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Induction of NADPH:Quinone Reductase by Dietary
Phytoestrogens in Colonic Colo205 Cells
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ABSTRACT. Phytoestrogens are a group of naturally occurring diphenolic compounds present in legumes,
whole grains, fruits, and vegetables. High consumption of phytoestrogen-rich foods has been linked to a reduced
incidence of cancers at many sites. A potential mechanism of dietary anticarcinogenesis involves the induction
of detoxifying phase II enzymes such as NADPH:quinone reductase (QR). This study, therefore, examined the
ability of six prominent phytoestrogens to affect cellular expression of QR in colonic cells. Colo205 cells were
cocultured with various concentrations (0.001 to 10.0 uM) of each phytoestrogen, and then were assessed for
cytosolic QR activity, cell growth, and QR mRNA expression. A maximum of 6- to 8-fold induction of QR
activity was observed for both enterolactone and genistein, although at high concentrations they showed an
adverse effect upon cell growth. The concentrations required to double the specific activity of QR for
enterolactone and genistein were about 0.04 and 0.14 uM, respectively. A 2- to 3-fold increase of QR specific
activity was found with either biochanin A (1.1 wM) or coumestrol (12.0 uM) treatments. No significant effects
were found for daidzein or formononetin treatments. QR induction was further confirmed by using reverse
transcription-polymerase chain reaction (RT-PCR) techniques to measure mRNA expression. A significant
correlation between the expression of QR mRNA and the corresponding QR activity was observed (r = 0.76,
P < 0.001). The results demonstrated that certain dietary phytoestrogens are capable of QR induction in
Colo205 cells by promoting QR mRNA expression, and suggest a novel mechanism by which dietary
phytoestrogens may be implicated in colorectal cancer chemoprevention. BIOCHEM PHARMACOL 56;2:189-195,
1998. © 1998 Elsevier Science Inc.
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Phytoestrogens are a group of naturally occurring diphe-
nolic compounds that are present in high concentrations in
legumes and whole grains as well as in certain fruits and
vegetables [1-3]. High consumption of phytoestrogen-rich
foods has been linked to a reduced incidence of cancers at
many sites including breast, prostate, and colon [4-12].
These epidemiological links seem reasonably established in
view of the reported results from animal studies in which
specific phytoestrogens have been shown to protect against
experimentally induced mammary or other organ cancers
[5, 13-17], and because phytoestrogens in vitro have been
shown to possess many biological properties [18-23] by
which they may be involved in the biologic and physiologic
process accounting for cancer chemoprevention. However,
inconsistent results regarding the proposed anticancer
mechanisms of these compounds have been reported [24—
28]. Certain phytoestrogens, for example, seem to be more
estrogenic than antiestrogenic [25, 26], and the doses
required to show the proposed mechanisms far exceed the
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highest concentrations of these compounds that can be
achieved in vivo [28]. The question of whether these dietary
compounds themselves are protective and/or what is the
mechanism(s) by which they are protective still remains.
One proposed mechanism for cellular protection includes
induction of phase II detoxification enzymes, which could
be a major mechanism for affording cellular protection
against the toxic and neoplastic effects of carcinogens
[29-31]. Many carcinogens are not in their full carcino-
genic forms when first encountered. They are usually
metabolized to proximate carcinogens by phase I enzymes,
e.g. cytochromes P450 that catalyze oxidative reactions [31,
32]. The oxidized metabolites of potentially carcinogenic
xenobiotics are then detoxified by phase II metabolizing
enzymes into forms that are relatively inert and even more
easily excreted [30]. There is considerable evidence that
induction of phase II detoxification enzymes can modulate
the threshold for chemical carcinogenesis and then increase
cellular resistance to carcinogen exposure [29-32]. QRS is
a main phase II detoxification enzyme (EC 1.6.99.2) that

§ Abbreviations: BHT, 3,5-di-tert-butyl-4-hydroxytoluene; CD, concentra-
tion required to double the specific activity of QR; QR, NADPH:quinone
reductase; and RT-PCR, reverse transcription-polymerase chain reaction.
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FIG. 1. Chemical structures of six prominent phytoestrogens
used in this study.

catalyzes the two-electron reductions of a variety of qui-
none compounds and, thereby, protects cells against muta-
genicity and carcinogenicity resulting from free radicals and
toxic oxygen metabolites generated by the one-election
reductions promoted by cytochromes P450 and other en-
zymes [33-35]. As a predominantly cytosolic FAD-contain-
ing protein, QR is inducible in the cells of many tissues
such as the liver, lung, and colon. Induction of QR by
specific dietary components has resulted in protection
against carcinogenicity, mutagenicity, and other toxicities
caused by carcinogenic xenobiotics [36—41]. Therefore,
measurements of the induction of QR activity may provide
an efficient approach to understanding the chemopreven-
tive mechanisms of dietary compounds.

To experimentally test the hypothesis that dietary phy-
toestrogens may confer partial protection against colon
cancer by inducing phase II detoxifying enzymes, we inves-
tigated the ability of six prominent phytoestrogens (see
chemical structures in Fig. 1) including four isoflavonoids
(daidzein, genistein, biochanin A, and formononetin), one
lignan (enterolactone), and one coumestan (coumestrol)
upon QR induction in a human colonic cell line. Addi-
tionally, RT-PCR techniques for QR mRNA levels were
developed and performed to further confirm the possible
regulatory mechanism.

MATERIALS AND METHODS
Chemicals

Biochanin A, daidzein, genistein, and formononetin were
purchased from ICN Biomedicals. Enterolactone was pro-
vided by Dr. K. Wahala (University of Helsinki). Coumes-
trol was ordered from Serva Feinbiochemica. All other
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chemicals and cell culture media, unless indicated other-
wise, were purchased from the Sigma Chemical Co.

Cell Culture and Treatments

Colo205, a human colon cancer cell line, was provided by
the American Type Culture Collection and was maintained
in continuous culture with weekly passage. Experimental
cultures were initiated simultaneously in 6-well flat-bottom
microculture plates for subsequent QR analysis and in
96-well flat-bottom microculture plates for assessment of
proliferation, respectively. In a typical experiment,
100,000 Colo205 cells/mL were introduced into each
well initially, grown at 37° in a 5% CO, atmosphere for
24 hr, and then induced for another 48 hr by exposure to
fresh medium containing serial dilutions of each tested
compound. Each test compound at concentrations rang-
ing from 0.001 to 10 uM was supplemented with culture
medium (90% RMPI-1640 + 10% fetal bovine serum).
All phytoestrogens were solubilized in DMSO, and the
final solvent concentration within all compounds con-
taining cultures and the appropriate vehicle control
cultures was adjusted to 0.2%.

QR Activity Assay

QR activity was determined as reported in one of our
previous publications [41]. In brief, cells were removed from
6-well culture plates after detachment with 0.25% trypsin
and 0.03% EDTA solution. One aliquot of cultured cells
was suspended in ice-cold (pH 7.4) PBS and homogenized
using a Polytron Homogenizer (Brinkmann Instruments,
Inc.). After removal of gross debris by centrifugation, the
protein content in the supernatants of cell lysates was
measured using a Bio-Rad Protein Assay Kit (Bio-Rad
Laboratories). The resulting supernatant of cell lysates at
0.4 pg protein was immediately added into the final 200 pL
of reaction mixture per well containing 25 mM of Tris-HCI
buffer (pH 7.4), 40 uM of 2,6-dichlorophenolindophenol,
0.2 mM of NADPH, 5 uM of FAD, 0.01% Tween-20, and
0.23 pg/pL of bovine serum albumin. Samples that also
contained 10 uM of dicumarol served as blanks. Another
set of blanks containing all reagents except dicumarol and
cell lysates was used to correct for the nonenzymatic
reduction of 2,6-dichlorophenolindophenol. The reaction
mixture was incubated at 25° for 10 min, and the rate of
reduction of 2,6-dichlorophenolindophenol was measured
at 590 nm in a Series 750 Microplate Reader (Cambridge
Technology, Inc.). Data obtained were calculated against a
standard curve of 2,6-dichlorophenolindophenol. Enzyme
specific activity was expressed as nanomoles of 2,6-dichlo-
rophenolindophenol reduced per milligram of protein per
minute. All samples were assayed in triplicate in three
independent experiments.
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Proliferative Assay

Cell growth within the 96-well microculture plates was
assessed colorimetrically after staining with sulforhodamine
B as described in our previous publications [41, 42], and the
results are expressed in optical density at 560 nm.

Quantitation of QR mRNA Expression by
RT-PCR Techniques

Another aliquot of cells cultured in 6-well culture plates
was used for the QR mRNA analysis by RT-PCR tech-
niques. Total RNA was extracted from the cultured cells
using a commercial total RNA isolation kit from Ambion,
and the following cDNA was reversely transcripted from 2
g of total RNA by using the first-strand synthesis kit with
random decamers from Ambion. One microliter of cDNA
products was amplified by a relative quantitative RT-PCR
Module using synthesized primers for QR type-1 gene as
target gene and 18S primers for 18S rRNA gene as internal
standard with 70% 18S primer competimers from Ambion.
The primers used for QR type-1 target gene amplification
were synthesized by Genosys Biotechnologies, Inc. with
sequences reported previously by Traver et al. [43] and
further confirmed by searching in the GenBank Sequence
Database at http://www.ncbi.nlm.nih.gov/BLAST. The
sense primer (5-AGAAGAGCACTGATCGTACTGG
3') and the antisense primer (5'-CGTAATTGTAAG
CAAACTCTCCTATG-3") amplify a 379-bp region from
60 to 438 bp of QR cDNA. We used a 50-uL PCR reaction
with a final concentration of 200 uM of deoxynucleotide
triphosphates, 1X RT-PCR buffer (Ambion), a 0.6-pM
concentration of each primer, and 1.5 units of Taq poly-
merase. Thermal cycling conditions following an initial
denaturation at 94° for 4 min were: 30 sec at 95°, annealing
at 65° for 30 sec, and extention at 72° for 30 sec. At the end
of 30 cycles, samples were incubated at 72° for 10 min.
Twenty microliters of the amplified products was loaded
and separated on a 2% Sea Kem ME agarose gel containing
0.5 pg/mL of ethidium bromide. The RT-PCR products
were visualized under UV light. For quantitation of QR
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FIG. 2. Potency of induction of QR activity by six
phytoestrogens in cultured human colonic cells.
Colo205 cells were cocultured with each indicated
compound at concentrations between 0.001 and 10
M for 48 hr. Then the specific activity of QR was
measured as described in Materials and Methods.
Each value of the ratio of QR specific activity
represents the mean * SD of three independent
experiments. *P < 0.05 and **P < 0.01 vs vehicle
control. The mean uninduced activity in the vehi-

5.1 nmol/mg protein/min.

mRNA expression, densitometric scanning of bands was
performed using the Macintosh Image System with NIH
Image Software downloaded from http://rsb.info.nih.gov/
nih-image/download.html. The relative density of the QR
target gene band (379 bp) was normalized to the 185 rRNA
band (488 bp), and the mRNA levels were expressed as a
ratio between QR target gene and 18S rRNA.

Statistical Methods

The SAS Statistical procedure GLM (SAS Institute Inc.)
was applied for statistical analyses. An ANOVA was used
to determine differences between the treated and the
vehicle control. Covariate-adjusted means were compared
by the levels of the independent variable [44]. Linear
regression was used to model, the correlation between
logarithms of relative QR mRNA levels and QR activities
by Pearson’s correlation coefficients (r value), using various
concentrations at 0.01, 0.1, 1.0, and 10.0 uM for the 6
phytoestrogens (N = 4 X 6). A probability of P < 0.05

was considered significant.

RESULTS

To investigate the inducing ability of phytoestrogens upon
QR activity, concentration-dependent experiments were
performed in the human colonic Colo205 cells. The induc-
tion of QR specific activity after a 48-hr exposure to various
concentrations (between 0.001 and 10.0 puM) of each
phytoestrogen is shown in Fig. 2. The greatest proportion-
ate induction of QR specific activity was observed in the
treatments with either enterolactone or genistein. Both of
them induced QR activity in a concentration-dependent
manner in the concentration range of 0.01 to 10.0 wM with
a maximum of 6- to 8-fold induction, although the induc-
tion by enterolactone began to plateau at the highest
concentration tested. The CDs of enterolactone and
genistein were about 0.04 and 0.14 M, respectively. In the
concentration range of 1.0 to 10.0 uM, both biochanin A
and coumestrol showed a moderate increase of QR with a
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biochanin A and coumestrol were 1.1 and 12.0 puM,
respectively. However, no significant effects were found
in the treatments with daidzein or formononetin in this
in vitro model.

The toxic effects upon cell growth, as shown by the
sulforhodamine B staining method, are presented in Fig. 3.
Enterolactone, genistein, and biochanin A at high concen-
trations were found to be antiproliferative. The maximum
inhibitions were found to be 20% by entarolactone, 7% by
genistein, and 4% by biochanin A in comparison with the
vehicle control. No significant effects on cell growth were
observed in the treatments with daidzein, coumestrol, or
formononetin at any of the concentration regimens.

To further investigate the underlying mechanism of
induction of QR activity by phytoestrogens, RT-PCR
techniques were developed to measure QR mRNA ex-
pression in Colo205 cells after treatment with each
compound for 48 hr. As illustrated in Fig. 4, QR mRNA
was induced significantly by genistein in the concentra-
tion range of 0.01 to 10.0 wM. In the same experiment,
BHT at 1.0 uM served as a positive control [39]. Similar
results were found for the treated cells with enterolac-
tone in the same concentration range of 0.01 to 10.0
M, but the mRNA levels reached a plateau at the
highest concentration tested. Both biochanin A and
coumestrol moderately stimulated QR mRNA expression
in a concentration range of 1.0 to 10.0 uM, whereas no
effect was observed in the treatments with either daid-
zein or formononetin (data not shown).

To reveal the association of QR mRNA expression with
QR activity induction, Pearson’s correlation coefficient was
determined using the logarithms of relative QR mRNA
expression plotted to the corresponding QR specific activ-
ity in each of the phytoestrogens tested at the effective
concentration range between 0.01 and 10.0 uM. As shown
in Fig. 5, a strong linear correlation was observed (N = 24,

r = 0.76, P < 0.001).

Dietary phytoestrogens are currently receiving increased
attention because of their possible role in human cancer
prevention. As part of a study focusing on chemopreventive
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FIG. 4. RT-PCR analysis demonstrating QR mRNA expression
in Colo205 cells after a 48-hr treatment by genistein at various
concentrations or BHT at 1.0 pM as a positive control. One
microliter of cDNA products, which were reversely transcripted
from 2 pg of total RNA, was amplified by a relative quantitative
RT-PCR Module kit using synthesized primers for QR type-1
gene as target gene and 18S primers for 18S rRNA gene as
internal standard, as described in Materials and Methods. Am-
plified products were separated on agarose gel, and the RT-PCR
products were visualized under UV light. For quantitation of
QR mRNA expression, densitometric scanning of bands was
performed, and the relative density of the QR target gene band
(379 bp) normalized to the 18S rRNA band (488 bp) is shown
(bottom). The DNA markers of the digested pGEM-3 DNA
present bands at 676, 517, 460, 396, and 350 bp, respectively.
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FIG. 5. Correlation between the induction of QR activity and
the relative expression of QR mRNA. Colo205 cells were
cocultured with various phytoestrogens at concentrations be-
tween 0.001 and 10 pM for 48 hr. Then both QR specific
activity and mRNA levels were measured simultaneously, as
described in Materials and Methods. Pearson’s correlation coef-
ficient (r) was determined between logarithms of relative QR
mRNA expression and QR specific activity in each of the
phytoestrogens tested at effective concentrations between 0.01
and 10 pM (N = 24, r = 0.76, P < 0.001).

mechanisms, we measured the effects of six prominent
dietary phytoestrogens upon QR induction in a human
colonic Colo205 cell line by using our previously estab-
lished microtiter-assay method [41]. We found a concen-
tration-dependent 6- to 8-fold induction in enzyme activity
with the addition of either enterolactone or genistein at
0.01 to 10.0 uM, and a 2- to 3-fold induction with either
biochanin A or coumestrol at 1.0 to 10.0 uM. No signifi-
cant inducing effect was found for daidzein or formonon-
etin. The CDs of genistein, enterolactone, biochanin A,
and coumestrol were found to be 0.04, 0.14, 1.0, and 12.0
WM, respectively. Enterolactone, genistein, and biochanin
A at a high concentration, however, showed inhibitory
effects upon cell growth. A maximum of 20% inhibition by
enterolactone might be the reason to cause a plateau of QR
induction at the highest concentration tested. To learn
more about the regulatory mechanism, we developed RT-
PCR techniques to measure QR mRNA expression in
Colo205 cells. Analogous to the induction of enzyme
activity was the induction of QR mRNA expression, which
again was strongly increased by enterolactone and
genistein, moderately stimulated by biochanin A and
coumestrol, and little affected by daidzein and formonon-
etin. Significant linear correlation between the QR mRNA
expression and the corresponding QR activity was ob-
served. Therefore, the observed induction of QR by phy-
toestrogens appears to be through the promotion of QR
mRNA expression and/or stabilization of mRNA levels.
The different regulatory ability of phytoestrogens tested
in this study may be associated with their chemical struc-
tures. The 5-hydroxyl group in the isoflavonic phytoestro-
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gens, for example, seems crucial because formononetin and
daidzein, which do not possess a 5-hydroxyl group, did not
affect QR activity. Genistein strongly induced QR, while
daidzein, which lacks only one hydroxyl group at the 5-site,
had no effect. That genistein rather than daidzein showed
a strong inducing ability is in good agreement with other
studies conducted in murine Hepa 1clc7 cells.* It will be
interesting to validate a close structure—function relation-
ship by screening more phytoestrogens or structurally re-
lated agents in this in vitro model.

To our knowledge, this is the first published study
presenting an inducing response of QR to various dietary
phytoestrogens in human colonic cells. The significant
induction of QR by specific phytoestrogens found in this
study appears important, suggesting a novel mechanism
through which dietary phytoestrogens may contribute, at
least in part, to colon cancer chemoprevention. A point of
interest to consider is the concentrations of phytoestrogens
used in this exploratory study. The physiologically relevant
concentration of active phytoestrogens in human circulat-
ing plasma has been estimated to be near 1.0 uM. This
makes the results of this study much more interesting,
because induction of QR by both genistein and enterolac-
tone was seen at a concentration even lower than 1.0 pM.
Although biochanin A and coumestrol required a high
concentration of over 1.0 wM to exert inducing ability, it
could be reasonably assumed that more phytoestrogen
aglycones may be likely to occur in the intestinal tract
where phytoestrogen precursors are first hydrolyzed and
absorbed. On the other hand, a high concentration of
phytoestrogens may be toxic. Of the six phytoestrogens
examined, three, especially enterolactone, showed detect-
able toxicity on cell growth. Cytotoxicity measurements are
essential because phase II enzyme inducers may be toxic
and/or may be carcinogenic. In view of both enzymatic
induction and cytotoxicity, genistein appears especially
promising as the best candidate of the six compounds tested
for cancer chemoprevention, with stronger QR induction
but less cytotoxicity.

In conclusion, a significant induction of QR activity in
human colonic Colo205 cells by dietary phytoestrogens has
been demonstrated for the first time in this study. The
results support the hypothesis that a high dietary consump-
tion of phytoestrogens may confer partial protection against
colon cancer by induction of specific detoxifying enzymes
such as QR, and suggest a novel mechanism by which
dietary phytoestrogens may be implicated in relation to
cancer chemoprevention.

We thank Dr. Loic Le Marchand for providing molecular facilities and
Dr. Adrian Franke for sponsoring authentic chemicals used in this
study. These data have been presented, in part, at the 3rd International
Conference on Nutrition and Cancer held in Irvine, California, July

* Lee SK, Song L, Mata-Greenwood E, Kelloff GJ, Steele VE and Pezzuto
JM, Modulation of in vitro biomarkers of the carcinogenic process by
chemopreventive agents. Proceedings of the Annual Meeting of the American
Association for Cancer Research 38: 365, 1997.
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