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Abstract. Antioxidant and antipromotional effects of the soybean isoflavone genistein
have been studied in HL-60 cells and the mouse skin tumorigenesis model. Effects of
structure-related flavone/isoflavones on hydrogen peroxide (H,0,) production by 12-
O-tetradecanoylphorbol-13-acetate (TPA)-activated HL-60 cells and superoxide anion
(O,") generation by xanthine/xanthine oxidase were compared. Of tested isoflavones,
genistein is the most potent inhibitor among TPA-induced H,0, formation by (dimeth-
yl sulfoxide) DMSO-differentiated HL-60 cells, daidzein is second, and apigenin and
biochanin A show little effect. In contrast, genistein, apigenin, and prunectin are
equally potent in inhibiting O, generation by xanthine/xanthine oxidase, with daid-
zein showing a moderate inhibitory effect and biochanin A exhibiting no effect. These
results suggest that the antioxidant properties of isoflavones are structurally related
and the hydroxy group at Position 4’ is crucial in both systems. Dietary administration
of 250 ppm genistein for 30 days significantly enhances the activities of antioxidant
enzymes in the skin and small intestine of mice. Further studies show that genistein
significantly inhibits TPA-induced proto-oncogene expression (c-fos) in mouse skin in
a dose-dependent manner. In a two-stage skin carcinogenesis study, low levels of
genistein (1 and 5 pumol) significantly prolong tumor latency and decrease tumor
multiplicity by approximately 50%. We conclude that genistein’s antioxidant proper-
ties and antiproliferative effects may be responsible for its anticarcinogenic effect. Its
high content in soybeans and relatively high bioavallability favor genistein as a prom-

ising candidate for the prevention of human cancers.
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of soybean-containing diets have been associ-

ated with the lower incidence of certain human
cancers in Asian compared with Caucasian popula-
tions (1-3). Animal experiments suggest that soybean
diets inhibit radiation- and chemical-induced tumors of
the mammary (2, 4), skin (5), and liver (6). Although
several studies attributed the anticarcinogenic effect of
soybeans to protease inhibitors, a study conducted by
Barnes et al. (2) showed that after inactivation of pro-
tease inhibitors by autoclaving, soy diets still strongly

I : pidemiological studies show that consumption
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inhibited carcinogen-induced mammary tumors in
rats. This observation led to the hypothesis that soy-
bean isoflavones may be responsible for the anticarci-
nogenic effect of soy. Genistein is the most abundant
isoflavone in soy and has been identified as a potent
inhibitor of protein tyrosine kinases (PTK) in vitro (7).
Since tyrosine phosphorylation plays a crucial role in
cell proliferation and transformation, genistein may
have important anticancer properties. Genistein has
been shown to selectively inhibit the growth of ras
oncogene-transfected NIH 3T3 cells (8), and diminish
platelet-derived growth factor-induced c-fos and c-jun
expression in CH310T1/2 fibroblasts (9). In addition,
genistein inhibits DNA topoisomerase II (10) and ri-
bosomal S6 kinase (11), which may lead to protein-
linked DNA strand breaks and tumor cell growth
arrest.

Genistein also exhibits antioxidant properties by
preventing hemolysis of red blood cells by dialuric
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acid or H,0, (12, 13), and protecting microsomal lipid
peroxidation induced by an Fe?* — ADP complex (14).
Reactive oxygen species (ROS) are known to play an
important role in mutagenesis and carcinogenesis (15).
Production of H,0, and the oxidative modification of
certain macromolecules such as DNA bases have been
observed in cells and tissues exposed to a variety of
tumor promoting agents (16-18). Recently, we have
shown that genistein significantly inhibits phorbol es-
ter-type tumor promoter-induced H,O, formation both
in vitro and in vivo (19). In the present study, we have
further characterized the antioxidant and antipromo-
tional properties of genistein in cell culture as well as
a well-defined multistage carcinogenesis model. Elu-
cidation of genistein’s antioxidant properties and its
relationship to tumor promotion will not only help us
understand the mechanism(s) of genistein’s action, but
also contribute to application of this soybean isofla-
vone to the prevention of human cancers.

Material and Methods

Chemicals and Reagents. Genistein (purity
>98%) was purchased from LC Laboratories,
Woburn, MA. Apigenin, biochanin A, daidzein, and
prunectin were purchased from Research Plus Inc.
(Bayonne, NJ). Phenol red, horseradish peroxidase
(HRPO), H,0, (30%), catalase, superoxide dismutase
(SOD), NADPH, oxidized and reduced forms of glu-
tathione, 12-O-tetradecanoylphorbol-13-acetate
(TPA), and dimethyl sulfoxide (DMSO) were pur-
chased from Sigma Co. (St. Louis, MO). RPMI-1640
cell culture medium and fetal bovine serum were pur-
chased from GIBCO (Grand Island, NY).

HL-60 Cell Culture and Differentiation. The HL-
60 human leukemia cell line was obtained from Amer-
ican Type Culture Collection (Rockville, MD) and sus-
pended in RPMI-1640 medium supplemented with 20%
heat-inactivated fetal bovine serum, 2 mM L-glu-
tamine, 25 mM HEPES buffer, and 100 units/ml pen-
icillin and streptomycin. Cells were cultured in a hu-
midified atmosphere at 37°C in 5% CO,. In order to
induce myeloid differentiation, HL-60 cells were cul-
tivated in medium containing 1.3% DMSO for 7 days.
This procedure was shown to produce more than 90%
mature cells (neutrophil-like leukocytes) (19). The ma-
ture cells were harvested by centrifugation and
washed twice with Krebs-Ringer phosphate buffer
containing 5 mM glucose (KRPG) to remove excess
DMSO. Cell pellets were resuspended in KRPG buffer
and cell numbers counted using a hemocytometer.

Treatment of Animals. Female CD-1 mice, 6-7
weeks old, were purchased from Charles River Labo-
ratories (Wilmington, MA), and kept under standard
conditions (12:12-hr light:dark cycle, humidity 50% +
15%, temperature 22° = 2°C and 12 air changes/hr).

Food and water were provided ad libitum. The dorsal
hair of the mice was shaved with surgical clippers 48 hr
prior to experiments. Only those at hair-growth resting
phase were used for the experiments. All reagents
were topically applied to mouse dorsal skin in 0.2 ml
acetone. Mice were sacrificed by cervical dislocation
and skins removed for analyses of proto-oncogene ex-
pression. The tumorigenesis study was conducted as
previously described (20).

Analyses of H,0, Formation. The amount of
H,0, released by TPA-activated HL-60 cells was mea-
sured as previously described (19). Briefly, 2.5 x 10°
cells were suspended in KRPG buffer containing 100
ng phenol red and 50 pg HRPO/ml. Different concen-
trations of isoflavones were added to the reaction mix-
ture and pre-incubated with cells at 37°C for 15 min,
then 25 nM TPA was added, and the incubation con-
tinued for another 30 min. Catalase (5 pg/ml) was
added to terminate the reaction, the pH adjusted to
12.5 with 1 N NaOH, and the cells removed by cen-
trifugation. The amount of phenol red oxidized by
H,0, in the medium was determined spectrophoto-
metrically at 610 nm based on a standard curve of
HRPO-mediated oxidation of phenol red. The results
were expressed as nmol of H,0,/2.5 X 10° cells.

Measurement of O,~ Production. The SOD-
inhibitable reduction of cytochrome ¢ assay was used
to measure O, ~ production by xanthine/xanthine ox-
idase as described by O’Brien (21) with a slight mod-
ification. All experiments were conducted in duplicate
in a final volume of 1 ml of reaction mixture containing
different concentrations of test compounds (in 10 pl of
DMSO0), 2.5 mM xanthine, and 0.3 mM ferricy-
tochrome ¢ in 50 mM phosphate buffer (pH 7.4). The
reaction was initiated by adding 0.1 unit of xanthine
oxidase, and O, ~ production was quantitated by mea-
suring absorbance alterations at 550 nm.

Assays for Antioxidant Enzymes. Mice were
fed AIN-76A diet containing 250 ppm genistein for 30
days and sacrificed at the end of the experiment.
Liver, lung, small intestine, kidney, and skin were col-
lected for analyses of catalase (22), SOD (23), gluta-
thione peroxidase (GSH-Px) (23), and glutathione re-
ductase (GSSG-R) (24).

Analyses of c-fos and c-jun by Northern Hy-
bridization. PolyA RNA was isolated from mouse
skin using an oligo-dT column. A total of 3 pg mRNA
was denatured by incubation at 55°C for 10 min and
loaded onto an agarose/formaldehyde gel. After elec-
trophoresis, RNA in the agarose gel was transferred to
a nitrocellulose membrane for hybridization. The
cDNA probes of c-fos, c-jun, and cyclophilin were
prepared using the nick translation technique. The hy-
bridized filter was washed and autoradiography visu-
alized by exposing the filter to x-ray film at —70°C.
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C-fos, c-jun, and cyclophilin RNA was quantitated us-
ing densitometry.

Tumor Promotion Study. Five groups of CD-l fe-
male mice (15/group) were used in the experiment.
Each group was challenged with an initiation (one time
only)/prevention/promotion protocol (TPA in acetone
vehicle). The time between prevention and promotion
was 30 min with a regimen of two treatments per week.
Group 1 (negative control) was treated with an ace-
tone/acetone/acetone procedure. Groups 2-5 were ini-
tiated with 100 nmol of 7,12-dimethylbenz(a)an-
thracene (DMBA), followed by application of ace-
tone/l pwmol genistein (Group 2—genistein control),
acetone/8.5 nmol TPA (Group 3—positive control),
and 1 or 5 pmol genistein/8.5 nmol TPA (Group 4 and
S—genistein intervention). Genistein (or acetone)/TPA
treatment continued for 17 weeks.

Results

Effect of Structure-Related Isoflavones on
H,0, Production by TPA-Activated HL-60 Cells.
HL-60 cells are a continuous cell line derived from a
patient with promyelocytic leukemia. These cells can
be differentiated by DMSO treatment in culture to pro-
duce H,0, in response to the tumor promoter TPA.
Our previous studies (19) show that under optimal con-
ditions, TPA stimulated HL-60 cells to produce com-
parable levels of H,O, to those produced by human
polymorphonuclear leukocytes (PMN). Using this cell
line, we determined the effect of several structurally
related flavone/isoflavones on H,0, production by
TPA-activated HL-60 cells. Figure 1 shows the struc-
tures of flavone/isoflavones tested in the experiment.
Figure 2 indicates that genistein is the most potent
inhibitor of TPA-stimulated H,0, by HL-60 cells
among the tested compounds, daidzein is second, and
apigenin and biochanin A show only weak activity
even at high concentrations. These results suggest that
inhibition of cell-derived H,0, production by genistein
might be enhanced by the presence of the hydroxy
groups at Positions 4" and 5 and the second aromatic
ring at the Position C-3.

Effect of Structure-Related Isoflavones on O,
Production by Xanthine/Xanthine Oxidase. We
further determined the effect of flavone/isoflavones on
O, generation by xanthine/xanthine oxidase. Figure
3 shows that genistein is the most potent inhibitor of
0O, ~ formation with apigenin and prunectin second,
daidzein exhibiting only moderate inhibition, and bio-
chanin A having no effect. This experiment suggests
that the hydroxy group at Position 4’ might play a key
role in suppressing O, ~ generation by xanthine/
xanthine oxidase and that substitution at C-7 might be
of minor influence. Loss of the hydroxy group at this
position totally diminishes inhibitory effects whereas
replacement of the hydroxy group at other positions

isoflavone

Hydroxy Groups

5 7 4’
Genistein -OH -OH -OH
Biochanin A -OH -OH -COH,
Daidzein -H -OH -OH
Prunectin -OH -COH, -OH

Figure 1. Structure of tested flavone/isoflavones.

20

s
= 15 &
o A——

5 e
5 \—“__.&\
£ ¢
3
e ot
(o]
) \
o)
I

51

o—-v--——o—-0
o L | N ] 1 i 1 1 ]

o] 50 100 150 200

Concentration of Tested Compounds (uM)

Figure 2. Effect of flavone/isoflavones on H,O, production by
TPA-activated HL-60 cells. Assays for cell-derived H,0, are from
two experiments with each assay performed in triplicate. Results
are expressed as the amount.of H,0, (nM) released by TPA-
activated HL-60 cells, which were incubated with genistein (O),
apigenin (A), biochanin A (e), or daidzein (A). Standard errors
for all determinations are less than 10% of the mean and not
shown in the figure.

does not, or only slightly, affects O,"~ generation.
Genistein-mediated inhibition of O, generation by
xanthine/xanthine oxidase is more potent than inhibi-
tion of cell-derived H,O, production. At a concentra-
tion of 20 pM genistein, O, ~ generation was com-
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Figure 3. Effect of flavone/isoflavones on O, production by
xanthine/xanthine oxidase. Assays for O,"~ production are from
at least three experiments with each assay performed in dupli-
cate. Rate of formation of oxidized ferricytochrome ¢ was mea-
sured in a reaction mixture incubated with genistein (O), apige-
nin (A), biochanin A (e), daidzein (A) or prunectin (O). Standard
errors for all determinations are less than 10% of the mean and
not shown in the figure.

pletely suppressed, whereas inhibition of cell-derived
H,0, plateaus at 100 nM genistein, with a maximum
efficacy of approximately 80%.

Effect of Dietary Genistein on the Activities of
Antioxidant Enzymes. Mice were fed 250 ppm
genistein in diet for 30 days and several organs were
removed for analyses of antioxidant enzymes. Table I
shows that dietary administration of genistein signifi-
cantly increases antioxidant enzyme activities in skin
and small intestine. Although enzyme activities were
also moderately elevated in other tissues such as liver,
kidney, and lung, no statistically significant differ-
ences were observed (data not shown).

Effect of Genistein on TPA-Induced Proto-
oncogene Expression In Mouse Skin. The tumor
promoter TPA has been known to induce overexpres-
sion of proto-oncogene in mouse skin (25, 26). Using
mouse skin as a model, we determined the effect of
genistein on TPA-induced c-fos and c-jun expression
in vivo. Figure 4 shows that topical application of a

3.2 kb- >cyjun
2.7 kb-
B
2.2 kb- -c-fos
c

Figure 4. Effect of genistein on TPA-induced c-fos and c-jun
expression. Mice were topically treated with acetone vehicle or
genistein 30 min before application of 8.5 nmol TPA (except for
controls), and sacrificed 2 hr after TPA treatment. Skin was re-
moved and mRNA purified. Proto-oncogene expression was an-
alyzed by Northern hybridization. (A) c-jun; and (B) c-fos; and
(C) cyclophilin. (Lane 1) acetone/acetone; (Lane 2) acetone/5
pmol genistein; (Lane 3) acetone/TPA; (Lane 4) 1 pmol
genistein/TPA; (Lane 5) 5 umol genistein/TPA; and (Lane 6) 10
pmol genistein/TPA.

promoting dose (8.5 nmol) of TPA significantly in-
duces expression of c-fos and c-jun mRNA in mouse
skin (Lane 3) compared with acetone-treated control
(Lane 1). As reported by Zwiller et al. (9), there are
two c-jun mRNA fragments (2.7 and 3.2 kb) due to the
presence of two polyadenylation signals. Densitome-
try quantitation indicates that TPA significantly in-
creased expression of these proto-oncogenes by 1.7-
(c-jun 3.2 kb), 3.2- (c-jun 2.7 kb), and 7.0-fold (c-fos),
as compared with the acetone-treated control. Treat-
ment of mouse skin with genistein alone slightly de-
creased the basal levels of c-fos and c-jun mRNA
(Lane 2). However, pretreatment of mouse skin with
genistein suppressed TPA-induced expression of c-fos
with little effect on c-jun (Lane 4-6). At a dose of 10

Table I. Effect of Genistein on the Activities of Antioxidant Enzymes?®

Catalase SOD GSH-PX GSSG-R
Skin
Control 1.4 =+ 0.07 16.1 = 0.7 26 =01 0.8 £ 0.03
Genistein 1.6 = 0.06 19.0 + 1.1° 29 +0.1° 0.9 + 0.02°
Intestine
Control 1.1 = 0.04 404 + 42 7.2+0.2 49 +0.2
Genistein 1.4 = 0.11° 39.0+26 7.0 = 0.1 6.1 +04°

¢ Data represent mean + SE of assays in duplicate from nine mice/group. Catalase expressed as pmol H,0, consumed/min/mg tissue;
SOD as pg SOD/g tissue; GSH-Px and GSSG-R as wmol NADPH oxidized/min/g tissue.
b statistically significant versus control by two-tailed Student's t test, P < 0.05.
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pmol genistein, TPA-induced c-fos expression was al-
most completely inhibited.

Effect of Genistein on TPA-Promoted Skin Tu-
morigenesis. The mouse skin tumorigenesis experi-
ment shows that genistein is a potent antipromoter in
the two-stage carcinogenesis model. Figure 5 shows
that genistein significantly prolongs tumor latency pe-
riods and decreases tumor multiplicity in CD-1 mice
initiated with 100 nmol DMBA and promoted with 8.5
nmol TPA. At 17 weeks post-treatment of tumor pro-
moter, low levels of genistein (1 and 5 pwmol) inhibited
tumor multiplicity by approximately 36% and 46%, re-
spectively, without obvious toxicity as determined
from body weight and food consumption (data not
shown). Latency of tumors was prolonged by approx-
imately three weeks in genistein-pretreated mice. Tu-
mor incidence for the genistein treated groups were
significantly below those of positive controls up to
week 12 of the experiment (approximately 45% in both
genistein treated groups compared to 80% for positive
controls); however by the end of the experiment, while
still below positive controls, these reductions were no
longer statistically significant (data not shown). This is
perhaps attributable to a genistein-mediated increase
in latency.
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Figure 5. Effect of genistein on tumor multiplicity. Five groups
of mice (15/group) were used in the experiment. A negative con-
trol group (%) was treated with an acetone/acetone/acetone pro-
cedure. All remaining mice were initiated with 100 nmol DMBA.
Genistein control (A) was followed by twice-weekly acetone/1
wmol genistein, positive control () by acetone/8.5 nmol TPA,
and genistein intervention groups by 1 umol (OJ) and 5 umol (M)
genistein/8.5 nmol TPA, respectively. Time between prevention
and promotion treatments is 30 min. Genistein (or acetone)/TPA
treatment continued for 17 weeks.

Discussion

Genistein has drawn wide attention in recent years
because of its potent inhibitory effect on tyrosine pro-
tein kinases (7). A number of studies have shown that
genistein inhibits tumor cell growth, suppresses onco-
gene expression, and induces cell differentiation of
malignant cells (8-11). Although most studies have at-
tributed the anticancer properties of genistein to its
inhibition of signal transduction, we hypothesize that
genistein may also exert its anticarcinogenic effects
through antioxidant mechanism(s). In the present
study, we have examined the effect of genistein as an
antioxidant on tumor promoter-induced biochemical
events and tumorigenesis.

We previously reported that genistein strongly in-
hibited TPA-induced H,O, production in human
PMNs and HL-60 cells with a minimal effect on cellu-
lar O, production. In the present study, we com-
pared the effect of genistein and its structurally related
flavone and isoflavones on TPA-induced H,O, pro-
duction by HL-60 cells. The results show that
genistein is the most potent inhibitor of TPA-
stimulated H,0, by HL-60 cells of the tested com-
pounds. The antioxidant potencies of isoflavones are
structurally related and closely associated with the
presence of hydroxy groups at Position 4’ and 5 and
the position (C-3 versus C-2) of the aromatic ring. Sup-
pression of O, production by xanthine/xanthine ox-
idase is also structurally related, but different from the
effects on cell-derived H,0O, generation since most
tested flavone/isoflavones except biochanin A exhibit
an inhibitory effect on O, = production. Apigenin,
which has no effect on H,0, production by TPA-
activated HL-60 cells, exhibits a potency in the inhi-
bition of O, ~ production that is almost equal to that of
genistein. Suppression of O, production by isofla-
vones may be due to their inhibitory effect on xanthine
oxidase activity rather than a direct scavenging effect
on O, ~ per se because a previous study by this labo-
ratory shows that genistein has a very weak effect on
0O, released by TPA-activated HL-60 cells (19). Our
results show that dietary administration of genistein
can modulate the activities of antioxidant enzymes.
The activities of catalase, SOD, GSH-Px, and
GSSG-R were determined in mouse skin, small intes-
tine, liver, kidney, and lung of mice fed 250 ppm
genistein in diet for 30 days. The activities of most
antioxidant enzymes were significantly enhanced in
skin and small intestine whereas only slight effects
were observed in other organs. Our previous study
shows that genistein strongly inhibits TPA-induced ox-
idant formation in mouse skin (19). TPA is known to
induce H,0, production by phagocytic cells and epi-
dermal cells (27), increase xanthine oxidase activity
(28), and diminish antioxidant enzyme activities (29).
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Therefore, it is possible that genistein counteracts the
promotional effects of TPA through inhibiting oxidant
formation by epidermal cells and epidermal xanthine
oxidase, and by enhancing antioxidant enzyme activ-
ities in skin.

Genistein has been shown to downregulate TPK
activities induced by several activators, such as nor-
mal growth factors (e.g., EGF and PDGF) and viral
oncogene products (e.g., pp®® "> and pp!!° se&-fs) (7),
This anti-TPK activity of genistein is considered to be
responsible for the inhibition of ras-transfected NIH
3T3 cell growth (8) and suppression of PDGF-induced
expression of c-fos and c-jun in fibroblasts (9). The
regulation of PDGF-induced c-jun and c-fos expres-
sion may be though phosphorylating serum binding
factor (30). An alternative pathway to regulate c-fos
and c-jun expression involves activation of PKC. TPA
is a potent protein kinase C (PKC) activator and stim-
ulates expression of c-fos and c-jun in vitro and in vivo
by phosphorylating serum binding factor (30). In the
case of c-fos expression, binding of phosphorylated
serum response factor to serum responsive element
(SRE) can be mediated by both PKC-dependent and
PKC-independent pathways (30). It appears that inhi-
bition of TPA-induced c-fos expression by genistein is
not a direct effect on the PKC-dependent pathway
since genistein is a poor inhibitor of PKC activity with
an apparent ICs, >100 pg/ml (7). We assume that in-
duction of immediate early gene expression depends
on the balance of several protein kinases. Recently,
mitogen-activated protein (MAP) kinases have been
identified as an integration point for multiple biochem-
ical signals (31, 32). Phorbol esters can activate the
MAP kinases to phosphorylate substrates consisting of
tyrosine and threonine. We speculate that the MAP
kinases may be a target of genistein and that
genistein’s inhibition of tyrosine phosphorylation by
MAP kinases decreases the binding activity of serum
response factors to the SRE, subsequently inhibiting
the TPA-induced c-fos expression. Stevenson et al.
recently reported that x-irradiation, phorbol esters,
and H,O, stimulate MAP kinase activity through the
formation of ROS (33). Since genistein is an inhibitor
of ROS generation, the inhibition of c-fos expression
might be through suppressing TPA-stimulated MAP
kinase activity. In our study, genistein significantly
inhibited TPA-induced c-fos expression, but had little
effect on TPA-induced c-jun. One possible explanation
may be that interference of genistein on protoonco-
gene expression occurs at different promotional sites
since TPA was shown to induce c-fos expression via
the SRE located on upstream of the gene, whereas
induction of c-jun by TPA occurs at an AP1 site rather
than SRE (30). However, the precise mechanism(s) by
which genistein inhibits TPA-induced c-fos expression
in vivo is not clear and requires further study. The

potent inhibitory effect on tumor promoter-induced
c-fos expression suggests that genistein may be a
promising antipromotional agent.

Accumulating evidence shows that ROS, and sub-
sequent oxidative modification of macromolecules are
involved in many mutagenic and carcinogenic pro-
cesses (15). Our previous studies show that TPA-
mediated oxidative events and oxidative DNA damage
can be inhibited by other antitumor agents (17, 18).
Since genistein possesses similar antioxidant proper-
ties to those antitumor agents, it is possible that
genistein can work as a antitumor promoter in vivo.
Our animal tumorigenesis experiment has confirmed
an antipromotional activity of genistein, showing that
1 and 5 pmol genistein, which suppressed TPA-
induced H,0, formation and c-fos expression in
mouse skin, significantly inhibited TPA-promoted skin
tumor formation in a two-stage carcinogenesis model.
The fact that genistein potently inhibits oxidant forma-
tion and proto-oncogene expression suggests that the
antioxidant properties and antiproliferative effects of
genistein may, at least in part, be responsible for its
anticarcinogenic mechanism(s).
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