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Abstract
There is now considerable interest in the intestinally derived soy isoflavone metabolite, equol,
which occurs in the enantiomeric forms, S-(−)equol and R-(+)equol, both differing in biological
actions. Little is known about effects of either enantiomer on reproductive development, yet such
knowledge is fundamental because of the recent commercialization of S-(−)equol as a dietary
supplement. S-(−)equol and R-(+)equol were therefore investigated to determine their effects on
reproductive development and fertility in the Sprague–Dawley rat. Neither enantiomer affected
fertility, number of litters produced, number of pups per litter, number of male and female pups
born, birth weight, anogenital distance, testicular descent or vaginal opening. Histological analysis
showed no major abnormalities in ovary, testis, prostate or seminal vesicle tissue with dietary
exposure to S-(−)equol or R-(+)equol, but both enantiomers triggered hyperplasia of uterine tissue.
With R-(+)equol this stimulatory effect subsided after exposure was discontinued, but the effect of
S-(−)equol was prolonged.
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1. Introduction
For more than two decades, soy and its constituent isoflavones have been associated with
reduced risk of cancer, coronary vascular disease, osteoporosis and pathologies related to
menopause and ageing [1,2]. More recently, the focus of research on isoflavones has shifted
to the intestinally derived soy isoflavone metabolite [3–7], S-(−)equol, which is not
produced by all adults consuming soy foods or isoflavones. Interest in equol was stimulated
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by the hypothesis that soy foods may have significantly greater efficacy in those people who
are able to produce equol [3,8,9]. This represents only 20–30% of the adult Western
population and 50–60% of the Asian population [5,6,10]. Differential effects between equol-
producers and non-producers in dietary intervention studies of soy foods or isoflavone
supplements have been reported in a number, although not all studies, with the former sub-
group showing more favorable effects on bone density and bone markers [11–15] on breast
density, a risk marker for breast cancer [16], on menopausal symptoms [17], on reducing
serum LDL-cholesterol, and on improving endothelial function [18,19] and lowering blood
pressure [18]. Case–control and epidemiological studies have also found that equol-
producers have a reduced risk for prostate cancer when compared with non-equol producers
[20–22] which may be explained by the anti-androgen effects of equol in binding
dihydrotestosterone [23]. Such differences are perhaps not surprising because differential
effects have been observed at the molecular level with significant differences between
equol-producers and non-producers demonstrated for effects on gene expression of a number
of estrogen-responsive genes in isolated fibroblasts from postmenopausal women
administered a soy isoflavone supplement [24].

Equol has significantly greater biological activity than its precursor daidzein/daidzin [3,4,7],
one of the predominant isoflavones in soy products [25,26]. Furthermore, it is unique in
having a chiral carbon at position C-3 of the furan ring which results in two distinct
enantiomeric forms, S-(−)equol and R-(+)equol (Fig. 1) [7], that differ significantly in their
conformational structure and binding affinities for estrogen receptors [3,27–30].

Our development of a large-scale asymmetric chemical synthesis of enantiomeric pure S-
(−)equol and R-(+)equol [31] was a major breakthrough that permitted, for the first time,
animal studies investigating the chemopreventive properties of both enantiomers [32,33].
The soy isoflavones daidzein and genistein and the intestinally derived metabolite S-
(−)equol all readily cross the placenta [34–36] and are secreted in mammalian milk [37]. In
the 1940s, equol was discovered to be the cause of endometriosis and infertility in sheep
grazing on isoflavone-rich clovers [38]. This condition, referred to as Clover disease was the
result of chronic exposure to massive doses of isoflavones that were metabolized to S-
(−)equol by rumenal bacteria. In view of the commercialization of S-(−)equol as a dietary
supplement [39,40], and its development as a pharmaceutical for hormone-dependent
conditions [41], it is important to gain as much information about its potential toxicity,
particularly with regard to reproductive development. There is a paucity of data on the
reproductive toxicology of S-(−)equol [32,42–44]. We now describe for the first time a
comparison of the effects of dietary exposure to S-(−)equol or R-(+)equol during pregnancy
and lactation, a period of fetal sensitivity to estrogenic compounds when development of
reproductive tissues in male and female pups occur. While S-(−)equol is the natural
enantiomer, the opportunity to study R-(+)equol, which we have shown is chemopreventive
in the breast [32,33], permitted the novel comparison of the effects of two essentially
identical molecules that differ significantly in their binding affinities for ERs.

2. Materials and methods
2.1. Animals

Sprague–Dawley rats, 50–60 days old, were purchased from Charles River Breeding
Laboratories (Raleigh, North Carolina) and bred in house to obtain pups that had never been
exposed to soy. All rats were housed in an AAALAC-accredited facility that met the Animal
Welfare Act requirements, and the study protocol [5B09057] was approved by the
Children’s Hospital Research Foundation’s Animal Use Committee.
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2.2. Chemicals and supplies
S-(−)equol and R-(+)equol were synthesized using chiral chemistry by a patented
methodology [31]. The chemical structure and purity of both equol enantiomers were
confirmed by NMR and chiral HPLC–MS analysis. All chemicals and reagents were
purchased from Sigma Chemicals (St. Louis, MO) unless otherwise specified. The 10%
neutral buffered formalin was obtained from Fisher Scientific, Pittsburgh, PA. Isoflurane
“Iso Flo” was obtained from Abbott Laboratories (Abbott Park, IL). Harris Hematoxylin
stain was obtained from Polyscientific (Bay Shore, NY), and Eosin-Y Alcoholic stain from
Thermo Scientific (Waltham, MA). The Periodic Acid-Schiff (PAS) stain was obtained from
DAKO (Glostrup, Denmark).

2.3. Animal diets
The AIN-93G soy-free/isoflavone-free diet was purchased from Dyets Inc. (Bethlehem, PA)
for use as a control diet. Treatment animals were fed AIN-93G diets containing S-(−)equol
or R-(+)equol to a content of 250 mg equol enantiomer/kg diet also prepared by Dyets Inc.
The equol composition of each batch was confirmed prior to use by a chiral HPLC method
previously published [31].

2.4. Study design
Twenty-seven female Sprague–Dawley rats reared in house on a soy free diet, were
randomly assigned to one of 3 groups, 9 rats/group, fed the AIN-93G control diet or
AIN-93G containing 250 mg/kg S-(−)equol or R-(+)equol beginning 10 days prior to
breeding, and continuing until pups were weaned at 21-days of age. Proven male Sprague–
Dawley breeders were housed with the females, 1 male to 1 female/cage for 10 days, which
allowed 2 estrus cycles for possible pregnancy to occur. All animals were housed in
polycarbonate cages with hardwood (maple) chips. The number of dams producing litters
and the total number of offspring was recorded. Within the first 24 h pups were weighed,
sexed (noting the number of male and female pups per litter), and the anogenital distance
recorded for all litters with the exception of 1 control litter of 4 male and 6 female pups
where this information was not obtained. Once this information was recorded, larger litters
were reduced to 10 pups, with equal numbers of males and females when possible. Pups
were weighed weekly until sacrifice with CO2 inhalation at PND-21, 22 or 50.

A separate group of pups were reared and exposed as described and blood collected via
cardiac stick at 21 days of age while they were under isoflurane anesthesia, then they were
sacrificed by CO2 inhalation. Litter mates had equol exposure stopped at day 21 and were
placed on a soy free AIN93G diet and sacrificed as described at day 35. The blood was
allowed to sit for approximately 3 h, centrifuged at 3000 rpm for 10 min and the serum
removed and stored at −20 °C until analyzed by GC–MS as described previously [33].

2.4.1. Females—Ten female pups/group (from a minimum of 4 litters) were sacrificed on
PND-21. The remaining female pups (minimum 8 rats/group from 4 litters) were placed on
the control diet on PND-21 and checked daily for vaginal opening. Beginning at 40–42 days
of age the estrus cycle was monitored by daily vaginal lavage, using cytological criteria
described by Schedin et al. [45], for a minimum of one full estrus cycle and rats were
sacrificed during diestrus near day 50. At sacrifice the uterus, vagina, and ovaries were
cleared of fat, and removed. The uterus and vagina were left intact and wet weight taken
immediately then all tissues were placed in 10% neutral buffered formalin.

2.4.2. Males—All male pups were weaned at 22 days of age and placed on the control diet;
they were monitored for testis descent beginning on PND-21. Ten male pups/group (from a
minimum of 4 litters/group) were sacrificed on PND-22, and the remaining males, 10/group
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from a minimum of 4 litters/group, were sacrificed on PND 50. For rats sacrificed at 22 and
50 days, testis, epididymus, ventral (VP) and dorso-lateral (DLP) prostate, and seminal
vesicles (SV) were removed. For 22-day old males, DLP and SV were left intact to avoid
tissue damage during dissection. Each testis was weighed immediately after dissection and
all tissues fixed in 10% neutral buffered formalin.

2.4.3. Histological preparation—All tissues were fixed for a minimum of 4 days,
processed, and embedded in paraffin. Ovaries were serially sectioned at 5 μm, retaining the
1st tissue section and every 10th section thereafter. For all other tissues, 5 μm mid-sagittal
sections were taken. Testes and epididymus were stained with PAS and hematoxylin; other
tissue sections were stained with hematoxylin and eosin.

2.4.4. Statistical methods—Analysis of variance (AOV) was performed to compare
mean values of different end-points among three diets (AIN-93G, S-(−)equol, R-(+)equol)
for female and male rates at days 21, 22 (males), and 50. For uterine and testes analyses,
repeated measurements of each parameter were analyzed. Post hoc t-tests were performed,
and were adjusted for multiple comparisons by Tukey’s method. For the analyses of stromal
infiltration, the number of affected areas were categorized into two groups (<6 ≥6
infiltrates). Logistic regressions were performed and odds ratios were calculated, comparing
the odds of acini counts <6 to ≥6 for the S-(−) equol diet to the control diet, and the R-(+)
equol diet to the control diet. Separate analyses were performed to analyze stromal
infiltration grading for ventral prostate at days 22 and 50 and dorso-lateral prostate at day
50. A p-value <0.05 was used to judge statistical significance. The analysis was performed
using SAS for Windows, version 9.2, SAS Institute, Cary NC.

3. Tissue analysis
3.1. Females

3.1.1. Ovaries—The ovaries of 8 animals/group for 21 and 50-day old rats were evaluated
in a blinded fashion. Follicles were classified as healthy or atretic, and according to the stage
of development–primordial, primary, secondary, antral, preovulatory, or corpora leutea as
appropriate, using criteria described by Hsueh et al. [46].

3.1.2. Uterine tissue and estrous cycle—Uterine sections from 8 to 10 animals/group
were blinded and evaluated for 21 and 50-day old rats. When possible mid-sagittal sections
from both horns were evaluated; if this could not be obtained in a single slide, a mid-sagittal
section from one horn was used. Cell, compartment, and gland parameters were determined
using Image J software (available from NIH). To measure luminal epithelial cell height,
photomicrographs were taken of 4 fields (400×), and 5 luminal epithelial cells were
measured/field. To measure stromal and myometrium thickness, photomicrographs were
taken of both sides of the lumen at any one location, since at optimal magnification the
screen field did not span the entire uterine horn width. These paired pictures were at 100×
for 21-day old rats, and at 40× for 50-day old rats, and 5 measurements were taken of both
stroma and myometrium in each picture. The number of uterine glands and uterine gland
circumference was measured in 4 photomicrographs (200×), measuring up to 5 glands per
picture.

The estrus cycle was monitored on control (n = 7), S-(−)equol (n = 12) and R-(+)equol (n =
12) rats beginning days 40–42 and lavages were taken through one complete cycle until the
beginning of the next cycle.
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3.2. Males
3.2.1. Testes—To determine the degree of sperm maturation, testis sections from a
minimum of 9 animals/group were evaluated in a blinded fashion. Testis sections from 22-
day old rats were examined for spermatocytes through the pachytene stage. Testis sections
from 50-day old rats were examined for the presence of spermatogonia, spermatocyte, and
spermatid stages, as described previously [47,48]. Also, seminiferous tubule diameter was
measured in 5 of the most circular tubules near the outside edge of the structure. To measure
tubule diameter, photomicrographs were taken at 200× and 100× for 22 and 50-day sections,
respectively, and measurements were completed using the Image J software. For tubules that
were slightly oblong, the diameter was taken across the narrower dimension.

3.2.2. Epididymus—The epididymal caput and cauda regions from 10 animals from
AIN-93G control, S-(−)equol, and R-(+)equol fed groups were examined at PND-50 for the
presence of mature sperm, and the apical surface of tubule epithelium for stereocilia.

3.2.3. Ventral prostate—Ventral prostate tissue sections from 10 rats/group for 22-and
50-day old animals were blinded and evaluated for abnormal histology by a licensed
pathologist assisted by a research technician. The extent of flattened acinar epithelium,
leucocyte stromal infiltration and the number of acini having flattened epithelium was
determined for the entire VP tissue section. Additionally, thirty areas of the stroma – defined
as the space between 2 or 3 acini (depending on acinar arrangement) – throughout the entire
tissue section were evaluated to determine the mean severity grade for leucocyte infiltration,
defined as grade 1, 2, or 3 (Grade 1 = 0–5, Grade 2 = 6–10, and Grade 3 = 11 or more
cellular infiltrates present). Sections where acini were too tightly associated to see stroma or
where the space between acini was so large that it was impossible to designate “areas” were
by-passed.

3.2.4. Dorsolateral prostate—Dorsolateral prostate sections from 8 to 10 rats/group of
22 and 50-day old animals were examined for histological differences between groups,
focusing particularly on the number of areas that had acini with flattened epithelium and
indications of stromal infiltration by leukocytes. The analysis of the dorsolateral prostate
was completed as described above for the 22-day old and 50-day old ventral prostate
sections.

3.2.5. Seminal vesicles and coagulating gland—Seminal vesicles sections from 10
AIN-93G control, S-(−)equol, and R-(+)equol fed pups/groups were examined at 22 and 50-
days of age. Measurements were taken of 5 major septa that extended into the lumen of the
seminal vesicle utilizing photomicrographs as described above. Histological evaluation
included the size of acini, epithelial cell height, cell shape and nuclear placement, lumen
size, shape and the presence of eosinophilic secretions, presence of leucocyte infiltration and
the extent of surrounding musculature [49].

4. Results
4.1. Breeding

There were 8 successful pregnancies/group for the 9 females that were bred/group resulting
in 102, 96 and 105 pups born to the control, S-(−)equol, and R-(+)equol groups,
respectively. The ninth control dam became pregnant and she birthed 3 live and 1 dead pup;
however within 24 h she cannibalized 2 of the living pups, and upon her sacrifice, it was
discovered that she was reabsorbing about 10 fetuses. No sex, weight or anogenital distance
data was collected from this litter. One S-(−)equol-fed dam cannibalized 3 of her pups for
unknown reasons. One S-(−)equol-fed dam, near the end of her pregnancy, jumped from the
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cage during weekly weighing and fell about 4 feet hitting the floor. Shortly thereafter, she
delivered 12 pups, 3 were dead, 3 were immediately sacrificed due to their bruised condition
and of the remaining pups, 4 were sacrificed, fixed in formalin and submitted to a
pathologist for histological examination. The pathologist reported that no histopathological
or gross abnormalities could be detected in these pups. In summary, there were no
significant differences in the number of dams that conceived pups, the total number of pups/
dam, or the numbers and ratio of males/females among the 3 groups (Table 1).

4.2. Pup birth weights and anogenital distances
Table 2 summarizes birth weight and anogenital distance data for all pups from control (n =
7), S-(−)equol (n = 7) and R-(+)equol (n = 8) treated litters. Male and female pups born to S-
(−)equol-fed dams were significantly heavier (p = 0.008 and p = 0.004), respectively, than
those born to control animals. They also had significantly longer absolute anogenital
distances for males (p = 0.010) and females (p = 0.011) than the pups from the control
group, however this significance was lost when the anogenital distance was normalized for
birth weight. Comparing the two treatment groups, both male and female S-(−)equol
exposed pups were significantly heavier than R-(+)equol exposed pups (p = 0.002 and p =
0.001) respectively, yet there were no differences in either absolute anogenital distance
length or anogenital distance normalized for body weight between the enantiomers.

4.3. Testes descent, vaginal opening and estrus cycle
Testis descent in the rat normally occurs on or about day 21 [50] and was not affected by
dietary exposure to either equol enantiomer (Table 3). The average age of vaginal opening
was 33 days for female pups of all 3 groups, which falls in the normal pubertal age range,
32–38 days [51], and there were no differences among the groups.

The estrus cycle lengths means ± SD were 4.1 ± 0.4 days, 4.3 ± 0.6 days and 4.0 ± 0.5 days
for control, S-(−)equol and R-(+)equol, respectively. There were no significant differences
between the control and the treatment groups in cycle length or stages and all treated
animals cycled.

4.4. Equol concentration and body weight at sacrifice
The concentrations (mean ± SEM) of S-(−)equol and R(+)equol in the blood of 21 day old
nursing pups was 203.7 ± 2.2 ng/mL and 187.5 ± 2.4 ng/mL, respectively. Once dietary
exposure was discontinued, blood levels of both enantiomer dropped quickly and at 35 of
age the levels of S-(−)equol and R(+)equol were at baseline values.

The mean body weight (±SD) for 21-day old female pups at time of sacrifice was 49.4 ± 3.6
g, 47.8 ± 3.8 g, and 49.8 ± 3.8 g for control, S-(−)equol, and R-(+)equol fed groups,
respectively. The mean body weight (±SD) for 50-day old female pups at time of sacrifice
was 201.0 ± 15.8 g, 188.1 ± 19.3 g, and 196.9 ± 14.6 g for control, S-(−)equol, and R-
(+)equol fed groups, respectively. There were no significant differences in the sacrifice
weights for 21-day old or 50-day old female pups comparing the 3 groups.

The mean body weight (±SD) for 22-day old male pups at time of sacrifice was 51.8 ± 2.1 g,
52.3 ± 8.2 g, and 57.3 ± 5.0 g for control, S-(−)equol, and R-(+)equol groups, respectively.
R-(+)equol pups were significantly heavier than the AIN-93G fed controls (p = 0.005). The
mean body weight (±SD) for 50-day old male pups at time of sacrifice was 276.3 ± 20.8 g,
277.2 ± 15.0 g, and 273.8 ± 31.1 g for control, S-(−)equol, and R-(+)equol fed groups,
respectively, and these differences were not significant.
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4.5. Female toxicology
4.5.1. Ovaries—The results of histological analysis of the PND-21 and 50 ovaries are
summarized in Table 3. The ovaries from 21-day old R-(+)equol fed rats had greater
numbers of healthy antral follicles than those fed either AIN-93G (p = 0.04), or S-(−)equol
(p = 0.02). There were no differences among the groups in the numbers of atretic follicles in
ovaries from 21-day old pups. In 50-day old ovaries of animals fed R-(+)equol there was a
marginal increase (p = 0.052) in the number of primordial follicles compared with controls
but again there were no significant differences in numbers of atretic follicles.

4.5.2. Uterus—Uterine weights (mean ± SD) from 21-day old pups (n = 10/group) were
55.9 ± 14.8, 61.3 ± 7.6, and 65.5 ± 8.3 mg for control, S-(−)equol and R-(+)equol fed
groups, respectively. Both the absolute uterine weight and uterine weight adjusted for body
weight of R-(+)equol exposed pups was significantly greater than that of control pups (p =
0.005 and p = 0.02, respectively). A significant difference was evident for S-(−)equol treated
pups only when uterine weight was adjusted for body weight (p = 0.005). Uterine weights
(mean ± SD) for 50-day old rats (n = 8/group) were 441.5 ± 21.6, 464.6 ± 26.0, and 450.8 ±
24.4 mg for control, S-(−)equol and R-(+)equol fed animals, respectively. There were no
differences for either treatment group when absolute weight was compared to controls, and
only a modest indication of S-(−)equol treated rats continuing to have greater uterine weight
(p = 0.04) when adjusted for body weight.

The findings from the histological analysis of the 21-day and 50-day uteri are summarized in
Table 4 and show that S-(−)equol and R-(+)equol both stimulate the uterus, producing
significant stromal thickening (p < 0.0001) by PND-21. Once treatment was discontinued
(PND-21), the effect of both enantiomers on the uterus continued through PND-50, but was
less pronounced for R-(+)equol (p = 0.04) than for S-(−)equol (p < 0.0006) fed animals.
There was also an increase in the thickness of the myometrial compartment in only the R-
(+)equol fed animals. At PND-21 (p = < 0.00001), this was very significant, but once
exposure to R-(+)equol was discontinued the effect began to subside, so that by PND-50 the
myometrial compartment thickness was significantly less at a p value = 0.01 compared to
the controls. R-(+)equol exposure led to a transient increase in luminal epithelial cell height
at PND-21 compared to control tissue (p = 0.02) this difference disappeared by PND-50. S-
(−)equol exposed rats did not show the same early response in luminal cell height
(PND-21), but a significant increase was observed at PND-50 (p = 0.004). A slight decrease
in uterine gland count was observed only for S-(−)equol, and seen only at the end of
treatment (PND-21) and did not continue on to day 50. Both S-(−)equol (p > 0.001) and R-
(+)equol (p > 0.01) fed animals had greater gland circumference than controls with early
exposure to the enantiomers, but this difference was not evident later after discontinuing
exposure.

4.6. Male toxicology
4.6.1. Testes—Testis weights (mean ± SD) from 22-day old pups were 133.3 ± 16.4,
129.1 ± 23.7, and 151.9 ± 20.1 mg for control, S-(−)equol and R-(+)equol fed groups
respectively, and the testis weight of R-(+)equol exposed pups was significantly greater than
that of control (p = 0.003), or S-(−)equol (p = 0.002) pups. However, when adjusted for
body weight there were no significant differences among the groups. Testis weights for 50-
day old pups were 1.297 ± 0.1, 1.286 ± 0.06, and 1.231 ± 0.10 g for control, S-(−)equol and
R-(+)equol fed groups, respectively. The marginally lower weight resulting from R-(+)equol
treatment was not evident when testis weights were adjusted for body weight.

Histological analysis of testis tissue in young males (22-days) showed the seminiferous
tubule diameter (mean ± SEM) to be significantly greater in both S-(−)equol (110.7 ± 1.0
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μm p = 0.009) and R-(+)equol fed pups (113.2 ± 0.9 μm p < 0.001) than in controls (106.3 ±
1.2 μm). These differences remained even when diameter measurements were adjusted for
differences in testis weight. However this difference was no longer evident at 50-day old of
age, with seminiferous tubule diameter being 266.5 ± 2.9, 268.1 ± 2.5, and 269.7 ± 2.2 μm
for control, S-(−)equol and R-(+)equol fed pups, respectively. This anatomical difference did
not appear to negatively impact sperm development, and there was no loss of germinal
epithelium, or other degenerative changes evident. Tissue analysis from 22-day old rats
verified that controls and both equol-fed groups had spermatocytes through the pachytene
stage, and tissue of 50-day old rats had tubule stages I–XIV as described by Leblond and
Clermont [47] with appropriate spermatogonia, spermatocytes, and mature spermatids.

4.6.2. Epididymis—The caput and cauda regions of the epididymis were evaluated for
each animal at 22- and 50-days of age and evidenced the range of differing tubular sizes, cell
diameter and cell heights expected for these areas [52]. The presence of stereocilia were
noted on the apical surface of the epithelium in all animals, and in 50-day old rats, mature
sperm were found in the caput and caudate regions in control and both equol-fed groups.
There were no histological abnormalities noted in the architecture of the cells or tubules for
any of the groups.

4.6.3. Ventral prostate—The number of areas containing acini that had flattened
epithelium, and the number of acini with flattened epithelium were counted. The number of
ventral prostate areas containing acini having some flattened epithelium were (mean ± SE)
0.40 ± 0.22, 0.6 ± 0.22 and 0.5 ± 0.27 for 22-day old for control, S-(−)equol and R-(+)equol
fed rat pups. The average number of acini with flattened epithelium per area was 0.4 ± 0.2,
0.7 ± 0.3 and 1.7 ± 1.1. There were no differences among groups for either criterion. An
analysis of 30 fields (200×) for each prostate for the number of white blood cell infiltrates, a
sign of possible tissue distress or degeneration, resulted in a grade of 1.05 ± 0.01, 1.04 ±
0.01 and 1.05 ± 0.01 for control, S-(−)equol and R-(+)equol fed animals and these values
were not significantly different among groups.

In 50-day old rats, the number of ventral prostate areas containing acini having some
flattened epithelium was (mean ± SE) 5.8 ± 1.1, 8.3 ± 2.1 and 5.2 ± 1.2 for control, S-
(−)equol and R-(+)equol fed animals. Correspondingly, the average number of acini with
flattened epithelium per area was 15.2 ± 3.8, 30.0 ± 7.9 and 23.8 ± 9.8, respectively. There
were no differences among the groups for either criterion, and there was no evidence of
pathology in the tissues. An analysis as described for cellular infiltrates resulted in a grade
of 1.17 ± 0.023, 1.18 ± 0.024 and 1.23 ± 0.028 for control, S-(−)equol and R-(+)equol fed
animals, and these values were not significantly different among the groups.

4.6.4. Dorsolateral prostate—The dorsolateral prostate of 50-day old rats in control and
treated animals showed a great deal of variability in acinar architecture, but flattened
epithelia were not present. An analysis of acini for white blood cell infiltrates resulted in a
grade of 1.02 ± 0.01, 1.04 ± 0.01 and 1.02 ± 0.01 for control, S-(−)equol and R-(+)equol
exposed animals with no difference between the groups.

4.6.5. Seminal vesicles and coagulating gland—The elongated curved seminal
vesicles were similar in length and width in animals from all three groups, and the main
chamber running the length of the gland was filled with homogenous eosinophilic secretion.
The inner chamber is partially partitioned as numerous short fibro-muscular branches of the
outer sheath extending inward. The main cavity and the extensions are covered by a single
layer of epithelial cells which ranged in size from cuboidal to columnar. The columnar
epithelial cells provide a sensitive indicator of testicular hormone production by the
presence or absence of secretory vesicles which can fill the apical region of the cells [49].
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Such secretory vesicles were prolific in columnar epithelial cells of control rats, and both S-
(−)equol and R-(+)equol fed animals. The coagulating glands, laying along the concave side
of the seminal vesicles, showed typical histology with the columnar epithelium arranged in
branching papillary projections [53] in all three groups. The tubular spaces were fluid-filled
and stained more lightly than the surrounding seminal vesicle main chamber, with densely
staining nuclei midway in the cells between the apex and the basement membrane which is
characteristic of normal tissue.

5. Discussion and conclusion
We describe for the first time a comprehensive analysis of the reproductive toxicology of the
two enantiomeric forms of the intestinally derived soy isoflavone equol. This was possible
because of our ability to synthesize in bulk, enantiomeric pure S-(−)equol, the natural
enantiomer, and R-(+)equol its diastereoisomer [31], which could then be incorporated into
the diet. These studies are timely in light of the recent commercialization of the S-(−)equol
as a dietary supplement [29,39,54,55] and the continuing concerns over the safety and
reproductive toxicity, especially the uterotrophic actions, of isoflavones in general
[2,37,40,56–59]. There have been no previous in-depth reports of the toxicology of the
individual enantiomers of equol, although several studies have reported on aspects of the
reproductive toxicology of a racemic mixture of equol [42,60,61], or on uterine effects in
adult animals [62,63]. Recently S-(−)equol only, was reported to be without genotoxicity or
mutagenicity [40,64]. Given the contrasting ER binding affinities of the two enantiomers
[27–30,58], and the recent finding that the racemic mixture displays different
pharmacokinetic behavior to that of the individual pure enantiomers [55], findings from
studies using the racemate may not necessarily apply to the individual pure enantiomers. In
contrast, there is a large literature on adverse reproductive effects of soy isoflavones, most
notably genistein, in animal species [65–67], although the value of the findings to humans
remains debatable because in most studies the route of administration was by subcutaneous
injection, which bypasses first-pass metabolism and changes the pharmacodynamics and
thus the biological potency of the compounds. Route of administration and dose are crucial
considerations in evaluating the clinical significance of any demonstrable reproductive
effects. In this regard, and of greater relevance, we have examined the effects of early-life
dietary exposure to the equol enantiomers, and the dose selected for testing, 250 mg/kg diet,
was chosen to be consistent with our previous studies where differential chemopreventive
effects of these enantiomers were reported in an animal model of chemically induced
mammary cancer [32,33]. Furthermore, at this level of dietary intake, equol is metabolically
handled similarly to that in humans consuming soy isoflavones [4,7], and to S-(−)equol
when administered as a supplement [55], or as a pure compound [41,68]. The rat pups were
exposed to equol enantiomers throughout pregnancy and during lactation. The transplacental
passage of isoflavones is well established in both rodents [35,36] and humans [69,70], and
the efficient transfer of isoflavones to the offspring via the dam’s milk during suckling has
been confirmed from previous studies of rats fed soy-containing diets [71], or administered
pure isoflavones [32,37,72]. In response to exposure to 250 mg/kg diet, relatively high
steady-state plasma concentrations of S-(−)equol and R-(+)equol are evident on PND-21 of
life [32]. These concentrations are in a similar range to those reported in humans consuming
soy foods [4], or rodents fed soy-containing commercial rodent diets [34]. These plasma
equol concentrations were also consistent with those reported by Lamartiniere et al. for
animals fed daidzein early in life [37], which is very efficiently converted to S-(−)equol by
rodents [30]; and based on the known pharmacokinetics of equol enantiomers, were within
the plasma concentration range for adults consuming S-(−)equol as either a pure compound
[41,68], or as a supplement [55].
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The most significant concerns over the safety of isoflavones have been the issue of whether
soy isoflavone exposure in females increases the risk of breast cancer in high-risk groups
and whether it adversely affects the uterus [2,73,74]. The findings from the athymic mouse
model of human breast cancer, where genistein was shown to stimulate the growth of
transplanted human MCF-7 breast cancer cells [75], led to considerable concern over the
consumption of soy foods or isoflavone exposure particularly by postmenopausal women
and women at high risk for breast cancer. However, recent epidemiological studies of
postmenopausal women now indicate these concerns are largely unfounded [76,77]. A large
prospective follow-up of 5033 breast cancer survivors living in Shanghai, with a median
follow-up of 3.9 years, found an inverse relationship between soy food intake and risk of
mortality or recurrence, with women in the highest quartile of intake (>15.3 g/d soy protein,
or >62.8 mg/d total isoflavones) being approximately 1/3 less likely to die from, or suffer
breast cancer recurrence [77]. These findings were corroborated in data from a study of
1,954 Californian breast cancer survivors, diagnosed between 1997 and 2000, with a median
follow-up of 6.2 years, which found a 60% reduction in breast cancer recurrence between
highest and lowest intake of soy foods [76]. In neither of these studies was equol-producer
status examined. However, we have shown previously that S-(−)equol does not stimulate
tumor growth, and the unnatural enantiomer, R-(+)equol, in contrast is chemopreventive in
the DMBA-induced animal model of breast cancer [33]. Interestingly, and in stark contrast
to the effects of genistein [75], racemic equol was reported to have no stimulatory effect in
the athymic mouse model of human breast cancer [78]. Thus, the body of evidence indicates
that equol at physiologically relevant levels has no adverse effects on the breast.

Equol, has been shown to adversely affect the uterus in several animal species [38,79–81].
The very high exposure to S-(−)equol derived from isoflavones, naturally abundant in red
clover, devastated the sheep breeding industry in regions of SW Australia [38], while
infertility and liver disease in captive cheetah were shown to be caused by dietary soy
isoflavones, an effect that was exacerbated by the inability of cheetah to metabolize
isoflavones by glucuronidation [79], the major metabolic pathway in humans [7]. To our
knowledge there are no published data on the effects of equol in women. Legette et al. found
that dietary racemic equol, while having a modest benefit on bone in the ovariectomized rat,
was mildly uterotrophic [60]. On the other hand, racemic equol, when injected on postnatal
days 1–5 as opposed to given in the diet, resulted in an initial non-significant increase in
uterine weight followed later by a significant decrease by PND-20 and PND-25 [42]. Also,
racemic equol injected at 10, 100, and 1000 μg/animal on PND-10 to PND-14 caused a
dose-dependent decrease in the uterine gland count when animals were sacrificed at
PND-14. These findings illustrate the importance of considering the route of administration
when drawing conclusions and extrapolations to humans.

We previously reported that chronic feeding of both R-(+)equol and S-(−)equol at the dose
used here had no significant impact on the absolute uterine weight of intact adult Sprague–
Dawley rats [33]. However, this animal is relatively insensitive to estrogens, when compared
with some other species of rodent, or when compared to the ovariectomized, or immature
animal [82]. In data we present here, both dietary R-(+)equol and S-(−)equol exposure in
early life, a period sensitive to hormonal changes, caused a significant increase in uterine
weight that was also evidenced histologically by highly significant increases in stromal
thickness on PND-21, an effect that was sustained at PND-50. S-(−)equol was not
immediately effective in influencing luminal epithelial cell height and myometrial thickness
on PND-21, but uterine hyperplasia was evident on PND-50, despite an approximate 30-day
lapse in which there had been no exposure to S-(−)equol. These findings are consistent with
a mild estrogen effect, also shown in ovariectomized rats with a 400 mg/kg diet of racemic
equol [61], and are perhaps expected based on the low affinity for the ER. By contrast,
exposure to R-(+)equol caused an early transient and significant increase in cell height and
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stromal and myometrial thickness seen on PND-21, but this hyperplastic effect was not
sustained once exposure was withdrawn. By PND-50 myometrial thickness of rats exposed
to R-(+)equol was actually significantly smaller than controls [Table 4]. Thus, while both
enantiomers influence the uterus during development, the differential effects would suggest
this possibly occurs by different mechanisms, which might be anticipated as R-(+)equol and
S-(−)equol have different affinities for the ER subtypes [4,27–29].

Overall, prenatal/postnatal exposure to S-(−)equol or R-(+)equol had no adverse effect on
the in-utero development and reproductive anatomy and physiology of the offspring. The
breeding efficiency was similar among groups, as was the ratio of female/male offspring
delivered [Table 1]. Rats fed commercial rodent diets containing soy isoflavones show an
accelerated time of vaginal opening (VO), and there is an inverse correlation between the
total daidzein and genistein content of the diet and the day of vaginal opening. The
significance of VO timing in rats as it relates to the human is unclear, but it is considered a
highly sensitive marker of exposure to environmental estrogens [83]. In our studies, the
timing of vaginal opening in the offspring was unaffected by S-(−)equol or R-(+)equol at the
exposure level of 250 mg/kg diet. Whether, higher doses would have invoked a change is
uncertain, but these findings suggest a lack of profound estrogen effect of S-(−)equol or R-
(+)equol at physiological levels of exposure. Similarly, anogenital distances did not differ
significantly from the values of control animals.

The effect of S-(−)equol and R-(+)equol on the ovaries was unremarkable and indicative of a
lack of overt toxicity. Histological analysis of the ovaries on PND-21 and PND-50 showed
normal follicular development. This is perhaps not surprising, at least for S-(−)equol,
because most rodents are reared on commercial soy-containing diets and are naturally
exposed to very high circulating concentrations of S-(−)equol [34], which is formed by
intestinal bacteria from daidzein/daidzein in the diet [30]. This finding is consistent with a
previous study reporting pure daidzein fed during the prenatal/postnatal period and up to
PND-50 did not adversely affect ovarian follicular development [37].

The potential for soy isoflavones to have adverse effects on male reproductive development
and reproduction has been hotly debated [84]. Masculinization of the developing male fetus
occurs early and testicular differentiation during the fetal period is critical for development
of maleness [85]. Since we fed S-(−)equol and R-(+)equol throughout pregnancy the male
fetus was exposed to equol from conception up to PND-21 and male reproductive structures
could have been impacted at any stage of development.

Our data on the effects of S-(−)equol and R-(+)equol in male rats indicate a lack of overt
toxicity on the male reproductive system as evidenced by typical anogenital distance when
normalized to body weight and no significant effect on the timing of testicular descent.
However, S-(−)equol and R-(+)equol seemed to trigger early development of the
seminiferous tubules as seen by greater tubular diameter during treatment exposure, but no
long-term effects once treatment was discontinued. The testes are structures that continue to
increase in size well past a point when other structures have reached full maturity, for
example the seminiferous tubular length and diameter increases up to PND-108 [86]. This
early tubular development did not adversely affect sperm production as both control and
treatment groups had appropriate stages of sperm on PND-22, and normal mature sperm
were present in the seminiferous tubules of all groups on PND-50. The tortuous epididymal
ducts, which store sperm in transit from the testis to the vas deferens, also evidenced no
signs of abnormality as would have been indicated by the presence of cellular debris,
immature germ cells or epithelium characterized by vacuoles and basophilic cytoplasmic
staining [52]. But in keeping with the integrity of the seminiferous tubules in the testis we
observed normal epididymal cell types, sizes and stereo cilia in the head, body and tail of the
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epididymus of both treatment groups at PND-22 and PND-50. Our results here, taken
together with the findings from older studies that red clover had no adverse effects on sperm
development or fertility in the ram [87,88] suggest there should be no concern for the use of
equol enantiomers in men. This is supported by a recent review that concluded there is little
clinical evidence that soy or soy isoflavones have any deleterious effects on male
reproduction [84].

Development and maintenance of accessory sex glands is hormone dependent, and
chemicals that adversely impact the testis hormonal secretions also cause degeneration of
the seminal vesicles and prostate. Normal development of the dorsolateral prostate, ventral
prostate, seminal vesicles and coagulating gland attest to a lack of negative effect by either
equol enantiomer. These effects of the equol enantiomers differ from those of dietary
genistein, which when give in the diet at a similar dose (300 mg/kg diet) resulted in smaller
anogenital distance and testis size, as well as delayed preputial separation and abnormal
reproductive behavior male rats [89]. Again these comparisons show that all isoflavones
cannot be considered to have identical biological effects.

Finally, we previously reported significant effects of postnatal and adult exposure to dietary
equol on body weight gain in female Sprague–Dawley rats [32,33], although these earlier
studies did not examine any effect of exposure during pregnancy. In this study, S-(−)equol
exposure in-utero led to both male and female pups being heavier at birth when compared to
controls, an effect that could be considered beneficial since higher birth weight correlates
positively with newborn survival. This effect on birth weight was not seen with in utero
exposure to R-(+)equol. However, once the pups began suckling and were exposed post-
natally to S-(−)equol via the mother’s milk, the female pups showed a lower rate of weight
gain (although not statistically significant) than that of the controls, and this lag was
sustained beyond the period of S-(−)equol exposure, until final sacrifice at PND-50. This is
in agreement with our previous data where S-(−)equol was fed post-natally [32,90]. R-
(+)equol exposed female pups showed no significant differences in body weights compared
to controls at birth, PND-21 or PND-50. In male animals, there were no significant postnatal
effects of either enantiomer on the rate of weight gain. It is highly likely that had we
continued feeding S-(−)equol and R-(+)equol beyond PND-21, and throughout adult life
there would have been a significant effect on body weight. It is well recognized that soy-
containing diets given chronically lead to lower body weight gains and reduced amounts of
adipose tissue in female rats [90,91] and the effects have been attributed to the presence of
isoflavones [37,92], although the mechanism of action is not fully understood. Taken in
context with the other studies, we suggest that S-(−)equol and R-(+)equol may play a role in
dictating early weight gain and consequently reduced risk of obesity later in life.

In conclusion, we found that consistent with the low binding affinity of equol enantiomers
for the estrogen receptor, dietary exposure to equol enantiomers throughout pregnancy and
in the postnatal period up to day 21 of life had no major effects on reproduction or on the
development of the male and female reproductive organs of the offspring. Of the significant
findings, the effect of S-(−)equol on increasing birth weight can be considered beneficial,
while the transient effect of R-(+)equol on stimulating greater production of primordial
follicles is unclear with regard to risk/benefit to human infants. The sustained effect of S-
(−)equol and R-(+)equol on the uterus in increasing luminal epithelial cell height, and
myometrial and stromal thickness is not unexpected given that these enantiomers have an
affinity for ERs. After all, if equol is to have clinically significant estrogenic effects of
benefit to women’s health then it should also be expected at some exposure level to
influence the uterus. Whether the effects seen in neonatal rats would be observed in newborn
infants of mothers consuming equol during pregnancy or lactation is unknown. However,
since 50–60% of Asians consuming soy foods produce equol [5,6,10], and during pregnancy
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Asian women do not avoid soy foods, it could be inferred that exposure to equol must occur
during human pregnancy because isoflavones and equol readily cross the placenta
[34,69,70,93]. This evidence, and the prolific Asian population consuming soy leads us to
suggest that equol exposure is unlikely to lead to adverse effects in the newborn infant, and
might even be beneficial in the longer term. Finally, the mild uterotrophic effect on
myometrial thickness from early exposure that was sustained by S-(−)equol but not by R-
(+)equol may suggest that very high doses of these enantiomers could negatively influence
the uterus of the newborn and S(−)-equol should perhaps be contraindicated for women
during pregnancy. With regard to men’s health, it would appear that the effects of both
enantiomers on the development of the testes and prostate are rather benign, and this is an
important finding because both enantiomers have clinical potential for the prevention and
treatment of prostate cancer and are likely to be tested in future clinical trials.
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Fig. 1.
Structures.

Brown et al. Page 19

Reprod Toxicol. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Brown et al. Page 20

Ta
bl

e 
1

B
re

ed
in

g 
re

su
lts

.

# 
of

 D
am

s b
re

d
M

ea
n 

# 
of

 d
ay

s t
o 

ge
st

at
io

n
# 

of
 su

cc
es

sf
ul

 p
re

gn
an

ci
es

T
ot

al
 #

 o
f p

up
s

# 
of

 m
/f 

pu
ps

C
on

tro
ls

9
2.

9 
± 

0.
9

9a
10

2
49

m
/5

3f

S-
(−

)e
qu

ol
9

3.
3 

± 
1.

3
8

96
b

46
m

/4
7f

R-
(+

)e
qu

ol
9

3.
4 

± 
1.

1
8

10
5

52
m

/5
3f

a O
ne

 c
on

tro
l d

am
 b

ec
am

e 
pr

eg
na

nt
, b

ut
 d

el
iv

er
y 

w
as

 n
ot

 c
om

pl
et

e 
an

d 
sh

e 
be

ga
n 

to
 c

an
ni

ba
liz

e 
th

e 
liv

e 
pu

ps
 ju

st
 d

el
iv

er
ed

, u
po

n 
sa

cr
ifi

ce
 it

 w
as

 d
is

co
ve

re
d 

th
at

 sh
e 

w
as

 re
ab

so
rb

in
g 

ab
ou

t 1
0 

fe
tu

se
s. 

N
o

se
x,

 w
ei

gh
t o

r a
no

ge
ni

ta
l d

is
ta

nc
e 

da
ta

 w
as

 c
ol

le
ct

ed
 fr

om
 th

is
 li

tte
r.

b Th
e 

se
x 

of
 th

e 
3 

pu
ps

 p
ar

tia
lly

 c
an

ni
ba

liz
ed

 b
y 

th
e 

D
am

 c
ou

ld
 n

ot
 b

e 
de

te
rm

in
ed

.

Reprod Toxicol. Author manuscript; available in PMC 2012 July 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Brown et al. Page 21

Table 2

Male and female pup birth weights and anogenital distances (mean ± SD).

Treatment group n Birth weight (g) Anogenital distance (mm) [distance normalized for body weight]

Male pups

 Control 45 6.1 ± 0.7 3.68 ± 0.30 [0.61 ± 0.08]

 S-(−)equol 40 6.6 ± 1.0a,b 3.87 ± 0.37c [0.59 ± 0.06]

 R-(+)equol 52 6.0 ± 0.7 3.75 ± 0.33 [0.63 ± 0.10]

Female pups

 Control 47 5.8 ± 0.9 1.67 ± 0.26 [0.29 ± 0.05]

 S-(−)equol 44 6.3 ± 0.8a,b 1.81 ± 0.25c [0.29 ± 0.04]

 R-(+)equol 53 5.8 ± 0.6 1.74 ± 0.21 [0.30 ± 0.05]

a
p ≤ 0.008 S-(−)equol-treated pups were heavier than control pups.

b
p ≤ 0.002 S-(−)equol-treated pups were heavier than R-(+)equol-treated pups.

c
p ≤ 0.011 S-(−)equol-treated pups had longer anogenital distances than control pups, this significance was lost when normalized for body weight.
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