in positions 3, 5 or 7 of the A-ring were needed to induce
apoptosis, whereas hydroxylation in 3’ and/or 4’ of the
B-ring  enhanced  pro-apoptotic  activity  (44).
Isoliquiritigenin [10] is a natural pigment with the simple
chalcone structure 4, 2°, 4-trihydroxychalcone. It [10] has
been reported to induce apoptosis in various tumor cell
lines including human non-small cell lung cancer cells (45,
46), leukemia, melanoma (47, 48), prostate cancer (49) and
gastric cancer (50), by mechanisms involving growth arrest
at the S- and G2/M-phase (46, 49), expression of
GADD153 mRNA and protein associated with cell cycle
arrest (49), increase of the intracellular concentration of
free calcium (50) and collapse of the mitochondrial
transmembrane potential (47, 50), depletion of
gluthathione (GSH) and increase of oxidized GSH (47),
p53 and the Fas/FasL system (45) and p21 (CIP1/WAF1)
(46), down-regulation of Bcl-2 and promotion of Bax
expression (48). Isoliquiritigenin [10] also inhibited
carcinogenesis (51) and pulmonary metastasis of renal cell
carcinoma (52) and showed cytoprotective effects against
cadmium-induced toxicity (53). However, most of these
studies have focused on the mechanism of cell death,
without paying attention to their tumor-specificity. Our
data demonstrated that the stilbenes [1-6] and flavonoids
[7-11] investigated showed some, though not potent, tumor-
specificity (TS=1.8-4.7). Based upon these findings, the
optimum concentration of these compounds for each cell
must be set so as to minimize the cytotoxicity against
normal cells.

HSC-2 cells were found not to express Bcl-2 protein,
without or with induction of apoptosis by stilbenes or
flavonoids. The relatively higher sensitivity of HSC-2 cells
to stilbenes and flavonoids (Table I) may be due to the
lower level of expression of Bcl-2. The expression of Bcl-2 is
regulated by interaction with the 70-kDa heat-shock protein
(54). The lower level of Bcl-2 protein expression in HSC-2
cells may be compensated for by Bcl-X(L) protein
expression (55).
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