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Abstract. Phytoestrogens found in clover, alfalfa, and soybeans have caused repro-
ductive toxicity in several mammalian species. Other estrogens, such as diethylstil-
bestrol (DES), are developmental toxicants, reducing uterine estrogen receptor (ER)
concentration, altering uterine growth, and eliciting reproductive tract abnormalities
in the rat. The present study examines the effects of the phytoestrogens coumestrol
and equol on the developing rat uterus. Various doses of these compounds were
injected sc on postnatal days (PND) 1-5 or 1-10 to ascertain their effects on uterine
weight and ER levels, and on PND 10-14 to determine their effects on uterine weight
and gland genesis. Coumestrol (PND 1-5) was about 10~2 as potent as DES in in-
creasing uterine weight (wet or dry) while equol increased dry weight only, with a
potency of 1075 that of DES. Although the 10 and 100 p.g doses of coumestrol (PND
1-5 or 1-10) initially increased uterine wet weight, by PND 20 uterine weights either
equaled or fell significantly below controls. The 100-pg dose of coumestrol (PND 1-5
or 1-10) reduced ER levels at all ages, while the 10-.g dose was not as effective. Equol
(PND 1-5 or 1-10) did not affect ER levels. Premature uterine gland genesis occurred
by PND 9 for the PND 1-5 100-pg coumestrol dose. When given on PND 10-14 (the
critical period of gland genesis), 10 pg and 100 pg of coumestrol and 10 pg DES
greatly increased uterine weight, while no effect was elicited by equol. Although
coumestrol and equol inhibited uterine gland genesis in a dose-dependent manner,
neither abolished gland genesis as did 10 pg of DES or tamoxifen. These data dem-
onstrate that coumestrol elicits uterine biochemical and morphological toxicity much
like DES. Equol decreased uterine gland number without increasing uterine wet
weight or luminal epithelial hypertrophy, which is inconsistent with either an estro-

genic or antiestrogenic action in the uterus.

[P.S.E.B.M. 1995, Vol 208}

hytoestrogens may act as estrogens or antiestro-
gens (1-5, 9, 13) while causing both direct and
indirect toxicological effects (6-8, 10-12) on the
reproductive tracts of mammals. Although the adverse
effects of phytoestrogens on livestock have been stud-
ied since the mid 1940s (14), interest in the possible
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benefits and risks of phytoestrogens in humans has
recently increased (12). Most investigations of the ef-
fects of phytoestrogens on the reproductive tract,
however, have been conducted in the rodent (14, 7-
11, 16-18), where estrogenic potency depends on the
particular phytoestrogen and endpoint. For example,
miroestrol is equipotent to diethylstilbestrol (DES) or
17B-estradiol (E,) (4), coumestrol is 200 times less po-
tent than E, (18), and equol is at least 10°-fold less
potent (17). Coumestrol-induced alterations in the re-
productive tract of neonatally treated mice include
persistent vaginal cornification, hemorrhagic ovarian
follicles, and premature vaginal opening (8, 19). In ma-
ture mice, coumestrol caused decreased ovulation
rates and an increase in embryo degeneration (11).
We have used the neonatal rat to determine estro-
gen effects on the ontogeny of various biochemical and
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morphological parameters. These studies provide a ba-
sis for a comparative assessment of developmental in-
sult to the reproductive tract for both estrogens and
antiestrogens (20-25). Neonatal (postnatal days [PND]
1-5) estrogen exposure causes a slightly premature ap-
pearance of uterine glands but ultimately results in re-
duced uterine gland numbers (20-21). During the pe-
riod of rapid uterine gland development (PND 10-14)
estrogens cause a dose-dependent delay in the appear-
ance of uterine glands (20, 21). This delay in the onset
of uterine gland development may be related to the
maintenance of estrogen-induced luminal epithelium
hypertrophy (25). Antiestrogens also cause substantial
and long-lasting luminal epithelium hypertrophy with
little uterine weight gain. However, antiestrogens are
potent inhibitors of uterine gland genesis (21, 22). Both
estrogens and antiestrogens cause a persistent reduc-
tion in uterine estrogen receptor (ER) levels (22, 26).

In this report, we characterize the effects of
coumestrol and equol on uterine weight gain, luminal
epithelial cell height (LEH), gland genesis, and the
short-term regulation of ER level in neonatal rats. As
well, the persistence of these effects on uterine weight,
ER levels, and glands is examined in older rats follow-
ing neonatal dosing.

Materials and Methods

Animals. Offspring from date-mated Sprague-
Dawley rats from the NCTR breeding colony were
culled according to sex and the females randomly dis-
tributed to dams within 24 hr of birth. Groups of pups
were injected sc, in the middorsal region, on PND 1-5
or 1-10 with various doses of coumestrol or equol in 10
wl of sesame oil. Control animals were untreated. The
animals were sacrificed on PND §, 10, 15, 20, and 25.
The number of animals used at each time point and
treatment group ranged from 21 at PND 5 to three at
PND 25.

Chemicals. Coumestrol and equol were pur-
chased from Spectrum Chemical Mfg. Corp. (Garden,
CA). DES was obtained from Research Plus Steroid
Laboratories, Inc. (Denville, NJ). Tamoxifen (TAM)
was a gift from Stuart Pharmaceuticals (Wilmington,
DE). [*H]-E, (sp act 92-115 Ci/mmol) was purchased
from Dupont NEN Products (Boston, MA). All other
chemicals were laboratory grade.

Uterotropic Dose-Response. Pups were in-
jected daily on PND 1-5 with 0.001, 0.01, 0.1, 10, or
100 wg DES; 0.01, 0.1, 1, 10, 50, 100, or 1000 ng
coumestrol; or 1, 10, 100, or 1000 pg equol. On PND §,
the pups were weighed and kilied by cervical disloca-
tion after being lightly anesthetized with ether. The
uteri were removed, weighed, placed on preweighed
squares of aluminum foil, dried overnight at 70°C, and
then reweighed.

ER Time Course. Pups were injected on PND 1-5

or 1-10 with 10 or 100 ug coumestrol or 100 ng equol.
One hour before sacrifice, all animals were injected
with 10 ng DES to maximize ER binding in the nuclear
fraction and thus avoid confounding of results due to
alpha-fetoprotein contamination (27). Following sacri-
fice, the uteri were pooled and then homogenized in
cold TE buffer (10 mM Tris, 1.5 mM EDTA, pH 7.4) at
a concentration of 30 mg tissue/ml of buffer. The ho-
mogenates were processed as described previously
with nuclear ER levels being determined by the [*H]-
E, exchange assay (24).

Uterine Gland Genesis. Time course study. Pups
were injected on PND 1-5 with 10 or 100 pg coume-
strol or equol. They were sacrificed at PND 5, 9, 26,
and 60 for comparison of effects with those reported
previously for E,, DES, and TAM (20-22). Uteri were
carefully removed, stripped of connecting mesentery,
and fixed in 10% neutral buffered formalin. They were
processed using standard histological procedures,
stained with hematoxylin and eosin, and sectioned at 4
pm. At least six sections per animal were scored for
uterine glands and measurements of LEH (295).

Dose-response study. Control pups and those
given 1, 10, or 100 pg of coumestrol; 10, 100, or 1000
g of equol; or 10 pg of DES or tamoxifen were in-
jected on PND 10-14. They were sacrificed on PND 14
and treated as described above.

Statistics. Statistical analyses were done using a
two-way ANOVA and are presented as means = SEM
with a level of significance of P < 0.05 (significance
was determined by Duncan’s multiple range test).

Results

Following dosing on PND 1-5 and evaluation on
PND 5 the uterine wet weight dose-response curves
for DES and coumestrol were parallel (Fig. 1A). There
was a slight but not significant uterine wet weight gain
at the highest dose of equol. DES was about 4 x 10?-
fold more potent than coumestrol. Uterine dry weight
dose-response curves for DES, coumestrol, and equol
were all parallel in the ascending part of the curves
(Fig. 1B). Equol induced a significant dry weight in-
crease only at the highest dose with a potency about
1077 of that for DES. For dry weight, DES was about
3 x 103-fold more potent than coumestrol. Thus,
coumestrol was about 8-fold more potent for wet
weight gain than dry weight gain relative to DES.

Based on the dose-response curves, phytoestro-
gen doses were chosen for ontogeny studies after neo-
natal dosing. Again, both 10 g and 100 pg coumestrol
doses elicited significant uterine weight gain on PND 5
(Fig. 2A). By PND 10, only the 100 wg coumestrol
dose group still showed increased uterine weight. At
PND 10, 20, and 25 for the 10 pg coumestrol group,
and PND 20 and 25 for the 100 g coumestrol and
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Figure 1. Uterine weight dose-response in rat pups either un-
treated or injected on PND 1-5 with DES (@), coumestrol (A), or
equol (O) and sacrificed on PND 5. (A) Uterine wet weight; (B)
Uterine dry weight. Shaded area represents the untreated means
+ SEM. The data are present as means = SEM with n = 7.
Asterisks indicate significant differences at P < 0.05.

equol groups, uterine weights were significantly lower
than controls. Ten days of treatment (PND 1-10) sig-
nificantly increased uterine weight in the 10 and 100 pg
coumestrol dose groups (Fig. 2B). However, by PND
15, the 10 pg equol and coumestrol groups had uterine
weights significantly lower than controls, while rats
given 100 pg coumestrol had uterine weights signifi-
cantly greater than controls. By PND 20, no differ-
ences were seen in any group, whereas by PND 25
uterine weights in the 100 pg coumestrol group were
significantly lower than controls.

There was no effect of 100 g equol at ages up to
PND 25 on uterine ER levels when given on PND 1-5
(Fig. 3A). After 5 days of coumestrol treatment (Fig.
3A), the 100 pg dose reduced the ER level to 60% of
controls. By PND 10, ER levels decreased even fur-
ther, to 15%-20% of controls. Subsequently, ER levels
remained 40%-70% below controls (Fig. 3A). The 10
pg dose of coumestrol caused a significant ER reduc-
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Figure 2. Uterine weight in untreated rat pups (#8) or pups
injected neonatally with 100 pg equo! (E2), 10 pg coumestrol
(£3), or 100 ng coumestrol (A ) and sacrificed on PND 5, 10,
15, 20, and 25. (A) Pups were injected on PND 1-5; (B) Pups were
injected on PND 1-10. The data are presented as means + SEM
with a n = 18. *Significant difference at P < 0.05.

tion on PND 10, 15, and 25. After 10 days of exposure
(PND 1-10), 100 pg equol reduced ER significantly,
but at later ages, ER remained at control levels (Fig.
3B). By contrast, both coumestrol doses severely re-
duced the ER levels to 20%-40% of controls on PND
10 (Fig. 3B). At later ages, the ER level in the 10 pg
coumestrol dose group progressively increased, until
by PND 20-25 it was not different from controls. In
rats given 100 ng coumestrol, the ER level remained at
20% of control on PND 15 after which it increased with
time to a value about two thirds of controls.
Following PND 1-5 dosing, no uterine glands were
observed at PND 5 in either the controls or any treated
pups (Table I). Equol treatment had no effect on gland
number at any age. However, at PND 9, there was a
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Figure 3. Uterine ER levels in nontreated rat pups (=) or pups
injected neonatally with 100 png equol (g2 ), 10 pg coumestrol
(=), or 100 ng coumestrol (=) and assayed on PND 5, 10,
15, 20, and 25. (A) Pups were injected on PND 1-5; (B) Pups were
injected on PND 1-10. The data are presented as means + SEM
with a n = 3. *Significant difference at P < 0.05.

significant increase in glands at the 100 pg coumestrol
dose (Table I). By PND 26, the gland numbers for all
treatments were essentially the same as the controls
(Table I). While gland numbers increased from PND
26 to PND 60, there were no significant differences
between any of the groups. LEH was elevated only on
PND 5 in the high-dose coumestrol group.

After PND 10-14 treatment, only the 10 and 100
pg doses of coumestrol significantly increased uterine
weight (Fig. 4A). While the antiestrogen TAM in-
creased uterine weight slightly but significantly at the
10 pg dose, the same dose of DES tripled uterine
weight (Fig. 4A). Both coumestrol and equol caused a
reduction in gland number, and the equol effect was
dose dependent (Fig. 4B). Coumestrol appeared to be
10-100 times more potent than equol with respect to
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inhibition of gland genesis, although the maximum re-
duction (to 25% of controls) was the same for both
compounds (Fig. 4B). Both the 10 pg TAM and DES
doses dramatically reduced gland genesis. With the
exception of TAM, the effect of all treatments on LEH
was very similar to that seen for uterine weight (Fig. 4
A and C). The 10 pg TAM dose increased LEH as
much as the 10 pg DES dose. No dose of equol in-
creased LEH (Fig. 4C). The 10 and 100 pg doses of
coumestrol increased LEH to double the control
value, although both were significantly lower than
TAM or DES (Fig. 4C).

Discussion

The data reported here demonstrate that the phy-
toestrogen coumestrol is estrogenic when examined at
several ages during the postnatal development of the
rat, using uterine growth and morphological and bio-
chemical endpoints. By contrast, equol demonstrated
characteristics inconsistent with any estrogen or anti-
estrogen previously studied in this system (20-25).

In immature rats, the uterotrophic potency of
coumestrol and equol compared with E, or DES is
0.5% and 0.1%, respectively (17, 18). We have exam-
ined a variety of estrogens and antiestrogens with re-
spect to uterine weight gain following treatment on
PND 1-5 (20-24). Our wet weight data are in general
agreement with the estimated potency of coumestrol
but not equol in immature animals. If the difference in
uterotrophic potency between coumestrol and equol is
the same in neonates as in immature rats, then at the
100 pg/pup dose, we would have expected an average
uterine weight of 9 mg instead of the actual value of 5
mg. We can estimate equol potency for uterine growth
by using dry weight data, which suggests a potency
that is 30-fold less than coumestrol or about 10~ 3-fold
less than DES. The former should be compared with
the 5-fold lower potency of equol in immature rats (17,
18). These findings demonstrate an age-dependent al-
teration in relative equol potency. Pharmacokinetic
differences between the neonatal and the immature rat
(i.e., changes in metabolism and/or in excretion path-
ways) might explain this finding.

Comparison of parallel segments of the dose-
response curves for wet and dry weight for coumestrol
and DES shows that coumestrol is about 8-fold less
potent than DES in causing dry weight gain compared
with wet weight gain. Thus, wet and dry uterine
weights give different estimates of relative potency for
both coumestrol and equol.

Following PND 1-5 treatment, we observed a
small but significant decrease in uterine weight on
PND 20 and 25 with both coumestrol and equol. A
similar effect has been previously reported for other
neonatally administered estrogens (20). For this de-
layed estrogenic effect, equol appears to be about 10-



Table I. Effect of Treatment on PND 1-5 with Equol or Coumestrol on Uterine Glands and LEH

5 9

26 60

Glands/
section

Glands/
section

Treatment LEH

LEH

Glands/
section

Glands/

. LEH
section

LEH

Control 0.00
100 p.g equol 0.00
100 pg

coumestrol 0.00

12.56 = 0.82 0.00
14.43 £ 0.31 0.00

30.52 + 1.36° 1.67 £ 0.34%

23.11 = 0.39
23.86 + 0.40

24.24 = 1.00

6.39 = 0.42
7.35+0.74

18.29 + 1.82
21.89 + 4.00

156.52 + 1.48
15.67 = 0.46

444 ~ 0.21
3.61+0.34

387 +049 1236+044 575x092 21.86=6.48

2 Significantly greater than control.

fold less potent than coumestrol (compare 10 pg
coumestrol with 100 pg equol; Fig. 2A). The decrease
in uterine weight may be due to an alteration in the
hypothalamo-hypophyseal-ovarian axis resulting in
lowered estrogen secretion (28). Alternatively, the
uterine weight reduction might be due to reduced re-
sponsiveness to estrogens since earlier work has
shown that rats treated with DES on PND 1-5, ovari-
ectomized and then implanted with an E, implant for a
week gave only a 70% uterine weight response com-
pared with the control response. This implies a persis-
tent impairment of uterine responsiveness by the neo-
natal DES treatment.

The coumestrol data imply that coumestrol has a
longer half-life than equol or DES. The pattern of uter-
ine weight gain and loss for the 100 pg coumestrol dose
differed from that reported earlier for 10 ng DES in
which there was a 3-fold increase over controls on
PND 5 which dropped by approximately 50% on PND
10 and was significantly lower than controls on PND
15 (20). The 100 wg coumestrol effect was more per-
sistent than DES in that normalized uterine weight at
PND 10 was the same as on PND 5. Perhaps coume-
strol is removed more slowly than DES due to meta-
bolic differences, retention in fat depots, or other
pharmacokinetic differences.

PND 1-10 treatment was less sensitive than PND
1-5 in eliciting later uterine weight reduction. This ap-
parent lowered responsiveness of the PND 1-10 dos-
ing schedule compared with PND 1-5 may be due to
the fact that on PND 25, examination is 20 days post-
dosing in the 5-day regimen, while it is 15 days post-
dosing for the PND 1-10 schedule.

The effect of equol on PND 1-5 in subsequently
lowering uterine weight on PND 20 and 25 is not re-
flected in lowered ER levels. Coumestrol, however,
elicited dose-dependent, persistent decreases in uter-
ine ER. This decrease is not due to the uterine weight
loss, per se, since the same weight of control or treated
tissue (30 mg/ml) is used in the ER assay. On PND
1-10, coumestrol again induced a dose-dependent,
persistent decrease in ER, while a late uterine weight
decrease was seen only on PND 25 in the high-dose
coumestrol group. Thus, ER reduction appears to be a
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Figure 4. Dose-response for normalized uterine weight (A),
gland number (B), and luminal epithelial cell height (LEH) (C) in
rat pups injected on PND 10-14 and sacrificed on PND 14. Treat-
ments included untreated controls; 10, 100, or 1000 pg/pup of
equol, 1, 10, or 100 ng/pup of coumestrol or 10 ng/pup of ta-
moxifen or DES. The data are presented as means * SEM with
a n = 7. Values with different letters are statistically different
from each other at P < 0.05.
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more sensitive measure of early coumestrol exposure
than is uterine weight reduction.

Coumestrol given on PND 1-5 induced an increase
in uterine LEH and premature gland genesis, but had
no effect on later gland levels. Equol was without ef-
fect. Potent estrogens such as E,, DES, and ethy-
nylestradiol induce premature gland genesis but long-
term gland numbers are lowered (21, 25). In this study,
controls showed the same ontogenic pattern of LEH
and gland number as previously reported (25).

Dosing with estrogens and antiestrogens during
the critical period of gland genesis (PND 10-14) has a
more profound effect on inhibition of gland develop-
ment than dosing on PND 1-5, a period prior to gland
appearance (22, 25). However, antiestrogens, such as
TAM, and estrogens, such as DES, have distinctly
different properties during this period of development.
While DES greatly increases uterine weight, TAM
only slightly increases it. Both inhibit gland appear-
ance and increase LEH. These effects were replicated
when TAM and DES were used as positive controls in
this study. Coumestrol behaved like an estrogen, in-
creasing uterine weight and LEH, and inhibiting gland
appearance. Equol, however, had no effect on uterine
weight or LEH, but inhibited gland appearance in a
dose-dependent manner. Equol appears about 100-fold
less potent than coumestrol for this endpoint. Thus
equol shows a different pattern of effects on the de-
veloping uterus during PND 10-14 than either estro-
gens or antiestrogens. This finding is consistent with
the earlier described effect of equol following treat-
ment on PND 1-5 in increasing uterine dry weight but
not wet weight, and having a persistent effect on uter-
ine weight out to PND 25, without lowering ER levels
during the same developmental period. Coumestrol,
on the other hand, behaves like DES in the types of
effects observed. These effects could be explained by
different levels of sensitivity to estrogens for different
endpoints.

It is unclear why equol shows a pattern of effects
during development that are different from estrogens
or antiestrogens. Earlier studies on equol suggested
that it is an estrogen, albeit a weak one (17). Possibil-
ities for such a different pattern for equol include dis-
sociation of noncausally linked estrogen-regulated
events (i.e., wet weight from dry weight [29]), an ad-
ditional mechanism of toxicity beyond its weak estro-
genic activity, an additional site of action (i.e., at a
different cell type, tissue, or receptor) or pharmacoki-
netic and/or metabolic differences leading to altered
pharmacodynamics.

This study has demonstrated the developmental
potency and toxicity of the phytoestrogens, coume-
strol, and equol. Coumestrol exhibits properties found
with estrogens generally, while equol possesses a pat-
tern of developmental outcomes that is not shared by
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either estrogens or antiestrogens. The findings with
equol require more detailed studies of its pharmaco-
logical and toxicological properties to understand its
mechanism of action.
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