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The in vitro effects of two closely related phyto-oestrogens daidzein and equol on the oestrogen
receptor positive human breast cancer cells MCF-7 were examined. There is differential metabolism
of daidzein in humans, and the conversion of daidzein to equol by intestinal microbes occurs only in
30% of the population. The differential potency of these two compounds is thus of considerable
importance since it may be likely that the relative risk of hormone-dependent cancers may be higher
in ‘non-responders’. In the present study, we compared the ability of both these compounds to induce
mRNA expression of the oestrogen-responsive pS2 gene, to compete with oestradiol for binding to the
oestrogen receptor (ER) and to affect cellular proliferation. Our studies demonstrate that equol is a
100-fold more potent than daidzein in stimulating an oestrogenic response. Equol was also more
effective than daidzein in competing with 3H-oestradiol for binding to the ER. These results suggest
that equol has a higher affinity for the ER. Both compounds stimulated the growth of MCF-7 cells in a
concentration-dependent manner (10~8-10-° M). Although equol exhibits oestrogenic activity, exposure
of MCF-7 cells to equol simultaneously with oestradiol was effective in reducing pS2 mRNA expres-
sion. This was not observed with daidzein. However, long-term exposure of MCF-7 cells to both
daidzein and equol resulted in the downregulation of ER mRNA expression. © 1997 Elsevier Science

Ltd.
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INTRODUCTION
POLYPHENOLIC COMPOUNDS present in fruits, vegetables and
grains are bioactive molecules which elicit a wide range of
responses both . vivo and in virro [1-8]. Most significantly,
polyphenolic compounds present in soy products have been
associated with chemopreventive properties [9-11]. Genis-
tein and daidzein are naturally occurring components of soy
food products, whereas equol is derived from daidzein by the
action of gut microflora [12,13]. There has been consider-
able attention focused recently on the anti-oestrogenic and
anticarcinogenic properties of genistein [7,9-11]. However,
much less is known about the effect of daidzein which is the
other major isoflavone present in soy food and which has
been shown to be the more bioavailable isoflavone [14]. In
addition, the precursor/product relationship of daidzein and
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equol (Figure 1) is of special interest because others have
reported a differential metabolism of daidzein in humans. In
the tested population, 30% of individuals were ‘responders’
[15, 16]; the levels of equol in the plasma or urine were 150—
900-fold higher in the ‘responders’ than ‘non-responders’
[15,17]. However, the physiological significance of this
observation is not clear. Hence, we felt that a careful exami-
nation of the biological activities of both daidzein and equol
would be highly relevant. Using the oestrogen receptor (ER)-
positive human breast cancer cell MCF-7, we compared the
effects of daidzein and equol on (a) pS2 expression, (b)
binding of oestradiol to the oestrogen receptor (ER), (c) ER
mRNA expression and (d) cellular proliferation.

MATERIALS AND METHODS
Chemicals
B-Oestradiol and tamoxifen were obtained from Sigma St.
Louis, Missouri, U.S.A.; daidzein was purchased from Indo-
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Figure 1. Structure of oestradiol, daidzein and equol.

fine Chemical Company, Somerville, New Jersey, U.S.A.;
equol was synthesised by the method of Pelissero and associ-
ates [18]. Equol used in the initial experiments was a gener-
ous gift from Dr K.D.R. Setchell, Children’s Hospital
Medical Center, Cincinnati, Ohio, U.S.A. The cDNA coding
for pS2 [19] and the human breast cancer cell line MCF-7
were obtained from American Type Culture Collection.

Cells and cell culture
MCEF-7 cells were cultured in Falcon flasks (150 cm?) and
grown in the presence of 5% CO, in air at 37°C. The cells
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Figure 2. Concentration curve for the stimulation of pS2
expression by daidzein. MCF-7 cells were cultured in media B
in the presence of various concentrations of daidzein (10~°-
10-5M). Total RNA was isolated after 48 h. The levels of pS2
were normalised to that of G3PDH. (a) Representative RNA
blots probed for G3PDH and pS2. (b) Quantitative repre-
sentation of pS2 expression based on densitometric readings.
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were maintained in medium A [RPMI 1640 with 2mM L-
glutamine, hydrocortisone (3.5ng/ml), insulin (1.5 ng/ml),
penicillin (100 units/ml) and streptomycin (100 pg/ml)] with
5% fetal bovine serum. One week before the onset of the
experiment, the cells were switched to medium A supple-
mented with 5% charcoal dextran treated calf serum
(CDCS). Cells were grown to confluence and passaged using
trypsin—EDTA. Viable cells were determined by Trypan-Blue
exclusion. A day prior to treatment, the cells were switched to
medium B [phenol red-free RPMI 1640 containing 2 mM
glutamine, penicillin (100 units/ml), streptomycin (100 pg/ml)]
and 5% CDCS.

Total RNA isolation

Cells were grown in six-well Costar plates (1 x 10° cells/well
in 3 ml of media B). Twenty-four hours after plating, the test
compounds (dissolved in ethanol; final concentration of
ethanol in the medium did not exceed 0.2%) were added. The
medium was changed every 24 h after plating and the various
compounds were added fresh with each change. Total RNA
was isolated 72 h after plating as described earlier [8, 20].

Probe for pS2 and ER

Digoxigenin [DIG]-labelled pS2 cRNA probe and DIG-
ER cRNA probe were synthesised using the nucleic acid
labelling kit following the manufacturer’s instructions (Boeh-

ringer Mannheim Biochemicals, Indianapolis, Indiana,
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Figure 3. Concentration curve for the stimulation of pS2

expression by equol. MCF-7 cells were cultured in media B in

the presence of various concentrations of equol (107°-10-> M).

Total RNA was isolated after 48 h. The levels of pS2 were nor-

malised to that of G3PDH. (a) Representative RNA blots

probed for G3PDH and pS2. (b) Quantitative representation
of pS2 expression based on densitometric readings.
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U.S.A)). Details for synthesis of the pS2 probe [8] and ER
probe have been described previously [7].

Northern blot hybridisation and detection

For detection of pS2 expression, 10 ul of total RNA was
separated on 1% formaldehyde agarose gel and transferred on
to a nylon membrane (Boehringer Mannheim Biochemicals)
using the PossiBlot Pressure Blotter (Stratagene, La Jolla,
California, U.S.A.). The RNA was fixed on to the membrane
by UV cross-linking in Stratalinker (Stratagene) for 3 min at
the highest power. The membrane was then hybridised with
the DIG-labelled RNA probe and detected by chemilumi-
nescence nucleic acid detection method according to the
manufacturer’s protocol (Boehringer Mannheim Biochem-
icals). All Northern blots were also probed for G3PDH (gly-
ceraldehyde-3-phosphate dehydrogenase). The blots were
quantitated using a densitometer (Analtech Uniscan, New-
ark, Delaware, U.S.A.) and the data normalised for G3PDH
RNA content.

Growth assay

Each well of a 24-well plate (Costar, Cambridge, Massa-
chusetts, U.S.A.) was seeded with 1 x 10> cells in 1ml of
media B. Twenty-four hours after plating, oestradiol, daid-
zein or equol at the indicated concentration were added. All
compounds were dissolved in ethanol (final concentration of
ethanol in the medium was 1%). The medium was changed
every 24h and the compounds were replenished with each
change. Cell growth was determined on the sixth day by the
sulphorhodamine colorimetric assay as described by Skehan
and associates [21]. After colour development, aliquots were
pipetted into a 96-well microtitre plate and the absorbance
was determined at 570 nm using an Elisa microplate reader
(Molecular Devices, Menlo Park, California, U.S.A.).

Oestrogen receptor (ER) binding study

MCF-7 cells were grown to confluency in 150 cm? Falcon
flasks and cultured in medium A supplemented with 5%
CDCS at 37°C in the presence of 5% COQO, in air. The cells
were rinsed twice with cold phosphate-buffered saline (PBS),
scraped off in 5ml of PBS and pelleted at 1500 rpm for 10
min. After aspiration of the supernatant, the cell pellet was
suspended in 10mM Tris—-HCI, pH 7.4, containing 1.5 mM
EDTA and 0.5mM dithiothreitol. The cell suspension was
homogenised using a Tekmar Tissumizer (Tekmar Co., Cin-
cinnati, Ohio, U.S.A.) for 45 s and the homogenate was then
centrifuged at 40000 rpm for 50 min and the supernatant
saved. After determination of the protein concentration, the
supernatant was used for ER binding assays. The ER binding
studies were performed essentially as described by McGuire
[22]. Briefly, 200 ul of the cytosol fraction (2.0 mg/ml pro-
tein) was incubated with 3H-oestradiol at the indicated con-
centration for 18 h at 4°C. After incubation, the unbound
oestradiol was removed by addition of 0.5ml of dextran-
coated charcoal to the assay mixture and incubated again at
4°C for 30 min with vortexing at 5 min intervals. After the
incubation period, the tubes were centrifuged and 0.5 ml of
the supernatant was removed and radioactivity measured
using a scintillation counter. For competition experiments,
the binding assays were performed as described above in the
presence of increasing amounts of either daidzein or equol
(0-10-° M), while the concentration of oestradiol was held
constant at 107° M.
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RESULTS

We reported in an earlier paper that both daidzein and
equol at 1075 M were able to stimulate the expression of pS2
[8]. In the present study, we compared the ability of daidzein
and equol to stimulate the expression of pS2 mRNA, com-
pete with oestradiol for binding to the ER, alter the cellular
response to oestradiol, regulate ER mRNA expression and
affect the proliferation of MCF-7 cells.

Stimulation of pS2 mRINA expression

Daidzein was able to induce pS2 mRNA expression at
concentrations of 107°~1073> M (Figure 2). Equol was able to
stimulate pS2 mRNA expression at concentrations as low as
10~° M and maintained maximal effect from 1078 to 107> M
(Figure 3). Thus, equol was approximately 100-fold more
potent than daidzein in stimulating pS2 expression.

Inhibition by tamoxifen

The effect of adding increasing concentrations of tamoxi-
fen (107°-10>M) on daidzein- or equol-induced pS2
expression was evaluated. Tamoxifen at 107> M was able to
inhibit completely pS2 expression by 107°M daidzein
(Figure 4). However, the same concentration of tamoxifen
only partially inhibited pS2 stimulation by 10~ M equol. We
therefore added 10~> M tamoxifen to decreasing amounts of
equol to determine the concentration at which pS2 expres-
sion would be totally inhibited. We observed complete inhi-
bition at equol concentrations of 10~ M (Figure 5). The fact
that tamoxifen was able to inhibit the pS2 stimulating activity
of both daidzein and equol indicated that their response was
mediated via the ER.

Affinity for ER

The differential potency and sensitivity of daidzen and
equol to tamoxifen may be due to their relative affinities for
binding to the ER. Thus, we directly assessed the ability of
daidzein and equol to compete with oestradiol for binding to
the oestrogen receptor. Equol was very effective in inhibiting
the binding of >*H-oestradiol to the ER (Figure 6). Equol at a
concentration of 5 x 1077 M produced a 50% inhibition of
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Figure 4. Inhibition of daidzein induced pS2 expression by the

addition of tamoxifen. Cells were plated at a density of 1 x 10°

per well in six-well Costar plates and exposed to either 10°°M

daidzein alone or daidzein plus different concentrations of
tamoxifen for 48 h.
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binding. In contrast, daidzein only slightly inhibited (~ 20%)
oestradiol binding to the ER, even at a concentration of
1075 M.

Interaction with oestradiol

We have previously demonstrated that genistein can act
both as an agonist and antagonist of the ER-dependent
pathway [7]. In the present study we examined the effect of
the addition of either daidzein or equol on oestradiol-stimu-
lated pS2 mRNA expression. The addition of either equol or
daidzein to cell culture along with oestradiol did not result in
an additive response (data not included). On the contrary,
treating MCF-7 cells simultaneously with 107 or 10" M
equol along with 107'°M oestradiol caused a significant
decrease in pS2 mRNA expression (Figure 7). This is similar
to what we had observed with genistein [7]. We also eval-
uated the effect of long-term exposure of cells to either
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Figure 5. Inhibition of equol induced pS2 expression by the
addition of tamoxifen. Cells were plated at a density of 1 x 10°
per well in six-well Costar plates and exposed to equol at dif-
ferent concentrations with or without 10~°>M tamoxifen for

48h.
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Figure 6. Effects of daidzein and equol on the binding of 3H-

oestradiol to the ER. Competitors were added at the indicated
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daidzein or equol on ER mRNA levels (Figure 8). We found
that the steady-state ER mRNA levels were reduced to 25%
of that seen in the untreated cells, similar to what we and
others have observed with oestradiol [7, 23].
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Figure 7. Effect of equol on oestradiol-stimulated pS2 mRNA
expression. MCF-7 cells were incubated with either oestradiol
(10~'°M) alone or oestradiol (10~'°M) with different concen-
trations of equol (107°-10-°M). Total RNA was isolated after
48 h. The relative level of pS2 mRNA expressed is presented
(mean * SE; n =4). Data were analysed using ANOVA and post
hoc comparison using Fisher’s PLSD test. Bars with different
letters were significantly different from each other (P<0.05).
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Figure 8. Effect of long-term treatment with daidzein or equol
on ER mRNA level. MCF-7 cells were treated with either oes-
tradiol (10-1°M), daidzein (10"°M) or equol (10-°*M) for 6
days. The media and the test compounds were changed daily.
RNA was isolated on the seventh day (mean * SE; n=4). Data
were analysed using ANOVA and post hoc comparison using
Fisher’s PLSD test. *Significant difference (7<0.01).
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Effect on cellular proliferation

The biological effects of flavonoids and related poly-
phenolic agents are not mediated through the ER alone.
Antiproliferative effects have been described which may be
mediated through inhibition of protein kinases and topoi-
somerase [24,25]. In addition to a specific end point medi-
ated through interaction with the ER, the effects of daidzein
and equol on cellular proliferation were also examined
(Figure 9). Both daidzein and equol stimulated cellular pro-
liferation in a concentration-dependent manner from 10~° to
107° M.

DISCUSSION

Daidzein, an isoflavone found in high quantity in soybeans,
is recovered in the urine of humans ingesting soy food prod-
ucts. Genistein is the other major isoflavone in soy foods, but
it has been reported that daidzein is the more bioavailable
isoflavone [14]. Daidzein is further metabolised to equol by
the action of intestinal microflora [12,13]. The two com-
pounds are structurally similar to oestradiol and there have
been several reports identifying daidzein and equol as having
oestrogen-like properties [2,26-29]. Published reports indi-
cate that only one-third of the human population is able to
metabolise daidzein to equol [11,12]. Hence, we felt it was
worthwhile to evaluate the individual effects of these isofla-
vones in a well-characterised in vitro system in order to fully
comprehend the physiological significance of being a
‘responder’ versus a ‘non-responder’. Data obtained from the
present study indicate that the flavonoids with very similar
structures may not produce an identical biological response.
It emphasises the point that flavonoids need to be evaluated
on an individual basis.

We compared the two isoflavones daidzein and equol and
our studies demonstrate that equol is approximately 100-fold
more oestrogenic than daidzein in the pS2 mRNA expression
assay; while daidzein at a concentration of 107°M is able to
stimulate increased expression of pS2 mRNA, equol is
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Figure 9. Effect of varying concentrations of oestradiol,

daidzein and equol on the growth of MCF-7 cells. Cells were

cultured in the presence of various concentrations of the

compounds for 5 days. The results (mean*SE; n=4) are

expressed as the growth observed relative to cells grown in the
presence of vehicle alone.
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moderately active even at 10~° M. A similar pattern is evident
in the inhibition experiments carried out in the presence of
tamoxifen. While 107> M tamoxifen was able to abolish the
pS2 response of 107® M daidzein, the same concentration of
tamoxifen was able to achieve a 55% inhibition of pS2
mRNA expression in the case of equol. Again, in the compe-
tition experiments, equol was more effective than daidzein in
displacing >H-oestradiol from binding to the oestrogen
receptor. Thus, there appears to be a correlation between the
ability of the compound to compete for binding to the ER
and its ability to stimulate pS2 expression. Recently, Martin
and associates have also reported that equol was more potent
than daidzein in displacing oestradiol or testosterone binding
to the human sex steroid binding protein [30].

It is interesting that although both daidzein and equol by
themselves exhibit oestrogenic activity, they do not cause an
additive response when added along with oestradiol. Despite
the fact that equol is more potent than daidzein in inducing
pS2 mRNA expression, when added with oestradiol, equol
but not daidzein was able to cause a significant decrease in
pS2 mRNA expression (Figure 7). This is very similar to the
antagonist effect demonstrated by genistein [7]. Thus, it
would suggest that equol is, in fact, more anti-oestrogenic
than daidzein. In a recent study, Cassidy and associates [16]
monitored the effect of a diet rich in isoflavones on the men-
strual cycle of premenopausal women. The results from their
study demonstrated that a high intake of soy protein
increased the length of the follicular phase and/or delayed
menstruation. The midcycle surges of luteinising hormone
and follicle-stimulating hormone were also significantly sup-
pressed during the soy-diet period. The above observations
suggest that the agonist—antagonist effect of the phyto-oes-
trogens present in soy may be responsible for these hormonal
modifications to the cycle. An increase in the menstrual cycle
length reduces the life-time exposure to oestrogens; this as
well as the concomitant lengthening of the follicular phase
would be beneficial in lowering breast cancer risk since the
mitotic activity of the breast tissue is reported to be 4-fold
higher in the luteal phase than during the follicular phase
[31,32]. What is of greater interest in the context of our
findings is the fact that these workers found that equol was
the most effective; two of the women who had the highest
urinary equol excretion showed the largest increase in fol-
licular phase length [12].

Results from our current study indicate that long-term
exposure of MCF-7 cells to either daidzein or equol results in
a significant downregulation of ER mRNA expression
(Figure 8). This implies that in a situation where there is a
chronic exposure to either one of these compounds, there is a
decreased response to oestradiol. However, with short-term
treatment, we found that equol was far more anti-oestrogenic
than daidzein (Figure 7). It has been reported that daidzein
and genistein have a substantially shorter half-life than equol
[33]. Hence, based on our experimental data, one could
hypothesise that in individuals who regularly consume a diet
rich in soy foods, both ‘responders’ and ‘non-responders’
would benefit, since long-term exposure to either agent
would result in the downregulation of ER mRNA. However,
in the case of individuals who consume soy-food products
infrequently, the ‘responders’ would have significantly higher
circulating levels of the more potent anti-oestrogen equol
than the ‘non-responders’. It is not clear what the physiolo-
gical impact of this might be and is worth examining.
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Since the conversion of daidzein to equol occurs by the

action of gut microflora, it has been proposed that the type of
bacteria found in the colon of the ‘responders’ is different
from those of ‘non-responders’. Moreover, it has been repor-
ted that an individual is consistently either a ‘responder’ or
‘non-responder’ [15], suggesting that the reason for this
individual variability may be intrinsic or perhaps even
genetically determined. Hence, it would be worthwhile
examining the relative risk of hormone-dependent cancers
among ‘responders’ and ‘non-responders’ to see if one group
is more susceptible than the other.
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