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Abstract

Genistein is a phytoestrogen found in soy. We previously found that adult exposure to dietary
levels of genistein affected gestation time, parturition time, litter size, pup weight, and pup
mortality in CD-1 mice. The present study investigated the effects of adult genistein exposure on
follicle number and gene expression in the ovaries of CD-1 mice. We found that exposure to
genistein had no effect on follicle number, but it did affect the expression of apoptotic regulatory
genes (Bax, Bcl-2, Bid, and Dffa) in the ovary.

1. Introduction

Genistein is an isoflavone found in many plants, but it is particularly abundant in soy.
Genistein is an estrogenic isoflavone and has a twenty-fold selectivity for estrogen receptor
(ER) B over ERa [1]. Human exposure to genistein can occur either through the diet in the
form of soy products like tofu, tempeh, and soy milk, or through dietary supplements.

Women are exposed to genistein primarily through soy-based foods and dietary
supplements. Asian populations typically show high serum levels of genistein due to the
prevalence of soy in the diet, whereas European and American populations have lower and
highly variable serum levels [2]. Dietary supplements containing phytoestrogens are often
promoted as safe alternatives to synthetic estrogens and are thus a major route of genistein
exposure [2].
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Genistein has been implicated as a potential preventative agent against various diseases
including cancer, postmenopausal bone loss, and cardiovascular disease [3, 4]. However, the
broader health effects of genistein are relatively underexplored. Genistein has been shown to
affect biological systems via several diverse mechanisms, including inhibition of protein
tyrosine kinases, inhibition of topoisomerase 11, as well as actions at estrogen receptors [1,
3]. In particular, the ability of genistein to bind to and signal through estrogen receptors is of
particular concern to female reproductive health because female reproductive tissues contain
many estrogen receptors. Further, previous work has shown that xenoestrogens, including
bisphenol A (BPA), the synthetic estrogen diethylstilbestrol (DES), and phytoestrogens can
adversely affect measures of female reproductive health [5-8].

Estrogens are known to play important roles in regulating ovarian follicle development and
function [9]. Estrogen deficient mice have decreased numbers of primordial and primary
follicles as well as impaired antral follicle development [10]. Like estrogen, genistein is
known to have activity through the estrogen receptors. Genistein has been shown to
stimulate estrogen-responsive pS2 mRNA expression in the estrogen receptor positive
human breast cancer cell line MCF-7 in vitro[11]. These effects were blocked by the
addition of tamoxifen, suggesting that genistein was indeed acting on MCF-7 cells by
interacting with estrogen receptors. Interestingly, genistein was found to have proliferative
effects at low doses, but anti-proliferative effects at high doses, indicating that like many
Xenoestrogens, genistein can have non-monotonic effects in biological systems [11].
Genistein has also produced estrogen receptor-mediated changes in the thymus of mice [12].
Previous work has also shown that genistein can affect cognitive changes similar to those of
estradiol in ovariectomized rats [13]. The relative binding affinities of genistein for ERa and
ERp are 0.7 and 13, compared to an affinity of 100 for both receptors with estradiol [1].
Thus, given the activity of genistein at the estrogen receptors, and the role of estrogens in
regulating follicular growth and development, it is important to investigate the potential
effects of genistein on ovarian follicles.

Our previous work showed that genistein exposure inhibited mouse antral follicle growth,
altered steroid hormone levels, and changed gene expression /n vitro [14]. Specifically,
genistein exposure increased gene expression of the cell cycle regulators cyclin dependent
kinase inhibitor 1A (Cadknla), cyclin B1 (Ccnbl), and cyclin E1 (Ccnel). Genistein
exposure also increased the expression of the steroidogenic enzymes steroidogenic acute
regulatory protein (Star) and cytochrome P450 family 11 subfamily A member 1 (Cyp11al),
while decreasing the expression of cytochrome P450 family 17 subfamily A member 1
(Cyp17al) and 3beta-hydroxysteroid dehydrogenase/delta(5)-delta(4)isomerase type |
(Hsd3b1). These results suggest that genistein can affect ovarian function /n vitro. Thus, the
proposed study was designed to investigate whether genistein exposure also affects ovarian
function /n vivo. To closely model human exposure to genistein, we used oral consumption
of genistein that resulted in serum genistein levels in mice similar to those observed in
humans after exposure to genistein through the diet. We then investigated ovarian follicle
number in response to treatment with genistein. We also investigated the expression of genes
involved in apoptosis, cell cycle regulation, ovarian steroidogenesis, as well as the
expression of estrogen receptor genes.
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2. Methods

2.1 Chemicals and diet formulation

Genistein (98% purified determined via high-pressure liquid chromatography, Botanical
Research Center, University of Illinois) was sent to Envigo-Teklad (Madison, WI) to
formulate custom diets. The AIN-93G, soy and phytoestrogen free diet was used as the
control as well as the base diet. Genistein was added to the base diet at a concentration of 0,
300, 500, or 1000 parts per million (ppm). Previous work has shown that mice consuming
these diets have serum genistein levels of 1.0, 1.8, and 2.6 uM respectively [15]. These
serum levels are within the range of those observed after human soy supplementation [16].

2.2 Animals

Female CD-1 (30 days old) mice were purchased from Charles River Laboratories
(Wilmington, MA) and were allowed to acclimate to the facility prior to adjustment to diet.
The mice were housed four per cage at the University of Illinois at Urbana-Champaign
Veterinary Medicine Animal Facility and were provided food and water ad /ibitum.
Temperature was maintained at 22 + 1 °C and animals were exposed to 12-h light and dark
cycles.

2.3 Study design

This study was conducted as described in Patel et al. [7]. Briefly, beginning on post-natal
day (PND) 35, female CD-1 mice were fed diets containing 0, 300, 500, or 1000 ppm
genistein ad /ibitum for 30, 60, 150, or 240 days. All mice and food were weighed and
recorded twice a week to ensure all the animals were eating similar amounts of food and that
they did not experience abnormal weight changes. After each dosing period, three to six
mice from each treatment group were euthanized in diestrus. After euthanasia, blood and
tissues were collected for analyses as described below.

2.4 Assessment of ovarian follicle numbers

Follicle numbers were quantified as previously described [17]. Ovaries were fixed with
paraformaldehyde and transferred into 70% ethanol before being embedded in paraffin wax
and sectioned (8 um) using a microtome. Sections were mounted onto glass slides and then
stained with hematoxylin and eosin. Follicle numbers were counted in every 10t section.
Follicles were classified as primordial if they contained an oocyte surrounded by a single
layer of squamous granulosa cells, primary if they contained an oocyte surrounded by a
single layer of cuboidal granulosa cells, preantral if they contained an oocyte surrounded by
at least two layers of cuboidal granulosa cells and theca cells, and antral if they contained an
oocyte with a fluid-filled antral space surrounded by multiple layers of cuboidal granulosa
cells and theca cells. Preantral and antral follicles were only counted if the oocyte contained
nuclear material to avoid double counting the larger follicle types that can span multiple
sections. Primordial and primary follicles were counted in each section regardless of the
presence of nuclear material in the oocyte. Transitioning follicles were classified as the more
immature state.
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2.5 Gene expression analysis

Gene expression was analyzed as described in Berger et al. [18]. RNA from snap frozen
ovaries was extracted using a miRNeasy Micro Kit (Qiagen, Inc., Valencia, CA) according
to the manufacturer’s protocol. The samples were treated with DNase (Qiagen, Inc.,
Valencia, CA) during the process. RNA (100 ng) was reversed transcribed to cDNA and
subjected to quantitative real time PCR (gPCR) using the CFX96 Real-Time PCR Detection
System (Bio-Rad Inc.) and accompanying software (CFX Manager Software). The initial
incubation temperature was 95 °C for 5 min. This was followed by 36 cycles at 95 °C for 10
s, at 60 °C for 10 s, and at 72 °C for 10 s. Melting from 65 °C to 95 °C was followed by final
extension at 72 °C for 2 min. Standard curves, melting temperature graphs, and threshold
cycle (Ct) values were generated for each run. Primer sequences for each gene are listed in
Table 1. All samples were run in duplicate. The expression data from each sample were
normalized to the corresponding values of beta-actin (Actb). Individual relative fold changes
were calculated by the Pfaffl method [19], then average fold changes for each group were
represented as a ratio to the average fold change of the control group.

2.6 Statistical analysis

If data met assumptions of normal distribution and homogeneity of variance, data were
analyzed by one-way analysis of variance (ANOVA) followed by Dunnett (2-sided) post-hoc
comparisons. If data were not normally distributed, and/or did not meet homogeneity of
variance assumptions, the independent sample Kruskal-Wallis H followed by Mann-Whitney
U nonparametric tests were performed. Statistical significance was assigned at P < 0.05.

3. Results

3.1 The effects of genistein on ovarian follicle number

Genistein exposure did not significantly affect the number of primordial, preantral, antral, or
total follicles at any of the selected doses (Figure 1). Further, genistein exposure did not
significantly affect follicle numbers at any time point (Figure 1).

3.2 The effects of genistein on gene expression in the ovary

3.2.1 Apoptosis genes—After 60 days of exposure, genistein exposure at 500 and
1000 ppm significantly increased the expression of the anti-apoptotic factor known as B-cell
lymphoma 2 (Bc/-2) (Figure 2, p <0.05). However, genistein exposure did not significantly
affect Bc/-2expression in the ovary at any other time point. It also did not affect the
expression of the anti-apoptotic factor known as Bcl-2-like protein 10 (Bc/2/10) at any time
point (Figure 2).

After 150 days of exposure, genistein treatment at 300, 500, and 1000 ppm significantly
reduced expression of the pro-apoptotic factor Bc/-2associated X, apoptosis regulator (Bax)
compared to control (Figure 2, p <0.05), but it did not significantly affect Bax expression in
the ovary at any other time point. Genistein exposure also did not affect expression of the
pro-apoptotic factor known as apoptosis-inducing factor mitochondrial 1 (A/fmJI) or the pro-
apoptotic factor known as Bc/-Zrelated ovarian Killer protein (Bok) in the ovary at any time
point (Figure 2).

Reprod Toxicol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kundu et al.

Page 5

Interestingly, genistein exposure reduced the expression of other pro-apoptotic factors
known as BH3-interacting domain against death (B8/@) and DNA fragmentation alpha (Dffa)
in the ovary (Figure 2, p<0.05). Specifically, at 150 days, genistein exposure at 300 ppm
reduced Bid expression and genistein exposure at 500 ppm and 1000 ppm reduced Dffa
expression in the ovary compared to control (Figure 2, p<0.05).

3.2.2 Cell cycle regulator genes—Genistein did not significantly affect the
expression of cyclin A2 (Ccna2), Ccnel, Ccnbl, cyclin dependent kinase 4 (Cak4), Caknla,
or cyclin D2 (Ccnd2) at any dose (Figure 3). Further, it did not affect the selected cell cycle
regulators at any time point (Figure 3).

3.2.3 Cytochrome P450 genes—Genistein did not significantly affect the expression
of Cypllal, Cypl7al, cytochrome P450 family 19 subfamily A member 1 (Cyp19al),
cytochrome P450, family 1, subfamily A, polypeptide 1 (Cyplal), or cytochrome P450
family 1 subfamily B member 1 (Cyp1bI) at any dose (Figure 4). Further, it did not affect
expression of these cytochrome P450 genes at any time point (Figure 4).

3.2.4 Steroidogenesis genes—Genistein did not significantly affect the expression of
hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 2 (Hsd3b2),
hydroxysteroid 17-beta dehydrogenase 1 (Hsd17b1) or Starat any dose (Figure 5). Further,
it did not affect expression of these steroidogenesis genes at any time point (Figure 5).

3.2.5 Estrogen receptor genes—Genistein did not significantly affect the expression
of estrogen receptor 1 (£sr) or estrogen receptor 2 (£sr2) at any dose (Figure 6). Further, it
did not affect expression of these genes at any time point (Figure 6).

Discussion

This study investigated the effects of chronic oral exposure to dietary levels of genistein on
ovarian follicle numbers and gene expression in the ovary. The results show that exposure to
300, 500, or 1000 ppm genistein did not affect follicle numbers at any time-point in mice.
The results also show that exposure to 300, 500 or 1000 ppm genistein did not affect the
expression of several cell cycle regulatory genes (CcnaZ2, Ccnel, Ccnbl, Cdk4, Cdknla,
Ccnd2), members of the cytochrome P450 superfamily of genes (Cypllal, Cypl7al,
Cypl9al, Cyplal, Cyplibl), key genes involved in steroidogenesis (Hsd3b2, Hsd17b1,
Starn), or estrogen receptor genes (£sr1, £sr2) in the ovary. However, genistein exposure did
increase ovarian expression of the anti-apoptotic factor Bc/-2 (500 and 1000 ppm) and
decrease ovarian expression of the pro-apoptotic factors known as Bax (300, 500, and 1000
ppm), Bid (500 ppm), and Dffa (500 and 1000 ppm).

We previously found that exposure to genistein in the same paradigm as the current study
resulted in the disruption of several indices of fertility. Mice treated with 500 or 1000 ppm
genistein for 30 days had significantly decreased gestation times compared to control mice.
Mice treated with 500 ppm genistein for 60 days had decreased litter size and increased
average pup weight compared to control mice. Additionally, mice treated with 300 ppm
genistein for 150 days had an increased risk of prolonged parturition compared to control
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mice [7]. Interestingly, Patel et al. [7] showed that genistein exposure also had a non-linear
effect on fertility in mice, with the 300 ppm genistein group showing reduced fertility at 240
days compared to control mice, but the 500 and 1000 ppm genistein groups showing higher
fertility at 240 days compared to control mice. Genistein exposure did not affect levels of
estradiol or progesterone in Patel et al. [7]. Taken together with the results of the current
study, these data suggest that chronic oral exposure to environmentally relevant levels of
genistein can affect female reproductive health, but that these effects are likely not mediated
by changes in follicle number, changes in estradiol or progesterone biosynthesis, or changes
in the expression of the cell cycle regulatory genes CcnaZ, Ccnel, Cecnbl, Cdk4, Caknla, or
CcndZin the ovary. They are also not likely due to changes in ovarian steroidogenesis or in
the number of estrogen receptors in the ovary, as shown by the lack of changes in gene
expression of key members of the cytochrome P450 superfamily (Cyp11al, Cypl7al,
Cypl9al, Cyplal, and CyplbI) as well as the lack of changes in gene expression of £sr
and Esr2.

Given the changes in Bcl-2, Bax, Bid, and Dffawith exposure to genistein that were found
in the present study, it is possible that some of the effects of genistein in the ovary are
mediated by changes in apoptotic regulation. Bc/-2is generally considered to be anti-
apoptotic [20,22], whereas Bax, Bid, and Dffa are generally considered to be pro-apoptotic
[21, 22]. Thus, the pattern of gene expression found in the present study suggests that
chronic exposure to genistein might act in an anti-apoptotic manner in the ovary, providing a
possible mechanism for the increased fertility found in aged mice given high levels of
genistein in Patel et al. [7]. However, it is important to note that this study did not find any
effect of genistein exposure on the expression other selected regulators of the apoptotic
pathway (Bok, Aifm1, and Bc/2/10). It is possible that the current study missed changes in
expression of these genes because potential changes occurred earlier or later than the times
examined in this study. It is also possible that genistein exposure alters the protein levels, but
not the transcript levels of apoptotic regulators. Thus, future studies should examine the
effects of genistein exposure on protein levels of regulators of apoptosis.

The results from the present study are in contrast with our previous work in which genistein,
while not altering levels of Baxor Bc/-2, did alter the expression of the cell cycle regulatory
genes Cdknla, Ccnbl, and Ccnel as well as the steroidogenic enzymes Star, Cypllal,
Hsd3b1and Cypl7al at the highest dose (36uM) [14]. However, the Patel et al. study [14]
was conducted /n vitro and the doses used in that study were higher than the doses found /n
vivo in rodents after dietary exposure to genistein. Additionally, the /n7 vitro paradigm
exposed the follicles to genistein directly, which differs from genistein exposure to the
ovaries /n vivo after oral dosing due to hepatic metabolism. Additionally, it should be noted
that in the present study, due to small sample sizes, variability in gene expression was high,
thus potentially obscuring small changes in gene expression between exposure groups.

Other studies have also shown effects of genistein on reproductive health in female rodents.
Genistein exposure early in life was shown to cause hyperplasia of the mammary glands,
abnormal cellular maturation in the vagina as well as abnormal ovarian antral follicles in
female rats [23]. It was also shown to alter the numbers of corpora lutea and ovulated
oocytes in mice [24]. Neonatal exposure to environmentally relevant doses of genistein was
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shown to increase estrous cycle length and decrease the percentage of live pup births in
exposed females compared to control female mice [24]. Further, it was shown to inhibit
oocyte nest breakdown in mice [25, 26] and increase the number of multi-oocyte follicles in
rats and mice [27, 28].

Previous research also suggests that soy isoflavone exposure, especially early in life, can
affect reproductive health in human populations [29]. Infants fed soy formula have exhibited
premature development of breast buds as well as the vaginal epithelium when compared to
their cow milk or breast milk fed counterparts [30, 31]. Additionally, one study has found
that women who were fed soy formula as infants report slightly longer menstrual bleeding
duration as well as more menstrual discomfort than those fed milk-based formulas [32]. A
recent large study of adult women found that women who were fed soy-based formulas as
infants were more likely to develop smooth muscle tumors in the uterus than women fed
milk-based formulas [33]. Infants fed soy-based formulas have serum genistein levels of
1.4-4.5 uM [34], which are comparable to the serum genistein levels (1, 1.8, and 2.6 uM) in
the present study. Thus, the results of the present study may be applicable to this population.
However, it should be noted that exposure in the present study started when mice were 35
days old, not at an age comparable to human infancy.

Collectively, genistein exposure has been shown to affect reproductive outcomes in rodents
as well as in humans. Women continue to be exposed to genistein through the consumption
of soy-based food products as well as through dietary supplements, yet much remains
unknown about this potent phytoestrogen. Future studies should further investigate the
mechanisms by which genistein could be affecting female reproductive health. This study
and others like it are critical for understanding the broader physiological effects of genistein.
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Highlights:
. Genistein exposure does not affect ovarian follicle number
. Genistein exposure does not affect expression of cell cycle regulators
. Genistein exposure does not affect expression of steroidogenic enzymes
. 2Genistein exposure alters expression of apoptotic regulator genes
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Figure 1:
Effects of genistein exposure on follicle numbers in mice treated with 0, 300, 500, or 1000

ppm genistein. The numbers of primordial, primary, preantral, antral, and total ovarian
follicles were counted at 30, 60, 150, and 240 days of age. Graphs represent means + SEM
from 4-6 females per treatment group in the F1 generation.
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Figure 2:

Effects of genistein exposure on gene expression of Bax, Bcl-2, Bid, Dffa, Aifm1, Bok, and
Bcl2/10in mice treated with 0, 300, 500, or 1000 ppm genistein. Gene expression was
measured after 30, 60, 150, and 240 days of exposure to genistein. RNA was extracted from
snap-frozen ovaries, reversed transcribed to cDNA, and subjected to quantitative real time
PCR. Graphs represent means + SEM from 3 females per treatment group. Asterisks indicate
significant differences compared to the control (p < 0.05). “indicates p = 0.064.
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Figure 3:

Effects of genistein exposure on gene expression of CcnaZ, Ccnel, Cecnbl, Cdk4, Cdknla,
and Ccna2in mice treated with 0, 300, 500, or 1000 ppm genistein. Gene expression was
measured after 30, 60, 150, and 240 days of exposure to genistein. RNA was extracted from
snap-frozen ovaries, reversed transcribed to cDNA, and subjected to quantitative real time
PCR. Graphs represent means + SEM from 3 females per treatment group.
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Figure 4:
Effects of genistein exposure on gene expression of Cypllal, Cypl7al, Cypl9al, Cyplal,

and Cyp1b1in mice treated with 0, 300, 500, or 1000 ppm genistein. Gene expression was
measured after 30, 60, 150, and 240 days of exposure to genistein. RNA was extracted from
snap-frozen ovaries, reversed transcribed to cDNA, and subjected to quantitative real time
PCR. Graphs represent means + SEM from 3 females per treatment group.
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Figure 5:

Effects of genistein exposure on gene expression of Hsd3b2, Hsd17b, and Star in mice
treated with 0, 300, 500, or 1000 ppm genistein. Gene expression was measured after 30, 60,
150, and 240 days of exposure to genistein. RNA was extracted from snap frozen ovaries,
reversed transcribed to cDNA, and subjected to quantitative real time PCR. Graphs represent
means £ SEM from 3 females per treatment group.
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Figure 6.

Effects of genistein exposure on gene expression of £srZ and £sr2in mice treated with 0,
300, 500, or 1000 ppm genistein. Gene expression was measured after 30, 60, 150, and 240
days of exposure to genistein. RNA was extracted from snap-frozen ovaries, reversed
transcribed to cDNA, and subjected to quantitative real time PCR. Graphs represent means +
SEM from 3 females per treatment group.
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Gene Species | Forward sequence Reverse sequence

Actb mouse | AGC ACA GCT TCT TTG CAG CTC CTT | CAG CGC AGC GAT ATC GIC ATC CAT
Aifm1 mouse | AGG ACG GIG AGC AAC ATG AA GIT CTA TCC ACC CAT CCC GC

Bax mouse | TGA AGA CAG GGG CCT TTT TG AAT TCG CCG GAG ACA CTC G

Bcl-2 mouse | ATG CCT TTG TGG AAC TAT ATG GC | GGT ATG CAC CCA GAG TGA TGC
Bcl2110 | mouse | CGC TAC ACA CAC TGA CTG GA CTT TAG GAT CCC CTG CCC TG

Bid mouse | AGC AAA TGT TCC CTC CGC TTC TGT | GTA GCC TGT GGC GCC TCG TG

Bok mouse [ CTG CCC CTG GAG GAC GCT TG CCG TCA CCA CAG GCT CCG AC
Ccna2 mouse | GCT CTA CTG CCC GGA GGC TGA TGG CCT ACA TGT CCT CTG GGG AA
Cenbl mouse | TGC ATT CTC TCA GIG CCC TCC ACA | AGA CAG GAG TGG CGC CTT GGT
Cend2 mouse | CCT TTG ACG CAG GCT CCC TTC T ACC CTG GIG CAC GCA TGCC AAA
Ccnel mouse | GGT GIC CTC GCT GCT TCT GCT T CCG GAT AAC CAT GGC GAA CGG A
Cdka mouse | AGA AAC CCT CGC TGA AGC GGC A TGG GGG TGA ACC TCG TAA GGA GA
Cdknla | mouse | TTA GGC AGC TCC AGI GGC AAC C ACC CCC ACC ACC ACA CAC CAT A
Cyplal [ mouse | TGT CAG ATG ATA AGG TCA TCA CG | TCT CCA GAA TGA AGG CCT CCA G
Cyplbl | mouse | GCG ACG ATT CCT CCG GGC TG TGC ACG CGG GCC TGA ACA TC
Cypllal [ mouse | AGA TCC CTT CCC CTG GIG ACA ATG | CGC ATG AGA AGA GTA TCG ACG CAT C
Cypl7al | mouse | CCA GGA CCC AAG TGT GIT CT CCT GAT ACG AAG CAC TTC TCG
Cypl9al | mouse | CAT GGI CCC GGA AAC TGT GA GTA GTA GIT GCA GGC ACT TC

Dffa mouse | GCC AGA TCC TTA CCA CAC TGA TTA TGT CCC AGC TCA GAG CGA
Esrl mouse | CCG TGI GCA ATG ACT ATG CC GIG CTT CAA CAT TCT CCC TCC TC
Esr2 mouse | GGA ATC TCT TCC CAG CAG CA GGG ACC ACA TTT TTG CAC TT
Hsd17bl | mouse | AAG CGG TTC GIG GAG AAG TAG ACT GTIG CCA GCA AGT TTG CG
Hsd3b2 | mouse | CAG GAG AAA GAA CTG CAG GAG GIC | GCA CAC TTG CTT GAA CAC AGG C
Star mouse | CAG GGA GAG GIG GCT ATG CA CCG TGT CTT TTC CAA TCC TCT G
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