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Abstract

Exposure to xenoestrogens is a probable cause of male infertility in humans. Consumption of
high-fat diets and exposure to bisphenol A (BPA) is pervasive in America. Here, we test the
hypothesis that gestational exposure to high dietary fats and/or BPA disrupt spermatogenesis in
adulthood. Sprague-Dawley rats were fed diets containing 10 kcal% butter fat (AIN), 39 kcal%
butter fat (HFB), or 39 kcal% olive oil (HFO), with or without BPA (25 pg/kg body weight/day)
during pregnancy. One group of male offspring received testosterone (T)- and estradiol-17p (E2)-
filled implants or sham-implants from postnatal day (PND)70-210. Another group was naturally
aged to 18 months. We found that adult males with gestational exposure to BPA, HFB, or HFB +
BPA, in both the aged group and the T + E2-implanted group, exhibited impairment of
spermatogenesis. In contrast, gestational exposure to HFO or HFO + BPA did not affect
spermatogenesis. Sham-implanted, gestational exposed groups also had normal spermatogenesis.
Loss of ERa expression in round spermatids and premature expression of protamine-1 in
diplotene spermatocytes were features associated with impaired spermatogenesis. Compared with
the single-treatment groups, the HFB + BPA group experienced more severe effects, including
atrophy.
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1. Introduction

The adverse health effects of endocrine-disrupting chemicals are extensive. One agent of
public health concern is bisphenol A (BPA), a leachable monomer employed as a crosslinker
to polymerize polycarbonate plastics. It is found in food can liners, plastic containers, and
bottles, and is released over time due to breakdown of chemical bonds [1]. BPA exposure
has been found to correlate with increased risk of cardiovascular disease, obesity, diabetes,
immune disorders, cancer, and a host of reproductive dysfunctions [2-5]. The action of BPA
is in part mediated by epigenetic reprogramming of gene expression in these tissues [6,7].

It has been reported that early life exposure to BPA results in aberrant testicular function in
adulthood [8-11]. The reported changes include decreased daily sperm production [2,8],
inhibition of testicular steroidogenesis [9], increased testis weights [10], disturbed
spermatogenesis [12], and reduced levels of testicular meiotic recombination [11]. BPA
exposures h ave also been linked to decreased fertility in wildlife via disrupted
spermatogenesis [13]. However, significant disparity in findings and conclusions have
occurred in animal studies with fairly similar designs. For example, in some studies,
neonatal and maternal BPA exposure was shown to have negative effects on fertility of male
rat offspring [12,14]. However, other labs were unable to repeat these results [15,16]. One
factor that may contribute to the discrepancy in response to BPA is the amount and type of
dietary fat ingested during pregnancy by the dams, a research question that has not been
previously explored.

A newly published epidemiological study at an infertility clinic found that a high intake of
saturated fat was negatively correlated with sperm concentration [17]. High dietary intake of
saturated fat was also found to be associated with reduced semen quality in a Danish study
encompassing 701 young Danish men from the general population [18]. However,
experimental data supporting a possible influence of maternal dietary fatty acids on
spermatogenesis of offspring and the impact of diet on response to toxicants are virtually
non-existent.

Aging is associated with a decline in spermatogenesis and coincides with an increase in
estradiol-17p (E2) to testosterone (T) ratio in human males [19]. In Sprague-Dawley (SD)
rats, the testicular E2 to T ratio is highest at 18 months of age [20], coinciding with
declining sperm production. Other contributors to reduced spermatogenesis include exposure
to xeno/phyto-estrogens, obesity, inflammatory cytokines, poor dietary choices, and reactive
toxins [21-24], all of which contribute to stress, and also increase E2 levels. Here, we have
employed two models to investigate the effects of maternal exposure to BPA and high fat
diets on spermatogenesis in offspring (1) a hormone treatment model in which male rats are
exposed to T + E2 at postnatal day (PND)70-210 to mimic an accelerated aging process and
(2) a natural aging model, where rats are sacrificed at 18 months (PND 540).

Our objectives were to determine (a) whether gestational exposure to different types of high
dietary fats affects spermatogenesis in adulthood, and (b) if a maternal high-fat diet alters the
response to /n utero exposure to BPA. We found that adult Taconic outbred SD male rats
exposed /n uteroto just BPA or high-fat butter (HFB) or high-fat olive oil (HFO) plus/minus
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BPA exhibited qualitatively normal testes, if no T + E2 implants were given in adult life.
When hormonally treated, adult males exposed /n uteroto HFB, BPA, or HFB + BPA
exhibited impaired spermatogenesis within the seminiferous tubules (STs) of the testis.
Naturally aged animals showed similar impairments. However, gestational HFO or HFO +
BPA diet had no adverse effects on spermatogenesis following T + E2 implantation.

2. Materials and methods

2.1. Animals and diets

The animal usage and care protocols were approved by the Institutional Animal Care
Committee at the University of Cincinnati, in compliance with NIH guidelines. Female SD
rats were housed in a BPA-free environment [6] at the University's animal facility on a 12-h
light/12-h dark cycle, as established by Dr. Belcher [25]. Female dams were housed in
polycarbonate-free cages with ad libitum access to diet and BPA-free water. Females were
fed a modified open standard diet prior to mating, hereafter referred to as AIN (Product
#D04042310 AIN 93G, Research Diets, Inc. New Brunswick, NJ, 10 kcal% butter fat),
which is certified to contain no phytoestrogens. The test compounds and fats from butter and
olive oil were directly incorporated (Research Diets, Inc. New Brunswick, NJ) into the
unsupplemented (AIN) pellet diets to give 39 kcal% fat from butter (HFB) or olive oil
(HFO), plus or minus BPA or 17a-ethinyl estradiol EE2 (0.5 pg/kg bodyweight per day (Kg
bw-d)). Food intake was measured daily in preliminary experiments to allowing the diet to
be formulated to deliver the intended exposure. After 1 week on the assigned diet, 8-week-
old virgin females were housed with males and were impregnated within 1-7 days. Males
were briefly exposed to diets containing BPA during the mating period.

2.2. Dose-response study

This initial pilot study was undertaken to determine the minimal BPA dose that impedes
spermatogenesis in the presence of HFB diet. Maternal diets consisting of HFB plus four
BPA doses (2500 pg/kg bw-d, 250 pg/kg bw-d, 25 pg/kg bw-d and 2.5 pg/kg bw-d) was
designed to fall below the LOAEL (50 mg/kg bw-d). The high doses (2.5 and 250 pg/kg bw-
d) are 20 and 10 times below this LOAEL dose, and the other BPA concentrations are below
the reference dose (NOAEL 50 pg/kg bw-d) at 2.5 and 25 pg/kg bw-d [26,27]. Diets
containing EE2 was estimated to be at the clinically relevant previously reported dose in rat
(0.5 pg/kg bw-d) [28,29]. Approximately 1 week prior to mating, SD females were assigned
to one of seven diet groups (AIN, HFB, HFB + BPA 2.5, HFB + BPA 25, HFB + BPA 250,
HFB + BPA 2500 or EE2) and fed AIN, HFB, EE2, or HFB plus four BPA doses (2500
ug/kg bw-d, 250 pg/kg bw-d, 25 ug/kg bw-d, and 2.5 ug/kg bw-d) before and during
pregnancy (Data in Brief [30], Fig. 1A). All diets were switched to AIN after the pups were
born. The number of young per litter was restricted to 4 males and 4 females during
lactation. Male pups were transferred to the normal (non-BPA-free) environment. At PND
70, prenatally exposed pups from each diet group (Data in Brief [30], Fig. 1A) were treated
with T + E2 via Silastic™ implants [6,31] (sex hormone-induced SD rat model) for 20
weeks (PND70-PND210), at which time the testis was fixed, paraffin embedded, stained
with hematoxylin and eosin and tubules examined for spermatogenesis. We found that the
sham-implanted, gestational exposed groups exhibited normal spermatogenesis on PND210
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(100% offspring showed presence of spermatozoa in >14% of STs). Our results further
indicated that in the presence of T + E2, the dose-response to BPA is non-monotonic. BPA
25 pg/kg bw-d was the lowest dose that was effective at inducing impaired spermatogenesis,
where a significantly high percentage of seminiferous tubules (STs) possessed round
spermatids (Data in Brief [30], Fig. 1B, C) as the final differentiated germ cell population.
Hence, we used a dietary dose of BPA 25 pg/kg bw-d for the dietary fat and BPA study
described below.

2.3. Dietary fat and BPA study

The dietary BPA concentration (25 pg/kg bw-d) we have chosen is quite low. We had
previously found that dietary exposure of dams before and during pregnancy to 250 pg/kg
bw-d BPA resulted in undetectable levels of free BPA and 2-3 ng/ml of total BPA in
maternal blood [32]. The presence of HFB did not change these values. To determine the
effects of BPA on different HF diet, females were assigned to one of six diet groups (AIN,
BPA, HFB, HFB + BPA, HFO, HFO + BPA) and fed the diets for 1 week before and during
pregnancy (Fig. 1A). All diets were switched to AIN after the pups were born. The number
of young per litter was restricted to 4 males and 4 females during lactation. Male pups were
transferred to the normal (non-BPA-free) environment at PND 21 for endpoint studies
mentioned below. To avoid litter effects, male pups within each litter were randomly
assigned to the diet groups, and the number of animals in each diet group is counted by
litter, i.e. one male offspring per litter.

2.4. Hormone treatment SD rat model

14 male pups per group, 2 per litter were employed in the hormone treatment SD rat model.
At 10 weeks of age, one male offspring per litter (7 pups per group) was surgically
implanted with hormone-filled via Silastic™ capsules packed with T or E2 (Sigma, St.
Louis, MO) as described previously [6,31]. Capsules were replaced after 10 weeks. A
second group of control rats (one male offspring per litter) were implanted with empty
capsules. At the end of a 20-week treatment, all animals were killed by an overdose of
isoflurane followed by decapitation. One testis was fixed in 10% neutral-buffered formalin,
embedded in paraffin, and cut into 4- to 6-pm sections. The second testis was frozen in
Tissue-Tek O.C.T. compound (Sakura Finetek USA, Torrance, CA). The differences in litter
numbers for the various treatment groups reflect that some pups were sacrificed due to
difficulty healing post-surgery, or which died at earlier time-points due to unknown causes.

2.5. Natural aging model

One male pup from each litter was employed in the natural aging study (five pups for the
AIN, BPA25, HFO, HFB groups and eight pups in the HFO + BPA and HFB + BPA groups).
Adult rats are sacrificed at 18 months (PND 540), when E2:T ratio was previously been
shown to be highest [20]. However, some pups (2 each for HFB + BPA and HFO group and
1 for HFO + BPA group) either died before PND500 (16.6 months) of unknown causes, or
were sacrificed early due to distress, as advised by the veterinarians. Organs were collected,
fixed and processed as described above.
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2.6. Tissue collection and immunohistochemistry

IHC analyses were performed as previously described [33]. Briefly, tissue sections were
deparaffinized at 60 °C (1 h) and antigen retrieval was performed by boiling sections in
microwave for 2-5 min in 0.01 M citrate buffer, pH 6.0. Following antigen retrieval, the
sections were pre-incubated with 5% normal goat serum in PBS for 30 min. Sections were
then incubated overnight at 4 °C with the primary antibody diluted in blocking solution.
Antibodies for BRDT (1:400), AR (1:250), CYP19 (1:250), PRM1 (1:50), ERa/
ESR1(1:100), ERB/ESR2 (1:100) and WT-1 (1:300), PLZF (1:200) were purchased from
either Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), BioGeneX (Fremont, CA) or
Abcam (Cambridge, MA). See Table 1 for antibody information. Visualization was with the
avidin-biotin—peroxidase complex with biotinylated anti-rabbit or anti-goat secondary
antibodies (1:200) (Vector Laboratories, Inc., Burlingame, CA), followed by treatments with
Vectastain Elite ABC kit (Mector) and DAB chromagen (Sigma, St. Louis, MO). 100-400
seminiferous tubules were scored per rat.

CYP19 stained sections were checked and 120 to 200 STs scored for the last step of
differentiated germ cell (spermatogenesis) present within the tubules. For apoptosis
assessment, terminal deoxynucleotidy! transferase—mediated dUTP nick end labeling
(TUNEL) staining was used with the ApopTag peroxidase in situ apoptosis detection kit
(Chemicon International, Temecula, CA). We assessed incidence of tubule atrophy in adult
male rats from each of the treatment groups by visual analysis of hematoxylin and eosin
sections for each animal. Sections were checked for occurrence of spermatogonia and Sertoli
cell only tubules. For determining the Sertoli:germ cell ratio, the total number of Sertoli (AR
staining) and germ cells (spermatogonia, spermatocyte and round spermatids) was counted
in 25 tubules per animal and ratio determined. The cell volumes were not calculated, since in
some cases, the cells were highly dispersed.

2.7. Statistical analysis

For Data in Brief [30], Figs. 1 and 2, and Figs. 4 and 5, significance was analyzed with one-
way ANOVA and Dunnett's multiple comparison test using the GraphPad Prism software.
For Tables 2 and 3, Fisher's exact test (two-tailed) was used to calculate the ODDS ratio
using the GraphPad Prism software.

For Fig. 2, a spermatogenesis curve was plotted from the scores summed up to specific
spermatogenesis progression blocks starting with (1) spermatogonia/atrophic tubules (2)
spermatocytes (3) round spermatids (spermatid step 8) (4) condensed spermatids (spermatid
step 16) and (5) spermatozoa. The area under the curve (AUC) was considered a measure of
overall progression of spermatogenesis. The AUC ranged from 0 to 1 and a higher value
indicated a more severe impairment of spermatogenesis.

The numerical measure of overall spermatogenesis was assessed for its associations to the
fixed effects of diet (AIN vs. HFB vs. HFO), BPA (no vs. yes) and their interaction using a
fixed effect (or two-way ANOVA) model. Post hoc means were estimated from the model
and compared between groups. Considering a small sample size was used in each group in
this study, such comparisons did not account for any multiple comparison method in
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analysis. In order to ensure the results were robust and invariant to the statistical methods,
several other competing statistical models, such as non-parametric Wilcoxon Rank Sum tests
and a cumulative logistical regression model (after using quintiles of the original measure)
were used. Since all methods showed similar findings from the analyses, only the results
from the primary method of the fixed effect model are presented in this paper. All statistical
analyses were computed using SAS 9.4 software (SAS, Cary, NC). P-values < 0.05 were
considered statistically significant.

3.1. Necropsy and organ weights

There was no significant difference observed in the body weight of male offspring exposed
in uteroto AIN, BPA, HFB, HFO, HFB + BPA, or HFO + BPA diets (Data in Brief [30],
Fig. 2). No statistical significance was observed in testis, epididymis, prostate, spleen, or
kidney weights between the groups. Also, no statistical difference was observed between the
weights of new borne male pups between these groups (results not shown).

3.2. Prenatal HFB + BPA exposure induces significant spermatogenesis arrest in offspring

SD rats have been shown to be sensitive to prenatal BPA exposure [6,34]. Maternal dams
were fed a HFB or HFO diet in the presence and absence of 25 pg/kg bw-d BPA as indicated
in Fig. 1. This dose was chosen based on the dose-response study (materials and methods).

The prenatally exposed male offspring from each diet group (one pup per litter) were treated
with T + E2 (Fig. 1), a hormonal milieu previously reported to mimic aging [20,35]. We
found that while 100% of the offspring exposed to the control AIN diet showed normal
spermatogenesis (presence of spermatozoa in >14% of STs), only 37-43% of offspring
exposed to 25 pg/kg bw-d BPA and/or HFB had spermatozoa in STs (Table 2). When
compared to the AIN diet group, we found that the HFB + BPA group was significantly (p =
0.031) different. The BPA and HFB groups were borderline significant than the control AIN
group. Of greater interest, we found that the offspring exposed to HFO behave like AIN
controls, as did the offspring exposed to combination diet of HFO + BPA.

We next compared the overall impaired spermatogenesis amongst groups. For this, we
plotted a curve reflecting the extent of spermatogenesis within the tubules for each diet. That
is, the curve was plotted from the ST scores summed up to specific points where
spermatogenesis was blocked culminating with: (1) spermatogonia/atrophic tubules (2)
spermatocytes (3) round spermatids (4) condensed spermatids and (5) spermatozoa (Fig. 2A,
B). When the curves were compared (bold lines), it was evident that the AIN, HFO and HFO
+ BPA curves showed a similar pattern in which the slopes of the curves were slight up to
the round spermatid step. On the contrary, the average curves of HFB, BPA and HFB + BPA
groups showed much higher slopes for these earlier points in spermatogenesis, implying
impaired spermatogenesis within these 3 groups. Correspondingly, the means of overall
impaired spermatogenesis (or AUC) in groups of HFB, BPA and HFB + BPA were higher
than those of the AIN, HFO and HFO + BPA groups (Fig. 2C). Combined, the mean + SE of
the first three groups was 0.22 + 0.02 statistically higher than that of 0.12 £ 0.02 from the
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later three groups combined (p = 0.001, Fig. 2C). Also, the AUC of the HFB + BPA group
was significantly higher than each of the AIN, HFO and HFO + BPA group, as determined
by the fixed effect model (Fig. 2C).

Finally, we examined the groups for the key step(s) at which spermatogenesis was impaired.
We found that the HFB + BPA group exhibited significantly higher percent of STs with only
spermatogonia and Sertoli cells (Figs 2A, B, 3A), compared to any of the other groups.
Additionally, we found that the offspring exposed to BPA (3 out of 5 animals) and HFB (4
out of 7 animals) alone, had a greater number of tubules with round spermatids (Fig. 2B(1-
3), A) as the final step in spermiogenesis, than the AIN, HFO and HFO + BPA groups.
When the number of tubules containing round spermatid step 1, 2—4 and 5-8 were scored
(by CYP19 staining), the BPA group had a significantly greater number of tubules with
round spermatid step 1 as the final step of spermiogenesis, than the AIN and HFO + BPA
groups (Fig. 3B, C). Our results thus indicate that the HFB, BPA and HFB + BPA groups
show different degrees of impaired spermatogenesis, with the HFB + BPA group having the
most significant disruptive effect.

3.3. Prenatal BPA and/or HFB exposure induces spermatogenesis arrest in 18-month-old

offspring

Next, we asked whether we would observe similar effects of gestational diet and/or BPA
exposures on spermatogenesis in off-spring as they age (PND 540). To address this question,
one male offspring per litter exposed /n uteroto the above diets, without any secondary
exposures, was sacrificed at ~18 months of age (equivalent to 45 human years, middle age
[36]). It has been previously shown that sperm count and quality begins to decline around
age 40 in humans [37,38] and at 18 months of age in rats [20]. We found that while 100% of
offspring exposed to the control AIN diet showed normal spermatogenesis (presence of
spermatozoa in >20% of STs), only 17% (1 in 6 rats) of offspring exposed to HFB + BPA
had significantly normal spermatogenesis (Table 3). The odds ratio suggests that abnormal
spermatogenesis is 15 times as likely to occur in the BPA or HFB groups and 40 times as
likely to occur in the HFB + BPA group as in the AIN group. Again, we found that
spermatogenesis in the HFO and HFO + BPA group is statistically not significant from the
control AIN group, with most of the ST containing a full spectrum of developing male germ
cells including mature sperm. Hence, using two different model systems, we have found
impaired spermatogenesis in the testis of in utero HFB + BPA exposed male offspring.

3.4. Impaired spermatogenesis is not due to changes in Sertoli:germ cell ratio, increase in
apoptosis or increase in cell clusters

Since impaired spermatogenesis can be attributed to changes in the number of Sertoli cells
[39,40], we scored the number of Sertoli cells per tubule (androgen receptor staining, AR+)
and the number of germ cells in the testis of T + E2 treated offspring. We found the
Sertoli:germ cell ratio did not significantly change across diets. Since PLZF (promyelocytic
leukemia zinc-finger) is required in adult male spermatogonia for stem cell self-renewal
[41], we counted the number of PLZF+ cells in tubules of the same shape and size for the
AIN, HFB, and HFB + BPA groups. We found that the number of undifferentiated stem cells
per tubule did not significantly change with diet. Next, we looked for presence of apoptotic
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cells in the tubules. We found that while the number of STs with apoptotic cells increased
for the BPA and HFB group, significance was not reached due to the high variability in
results within groups. However, we found that animals with a higher number of tubules
blocked at round spermatids had an increase in the number of STs with apoptotic cells (data
not shown). Finally, we examined for presence of clusters of cells which could be indicative
of sloughed symplast cells or multinucleated cells. We found that 50-57% of animals in the
BPA, HFB, and HFB + BPA groups showed the presence of cell clusters, while only 0-14%
of animals in the AIN, HFO, and HFO + BPA groups showed presence of cell clusters (Data
in Brief [30], Fig. 3). However, significance was not observed between the groups.

3.5. Expression of chromatin condensing protein PRM1 occurs at an earlier step of
spermatogenesis

One of the crucial steps in spermiogenesis is the elongation and condensation step, when the
spermatid chromatin undergoes a complex transition in which the acetylated histones are
bound by BRDT (bromodomain, testis-specific) and then replaced by protamine (PRM) in a
carefully regulated transition [42], including histone modification and replacement of the
histones by sperm-specific transition proteins and, finally, by PRM1 and PRM2. The
replacement of most histones by PRM1 and PRM2 facilitates a high order of chromatin
packaging necessary for normal sperm function [42,43], leading to DNA silencing. It has
been shown that PRM1 staining is absent in round spermatid nuclei, and strong in elongating
and compacting spermatid nuclei [44]. Since a block to spermiogenesis was observed at the
round spermatids, we examined PRM1 expression by IHC staining in the testis of pups from
the T + E2 model. To our surprise, we found that in 71-75% of the HFB-exposed (5 out of 7
animals) and HFB + BPA-exposed (6 out of 8 animals) offspring, 20-60% of STs with
diplotene spermatocytes showed PRM1 staining (Fig. 4A, B). Hence, in the STs of HFB and
HFB + BPA offspring, the expression of PRM1 in some of the tubules is earlier in
spermatogenesis than expected. Again, the HFO and HFO + BPA groups were not
statistically different than the AIN group for PRM1 staining. We next examined whether
expression of BRDT is disrupted during spermatogenesis. We found that BRDT is expressed
in the pachytene and diplotene spermatocytes and round spermatids, as previously shown
[45,46], with no diet-dependent changes (Data in Brief, Fig. 3).

3.6. Decrease in estrogen receptor beta (ERB) expression in round spermatids

Germ cells are capable of local estrogen synthesis (via aromatase) and response (via ERa.,
ERB), suggesting that estrogens may be important in Sertoli, Leydig, and male germ cell
development [47]. ERa, ERp, and aromatase are found at all stages of testicular
development in the rodent [48]. Leydig, Sertoli, and germ cells express the P450 aromatase
(CYP19) [49]. While expression of ERa is confined to testicular interstitial Leydig cells
[50,51], ERp expression is also found in Sertoli cell nuclei, type A spermatogonia,
pachytene spermatocytes, and round spermatids [52,53]. We hence examined whether
exposure to BPA and fats disrupted the localization of these hormone mediators in the rat
testis. On IHC staining testis of the T + E2 treated rats, we found no change in expression
pattern for ERa. (Data in Brief [30], Fig. 4) and CYP19 (Data in Brief [30], Fig. 5)
expression between diet groups. However, for ERB, we found that a significant number of
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animals showed a decrease or loss of expression of ERp in the round spermatids of the BPA,
HFB, and HFB + BPA groups (Fig. 5A, B) compared to the AIN group.

4. Discussion

The goal of this study was to evaluate the effects of BPA and saturated (butter) and mono-
unsaturated (olive oil) fatty acids on male reproductive function. While we did not observe
any effects of gestational BPA and/or HFB exposures on spermatogenesis in young adult
rats, using two models, the natural aging model and the hormone-treatment model, we found
that the combination of HFB + BPA had significantly disrupted spermatogenesis. Our data
suggest the adverse BPA effect becomes significant under a HFB background. Furthermore,
we uncover an important feature related to high dietary fat intake, i.e., the butter fat, but not
the olive oil, in combination with BPA, was detrimental to spermatogenesis in our models.

Although both BPA and high-fat diets have been separately studied for their actions in male
infertility, whether the two given together have more adverse action had not previously been
investigated. The endocrine-disrupting properties of BPA suggest it may impact
developmental plasticity during early life, or the weak estrogenic activity of BPA may
predispose individuals to disease. The differential action between butter oil and olive oil has
been previously reported. A high saturated fatty acid diet and BPA was reported to increase
the levels of corticosteroid, while olive oil decreased the secretion of this hormone [54-56].
We here find a similar scenario in which the intake of high butter fat but not olive oil,
appears to exacerbate the risk of spermatogenesis disruption caused by BPA. The underlying
mechanism of how the BPA and HFB might interact to increase spermatogenesis defects,
bears further investigation.

The last few decades have seen a synchronized increase in the incidence of male
reproductive problems, such as genital abnormalities, testicular cancer, reduced semen
quality, and subfertility (49-51). The increase in male reproductive problems is too rapid to
be explained by genetic factors alone and suggests that environment/lifestyle factors in
addition to genetics may play a significant role in their development. The endpoint of our
aging study was 18 rat months, which is equivalent to 45 human years [36]. Due to societal
demands and expectations, many couples in developed countries are delaying parenthood.
For example, in the US, birth rates for men older than 35 years have increased 40% since
1980 [57]. We used outbred Taconic SD rats, which are not selected for growth or
reproduction in any manner. With both the 18-month-old rats (PND 540, natural aging) and
a model which mimics an aging hormonal milieu, our findings suggest that the ubiquitously
present and consumed BPA in the presence of the high-fat Western diet, enriched with butter
during pregnancy, may contribute to increased prevalence of male infertility within a few
generations.

The dietary BPA intake we chose is lower than the EPA recommended LOAEL of 50 ug/kg
bwi/d [58]. We previously found that dietary exposure of dams before and during pregnancy
to 250 pg/kg bw-d BPA resulted in undetectable levels of free BPA and 2-3 ng/ml of total
BPA in maternal blood and the presence of HFB did not change these values [32]. We find
that this low level of BPA during pregnancy is sufficient to induce spermatogenesis
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disruption in offspring. Moreover, the HFB and BPA combination had a worst outcome than
singular exposures in disrupting spermatogenesis.

On observing the slopes of the curves, it is clear that in the presence of HFB or BPA diets,
there is a higher number (though not statistically significant) of tubules with round
spermatids stepl, 4 and 8, than in the AIN, HFO and HFO + BPA group. That is, at the
transition from diplotene spermatocytes to step 1, 2 spermatids (Figs.3B, 6). The impairment
in spermatogenesis in the HFB + BPA diet group appears to be at an earlier point in
spermatogenesis progression, resulting in a significantly increased number of STs with
spermotogonia (Figs.3A, 6, atrophic tubules). Additionally, the BPA, HFB, and HFB + BPA
animals had cell clusters, decreased expression of ERp in round spermatids, and the
presence of PRML1 in diplotene spermatocytes (HFB and HFB + BPA group only), all of
which could together contribute to the impaired spermatogenesis observed. Premature
translation of PRM1 mRNA in transgenic mice has been found to arrest spermiogenesis in
round spermatids, presumably by disrupting the structure of chromatin [59]. One can
speculate that the abnormal protamine expression could be due to failings in PRM1 mRNA
transcription regulation, MRNA storage, and/or translation. This would need to be
investigated in a more systematic manner.

5. Conclusions

Our results suggest that there may be “hidden” effects of gestational BPA and HFB
exposures which might not manifest until later in life or when T to E2 ratios change. This
has been observed before as a “hidden epigenetic memory” [60,61], which may involve
changes in non-coding RNA, DNA methylation, histone modifications, and chromatin
modifications [62], all of which could result in alterations in the temporal pattern of
transcription and translation regulating spermatogenesis. This is now being examined by our
group. Secondly, we found that gestational intake of HFO and HFO + BPA had no effects on
spermatogenesis in adult animals. These findings have public health relevance as they
provide a strategy for reducing BPA toxicity via diet during the window of gestation.
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Control AIN diet (10 kcal% fat from butter) n=6
BPA (25 pg/kg bw) n=5
HFB (39 kcal% fat from butter) n=7
+ BPA (25 png/kg bw) n=8
HFO (39 kcal% fat from olive oil) n=7
+ BPA (25 pg/kg bw) n=7

I AIN 93G (control diet)
1
1

Scheme of dietary exposure and groups. Mothers were fed the control AIN diet or the
alternate diets during mating and gestation. Maternal diets were changed to control AIN
diets after the pups were born. n = number of animals per group, one animal per litter.
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Fig. 2.
Impaired spermatogenesis in testis of male offspring exposed to various diets in the T + E2

rodent model. (A) Representative tubules illustrating the impaired phenotype observed for
each diet group. Offspring prenatally exposed to control AIN diet show all steps of
spermatogenesis culminating in spermatozoa. BPA- and HFB-exposed offspring show
impaired spermatogenesis, with the last step predominantly consisting of round and
elongating spermatids. The HFB + BPA-exposed offspring also show impaired
spermatogenesis with atrophic (spermatogonia) tubules. The HFO- and HFO + BPA-
exposed offspring show essentially normal spermatogenesis. Bar = 60 um. (B) Plot of
tubules showing cumulative progression of spermatogenesis. STs were scored for
spermatogenesis, showing (1) spermatogonia/atrophic tubules (2) spermatocytes (3) round
spermatids (4) elongated and condensed spermatids and (5) spermatozoa; as the last
differentiated germ cell present within the tubules. Blue and red colored curves are
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progression of spermatogenesis per subject. The bold curve represents an average among
individuals in each group. (C) Comparison of areas under the curve (AUC) as a measure of
spermatogenesis among Groups. A solid square and its whiskers represent a mean (95% CI)
of AUC in groups without BPA and a solid cycle and its whiskers represent a mean (95% ClI)
in groups with BPA. The mean of the HFB + BPA group is significantly higher than the
AIN, HFO and HFO + BPA groups (* = P<0.05).
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(A) The number of STs with spermatogenesis upto (a) spermatogonia (b) spermatocyte (c)
round spermatid, as the last differentiated germ cell present, were tallied for male offspring
exposed to the maternal diets indicated (T + E2 rodent model). (B) The number of STs with
spermatogenesis impaired at the round spermatid (a) stepl (b) step 2—4 (c) step 5-8 were
tallied for male offspring exposed to the maternal diets indicated. Each symbol represents a
pup from an independent litter. (C) Representative CYP19 IHC staining of BPA group testis
shows presence of STs with round spermatid at (a) stepl (b) step 2-4 (c) step 5-8. Bar = 40
pm. * p < 0.05, ** p < 0.01, 1-way ANOVA models between groups indicated.
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Fig. 4.
Diplotene spermatocyte (DSp) show expression of PRM1 in HFB- and HFB + BPA-exposed

offspring (T + E2 model). (A) Representative pictures illustrating PRM1 expression in the
STs of animals exposed /n uteroto indicated diets. Arrows point to DSp, which are
magnified in right bottom of each panel. (B) The testis was scored for number of DSp-
positive STs with PRM1 staining in DSps. Each symbol represents a pup from an
independent litter. Bar = 60 pm. * p < 0.05, ** p < 0.01, 1-way ANOVA model between
groups indicated.
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Fig. 5.
Loss of ERp expression in round spermatids (RSs) correlates with impaired spermatogenesis

in the T + E2 model. (A) Representative pictures illustrating ERB expression in RSs within
STs of animals exposed /in uteroto indicated diets. (B) The testis was scored for number of
STs with ERp staining in RSs. Each symbol represents a pup from an independent litter. Bar
=60 um. * p < 0.05, ** p < 0.01, 1-way ANOVA models between groups indicated.
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Fig. 6.

Cartoon representing germ cell development in testis and the plot of spermatogenesis. Green
arrows (BPA or HFB), and black arrows (BPA + HFB) represent steps where exposure
appears to interfere with spermatogenesis and spermiogenesis progression. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Table 1
List of antibodies used in this study.

Peptide/protein target Antigen sequence Name of Antibody  Manufacturer, catalog number  Speciesraised in;  Dilution

monoclonal or

polyclonal
BRDT 1-100 an5157 Abcam: ab5157 Rabbit polyclonal 1:400
AR (androgen receptor) N-terminus of AR AR (N-20) Santa cruz biotech. Inc.sc-816 Rabbit polyclonal 1:250
CYP19 (aromatase) 209-503 H-300 Santa cruz biotech. Inc.sc-30086  Rabbit polyclonal 1:250
Protamine 1 1-51 M-51 Santa cruz biotech. Inc.sc-30174  Rabbit polyclonal 1:50
ESR1/Estrogen Receptor alpha  around residues 104-106  E115 Abcam: ab32063 Rabbit monoclonal ~ 1:100
ESR2/Estrogen Receptor beta 17-mer, close to C- anti-ESR2 Biogenex, AR385 Rabbit polyclonal 1:100

terminus

WT-1 C-terminus peptide C-19 Santa cruz biotech. Inc.sc-192 Rabbit polyclonal 1:300
PLZF 101-400 D-9 Santa cruz biotech. Inc.sc-28319  Mouse monoclonal ~ 1:200
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Table 2

Presence of spermatozoa in 214% of STs (T + E2).

Number animals % animals(normal) Oddsratio P-value
AIN 6/6 100%
BPA 2/5 40% 18.2 0.061
HFB 3/7 43% 16.7 0.070
HFB + BPA  3/8 37% 204 0-031*
HFO 6/7 88% 3 1.000
HFO + BPA  6/7 88% 3 1.000

p-value from Fisher's exact test (two-tailed) compared with AIN diet.

*
p < 0.05.
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Table 3

Presence of spermatozoa in 220% of STs (aging study).

Number animals

% animals (normal)

Oddsratio. P-value

AIN
BPA25
HFB

HFB + BPA

HFO
HFO + BPA

5/5
2/5
2/5
1/6

213
7

100%
40%
40%
17%

67%
100%

154
15.4
40.3

6.6

0.17
0.17

*
0.015
0.375
1.000

p-value from Fisher's exact test compared with AIN diet.

*
p < 0.05.
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