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STUDY QUESTION: What are the effects of exposure to bisphenol A (BPA) or bisphenol S (BPS) during IVM on bovine oocyte matur-
ation, spindle morphology and chromosome alignment?

SUMMARY ANSWER: Exposure to BPA or BPS during IVM resulted in increased spindle abnormalities and chromosome misalignment,
even at very low concentrations.

WHAT IS KNOWN ALREADY: BPA is an endocrine disrupting chemical that alters oocyte maturation, spindle morphology and chromo-
some alignment in a range of species. The use of BPA substitutes, such as BPS, is increasing and these substitutes often display different poten-
cies and mechanisms of action compared with BPA.

STUDY DESIGN, SIZE, DURATION: Bovine cumulus—oocyte complexes (COCs) underwent VM with BPA or BPS for 24 h, together
with vehicle-only controls. Overall, 10 different concentrations of BPA or BPS were used ranging from | fM to 50 pM in order to detect low
dose or non-monotonic effects. An incomplete block design was utilized for the study, with at least three replicates per block. A total of 939
oocytes (250 of which were controls) were used for the BPA experiments, and 432 (110 controls) for the BPS experiments. Following the
IVM period, the oocytes were denuded and fixed for immunocytochemistry.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Immunocytochemistry was used to label the chromatin, actin, and microtu-
bules in the fixed oocytes. The meiotic stage was assessed using immunofluorescence, and the metaphase-Il (MIl) oocytes were further
assessed for spindle morphology and chromosome alignment (in all Mll oocytes regardless of spindle morphology) using immunofluorescence
and confocal microscopy. Significant differences between the treatment and control groups were determined using chi-square and Fisher’s
exact tests.

MAIN RESULTS AND THE ROLE OF CHANCE: There was no effect of BPA or BPS on the proportion of bovine oocytes that reached
MII (P > 0.05). BPA and BPS increased spindle abnormalities in MIl oocytes at almost all concentrations tested, including those as low as | fM
(P=10.013) or I0fM (P < 0.0001), respectively, compared to control. Oocytes with flattened spindles with broad poles were observed at a
higher frequency at some concentrations of BPA (P = 0.0002 and P = 0.002 for 10 nM and 50 pM, respectively) or BPS (P = 0.01 for 100 nM
BPS), while this spindle phenotype was absent in the controls. BPA increased chromosome misalignment at concentrations of 10fM, 10 nM
and 50 pM (P < 0.0001 to P = 0.043 depending on the dose). BPS increased chromosome misalignment at concentrations of 10fM, 100 pM,
10 nM, 100 nM and 50 pM (P < 0.0001 to P = 0.013 depending on the dose).

LIMITATIONS REASONS FOR CAUTION: Exposures to BPA or BPS were performed during the [VM of COCs to allow for determin-
ation of direct effects of these chemicals on oocyte maturation. Whole follicle culture or in vivo studies will confirm whether follicular cell
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interactions modify the effects of BPA or BPS on oocyte meiotic maturation. Investigation into the effects of BPA or BPS on other oocyte func-

tions will determine whether these chemicals alter oocyte quality via mechanisms independent of the meiotic endpoints characterized here.

WIDER IMPLICATIONS OF THE FINDINGS: The findings of this study show that both BPA and BPS induce spindle abnormalities and
chromosome misalignment in bovine in a non-monotonic manner, and at concentrations that are orders of magnitude below those measured

in humans. Taken in context with previous studies on the effects of BPA in a range of species, our data support the literature that BPA may

reduce oocyte quality and lead to subsequent infertility. Additionally, these results contribute to the burgeoning field of research on BPS and

suggest that BPS may indeed be a ‘regrettable substitution’ for BPA.

STUDY FUNDING/COMPETING INTEREST(S): This study was supported by funding from the National Institutes of Health (NIH)

(Grant IRI5ES024520-01). The authors declare no conflict of interest.
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Introduction

An endocrine disrupting chemical (EDC) is defined as ‘an exogenous
chemical...that interferes with any aspect of hormone action’ (Zoeller
et al., 2012). Bisphenol A (BPA) is a high production volume chemical
and known EDC frequently found in polycarbonate plastics, epoxy
resins and a variety of consumer goods (Vandenberg et al., 2007;
Geens et al., 2012). BPA has faced increasing concern over its effects
on human health, including associations with adverse reproductive,
developmental and metabolic conditions (Vandenberg et al., 2007;
Rochester, 2013). In response to changing consumer demands and
regulatory action in some countries, many manufacturers are turning
to structurally related chemicals to replace BPA. Bisphenol S (BPS) is
one widespread replacement chemical currently found in plastic bot-
tles, canned food linings, receipt papers and several other sources pre-
viously known to contain BPA (Liao et al., 2012c, 2012b; Liao and
Kannan, 2013, 2014). BPS has been shown to display endocrine dis-
rupting activities (Rochester and Bolden, 2015), raising concerns that
BPS may pose its own threats to human health.

BPA monomers can migrate into the environment through diffusion
or when decomposition occurs, such as through exposure to heat,
acids or bases; consequently, human exposure to BPA is ubiquitous.
BPA is consistently detected in the urine of more than 90% of indivi-
duals sampled in developed nations (Vandenberg et al., 2010; Zhang
et al., 2011; Zhou et al., 2014; CDC, 2015). BPA has also been mea-
sured in several other human fluids, including in follicular fluid at aver-
age concentrations of 2.4 ng/ml (10.5nM) and 0.34 ng/ml (1.5nM)
(Ikezuki et al., 2002; Wang et al., 2016b). The detection of BPS in
human urine has become increasingly prevalent; BPS was detected in
74% of American urine samples in 2014, as compared to 25% of sam-
ples in 2000 (Ye et al., 2015). Although average urinary BPS concentra-
tions (0.13-0.654 ng/ml, i.e. 0.12-2.6 nM) (Liao et al., 2012a; Zhou
et al, 2014; Ye et al, 2015) are lower than those for BPA
(0.36-4.50 ng/ml, i.e. 1.6—19.7 nM) (Vandenberg et al., 2010; Zhang
etal, 2011; Zhou et al., 2014; CDC, 2015; Ye et al., 2015), the con-
centrations are generally within one order of magnitude. In addition,
the detection frequency and average concentration of urinary BPS
have shown upward trends in recent years (Ye et al., 2015), suggesting
that human exposure to BPS will continue to increase.

BPA has been linked to reproductive abnormalities in females
(Machtinger and Orvieto, 2014). During IVF, higher urinary BPA levels
were associated with fewer total and mature oocytes retrieved (Mok-Lin

etal.,, 2010; Fujimoto et al., 201 |; Ehrlich et al., 2012b). While this rela-
tionship was not seen in follow-up studies with increased number of
patients (Minguez-Alarcén et al., 2015), BPA levels were associated
with decreased ovarian response, decreased blastocyst formation,
increased implantation failure (Bloom et al., 201 |; Ehrlich et al., 2012a)
and decreased clinical pregnancy and live birth in women who did not
consume soy (Chavarro et al, 2016). Additionally, infertile women
were significantly more likely to have detectable levels of BPA in their
serum when compared to fertile women (Caserta et al, 2013),
altogether suggesting that BPA may affect female fertility.

Because oocyte meiotic competence is a critical component of fertil-
ity (Albertini et al., 2003; Keefe et al., 2015), it has been suggested that
BPA may affect fertility through the disruption of oocyte meiosis.
Evidence that BPA affects the oocyte was first published in 2003, with
mouse oocytes exposed to BPA exhibiting a higher incidence of
chromosome congressional failure (Hunt et al., 2003). Subsequent
studies have shown that BPA causes meiotic abnormalities, including
arrest, spindle abnormalities and/or congressional failure, in the
mouse (Can et al., 2005; Eichenlaub-Ritter et al., 2008; Lenie et dl.,
2008), pig (Mlynarcikova et al., 2009; Wang et al., 2016a), cow (Ferris
et al., 2015) and human (Machtinger et al., 2013). For BPS, effects on
reproductive health outcomes are largely unknown, however, prelimin-
ary studies have demonstrated that BPS exposure may increase germline
apoptosis and embryonic lethality in the nematode Caenorhabditis elegans
(Chen et al., 2016) and decrease egg production and impair development
in the zebrafish Danio rerio (Ji et al., 2013; Naderi et al., 2014). Recently,
a first study also reported on the negative impact of BPS on porcine
oocytes (Zalmanova et al., 2017). There is thus a need to further investi-
gate the effects of BPS on mammalian reproduction. Comparative studies
indicate that BPS may not necessarily alter outcomes exactly as BPA
does, notably depending on the cell type (Boucher et al., 2016; Chen
et al., 2016; Madczak et al., 2016). Furthermore, the experimental mod-
els under use can influence the reported effects and thus it becomes
paramount to conduct direct testing of chemicals within a single study
system.

The objective of this study was to conduct a direct comparison of
the effects of in vitro exposure to either BPA or BPS on meiotic pro-
gression, spindle morphology and chromosome alignment in the
bovine oocyte. The bovine displays similar oocyte development and
follicle dynamics to humans, including hormone responsiveness and
follicular wave patterns, and as such is an excellent model for human
reproduction and the evaluation of the impact of EDCs on the oocyte
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(Mihm and Evans, 2008; Adams et al., 2012; Santos et al., 2014).
Furthermore, cattle are in themselves an important agricultural spe-
cies. There is significant evidence that BPA can produce low-dose
effects (Vandenberg et al., 2013) and non-monotonic dose-responses
(NMDRs) (Vandenberg et al., 2012) on multiple endpoints in different
tissues. Due to the scarcity of data regarding low-dose effects of BPA
and BPS on the oocyte, we tested a wide range of concentrations,
with the aim to detect potential low-dose effects and NMDRs.

Materials and Methods

All reagents were obtained from Sigma Aldrich (St. Louis, MO, USA)
unless otherwise stated.

Experimental design

Due to constraints in the number of ovaries that could be sourced on a sin-
gle day, it was not possible to test all concentrations of BPA or BPS in a sin-
gle experiment. Therefore, an incomplete block design was utilized that
included a vehicle-only control group and three concentrations of BPA or
BPS for each experiment. Each block contained one overlapping dose with
another block. For BPA experiments, a total of 939 oocytes were analyzed
for meiotic stage (including 250 vehicle-only control oocytes), of which a
total of 767 were at Mll (including 211 MIl oocytes in the control) and
therefore were included for analysis of spindle and chromosome configur-
ation. For the BPS experiment, a total of 432 oocytes were analyzed for
meiotic stage (including |10 vehicle-only control oocytes), of which 350
were at Mll (including 91 MIl oocytes in the control group) and therefore
were included for analysis of spindle and chromosome configuration.

Isolation and IVM of oocytes

Ovaries were sourced from naturally cycling Holstein-Friesian and Jersey
heifers from an abbatoir (Champlain Beef Co., Whitehall, NY, USA).
Ethical approval was not required as this study utilized slaughterhouse
materials that would otherwise be discarded. The ovaries were trans-
ported to the laboratory in 0.9% NaCl and | X antibiotic/antimycotic, with
a transit time of ~45 min. Antral follicles measuring 3—7 mm in diameter
were dissected from ovaries with an active corpus luteum and maintained
at 37°C in HMEM (Lonza; Walkersville, MD, USA) containing 25 mM
HEPES, | mM sodium pyruvate, 2 mM L-glutamine, 4 pg/ml bovine serum
albumin (BSA), 100 pg/ml penicillin, 100 pg/ml streptomycin and 50 pg/ml
heparin. The cumulus—oocyte complex (COC) was released following
bisection of the follicle with a scalpel. COCs were graded according to the
morphological guidelines published by Blondin and Sirard (1995), and only
those that had multiple layers of compact cumulus cells and a homogenous
ooplasm with no granulations (i.e. class one or two COCs) were selected.
Groups of 5-20 COCs were washed in 450 pl of synthetic oviductal fluid
(SOF) prepared as described in Tervit et al. (1972) but with the addition of
| mM glutamine (Lonza), 1% essential amino acids, and 0.5% nonessential
amino acids. The COC were subsequently transferred into SOF supple-
mented with 0.1 pg/ml ovine FSH (NHPP, FSH-19-SIAFPRP-2, National
Hormone and Peptide Program, Torrance, CA, USA) and the appropriate
treatment. Treatments included the vehicle-only control (0.025%
dimethylsulfoxide) or BPA or BPS at concentrations between | fM and
50 pM. The COC underwent IVM at 38.5°C with 5% CO, in air for 24 hin
polystyrene 4-well plates (Nunc IVF 4-well dishes) that have been reported
to be BPA-free (Gatimel et al., 2016). Following IVM, the cumulus cells
were mechanically stripped from the oocytes. The denuded oocytes were
fixed in freshly prepared 2% paraformaldehyde in phosphate-buffered
saline (PBS), pH 7.4, for 15 min in the dark at room temperature with
shaking. The oocytes were then extracted in |% Triton X-100 in PBS for

45 min at room temperature with shaking. The cells were blocked in
WAGSH solution (0.2% Na-azide, 0.2% non-fat powdered milk, 2% normal
donkey serum, 1% BSA and 0.1 M glycine in PBS) for at least 48 h at 4°C
prior to immunocytochemistry.

Immunocytochemistry

Each oocyte was labeled for microfilaments, microtubules and DNA. The
oocytes were incubated overnight at 4°C with shaking with a |:1 primary
antibody mix containing 5 pg/ml mouse-a-tubulin antibody and 5 pg/ml
mouse anti-B-tubulin antibody. All subsequent incubations were per-
formed at 37°C with shaking. The cells were washed at 37°C three times
(with WASH for |5 min) before being incubated with Alexa Fluor 488 don-
key anti-mouse (3.3 pg/ml; Invitrogen; Carlsbad, CA, USA) and Texas-red
phalloidin (1:20 dilution; Invitrogen) for 2 h. The cells were washed once,
before being incubated with DAPI (20 pg/ml) for | h. Following two
washes the oocytes were mounted on glass slides in 50% glycerol and 50%
sodium-azide in PBS. A coverslip was added with minimal compression.
Labeled oocytes were visualized and scored using conventional fluores-
cence microscopy. Imaging was performed at the Microscopy Imaging
Center at the University of Vermont using a Zeiss LSM 510 META con-
focal laser scanning microscope (supported by NIH Award Number
ISIORR019246 from the National Center for Research Resources) and
three-dimensional reconstructions.

Classification of oocytes

The oocytes were classified according to meiotic stage, based on organiza-
tion of the microfilaments, microtubules and chromatin according to previ-
ously described criteria (Machtinger et al., 2013).

Spindle morphology and chromosome alignment (2n = 60 in the cow)
were classified in metaphase Il (MIl) oocytes (Fig. |). Spindles with two
defined and focused poles were classified as bipolar. Spindles that had two
poles but had abnormalities (e.g. splayed or disorganized microtubule
fibers, broad or unfocused poles, protrusions of the spindle) were classified
as bipolar with some abnormalities. Spindles that had no apparent organ-
ization, that were monopolar or tripolar were classified as non-bipolar.
Chromosome alignment was determined in all MIl oocytes, regardless of
spindle morphology. Chromosomes that were located at the equatorial
metaphase plate were classified as aligned. Where one to six chromosomes
were slightly displaced from the metaphase plate, the chromosomes were
classified as mostly aligned. Where more than six chromosomes were dis-
placed from the metaphase plate, the chromosomes were classified as
dispersed.

Statistical analysis

The data were analyzed using SAS 9.4 (SAS Inst., Inc., Cary, NC, USA),
using a chi-square test to test for overall effects of treatment, followed by
Fisher’s exact tests to compare between treatment and control. The P
values were adjusted using the Holm—Bonferroni method to account for
multiple testing (Holm, 1979). P < 0.05 was considered significant.

Results

BPA

The proportion of oocytes that reached MIl after 24 h of IVM in the
presence of BPA is depicted in Figure 2. After 24 h of IVM, 84.4% of
control oocytes had reached MIl. There was no effect of treatment
with BPA on the proportion of oocytes that had matured to MIl at
24h (P=0.415).
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Chromosomes Microtubules Merged

Figure | Representative images of spindle and chromosome classifications in bovine metaphase Il oocytes. Chromosomes are shown in red (left
panels), microtubules are shown in green (center panels), and merged images are shown in the right panels. (A) Bipolar spindle with aligned chromo-
somes. (B) Bipolar spindle with a single misaligned chromosome at the lower pole. (€) Bipolar spindle with unfocused poles and aligned chromosomes.
(D) Flattened bipolar spindle with extremely broad poles and aligned chromosomes. (E) Non-bipolar spindle with dispersed chromosomes. (The scale

applies to all images.)
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Spindle morphology and chromosome alignment were determined
in the MIl oocytes exposed to BPA, as depicted in Tables | and I,
respectively. In the control group, 82.9% of MIl stage oocytes had a
bipolar spindle and 90.0% had aligned chromosomes. Overall effects
of BPA treatment on spindle morphology (P < 0.0001) and chromo-
somes alignment (P = 0.0037) were detected.

Significantly fewer oocytes with bipolar spindles were seen following
exposure to BPA at concentrations of | fM, 10fM, 100fM, 10 pM,
I nM, 10 nM, 100 nM and 50 pM, compared to the control. There was
no effect of BPA on spindle morphology at concentrations of | or
100 pM. We observed a particularly distinctive spindle abnormality
that occurred more frequently in oocytes exposed to the higher con-
centrations of BPA (Fig. | D) when compared to oocytes in the control
group, in which the abnormality was not observed. In the 100 nM and
50 uM groups, flattened spindles with broad poles constituted 17.2%

100
90 (P=0.0002) and 10.3% (P = 0.0022) of all abnormalities, respectively.
30 Significantly fewer oocytes had aligned chromosomes following
= 70 treatment with BPA at 10fM, 10 nM and 50 pM. There was no effect
2 60 of BPA on chromosome alignment at any other concentration.
=
g 50
5 0 BPS
X 30
20 The proportion of oocytes that reached MIl after 24 h of IVM in the
10 presence of BPS is depicted in Fig. 3. After 24 h of IVM, 82.7% of
0

0 1 10 100 1 10 100 1 10 100 50

™M M nM uM

BPA concentration

Figure 2 Effects of bisphenol A on the percentage of bovine
cumulus-enclosed oocytes to reach metaphase Il at 24 h. The data
are from at least three independent experiments per concentration.
The total number of oocytes used for each concentration was: 250
(no bisphenol A (BPA)), 48 (1 fM), 50 (10fM), 105 (100M), 39 (I pM),
49 (10pM), 22 (100 pM), 62 (I nM), 146 (10nM), 84 (100 nM), 73
(50 pM).

oocytes in the control group had reached MIl. There was no effect of
BPS on the proportion of oocytes that had matured to MIl by 24 h.

Spindle morphology and chromosome alignment were determined
in the Ml oocytes exposed to BPS, as depicted in Tables Il and IV,
respectively. In the control group, 85.7% of metaphase-Il oocytes had
a bipolar spindle and 93.4% had aligned chromosomes. There were
overall effects of BPS on spindle morphology (P < 0.0001) and
chromosome alignment (P < 0.0001).

A reduction in the proportion of oocytes with a bipolar spindle was
seen when oocytes were treated with 10fM, | pM, 100 pM, | nM,
10 nM, 100 nM or 50 pM BPS. There was no effect of | fM, 100fM or
10 pM BPS on spindle morphology. Similar to BPA, we observed that

Table | Effects of bisphenol A on spindle morphology in bovine metaphase Il oocytes.

Ctrl M(107'°M) pM (1072 M) nM (107° M) uM (107°M)
e e o e o e e o oa “
Bipolar 175 (82.9)  21(583) 22(48.9) 60(69.8) 24(77.4) 27(67.5) 16(80.0) 26(50.0) 68(54.8) 37(56.1) 27(48.2)
Bipolarabn 26 (12.3) 12(333) 19(422) 23(267) 7(226) 13(325) 4(20.0) 19(365) 41 (33.1) 23(34.8) 24(42.9)
Non-bipolar 10 (4.7) 3(8.3) 4(8.9) 33.5) 0(0.0) 0(0.0) 0(0.0) 70135 15(12.1)  6(9.1) 5(8.9)
P value - 0.0129  <0.0001 00293 03216 00129 04074  <0.000/ <0.0001 00002  <0.000I

The number of oocytes (percentage in parentheses) with bipolar spindles, bipolar spindles with abnormalities and non-bipolar spindles are shown from at least three independent
experiments per concentration. P values < 0.05 indicate a significant difference compared to control as determined by Fisher’s exact test.

Table Il Effects of bisphenol A on chromosome alignment in bovine metaphase Il oocytes.

Ctrl M(107'°M) pM (1072 M) nM (10~° M) uM (107°M)
e o e e o o [ o e s
Aligned 190 (90.0) 30(83.3) 33(75.0) 72(83.7) 27(87.1) 36(90.0) 19(95.0) 43(827) 85(68.5) 54 (81.8) 39 (69.6)
Mostaligned 11 (5.2) 2 (5.6) 3(6.8) 44.7) 2 (6.5) 2 (5.0) 0(0.0) 3(58)  12(9.7) 3(4.5) 8 (14.3)
Dispersed 10 (4.7) 4111 8(182) 10(l11.6) 2(65) 2 (5.0) I (5.0) 6(11.5) 27(21.8) 9 (13.6) 9(l6.)
P value - 1.0000  0.0434  0.5953 1.0000 1.0000 1.0000 08913  <0.0001 03102 0.0044

The number of ococytes (percentage in parentheses) with aligned chromosomes, mostly aligned chromosomes and dispersed chromosomes are shown from at least three independ-
ent experiments per concentration. P values < 0.05 indicate a significant difference compared to control as determined by Fisher’s exact test.
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exposure to BPS resulted in a significant increase in flattened spindles
with broad poles (Fig. ID). Here again, spindles with broad poles were
absent altogether in the control group, but represented |17% of abnor-
malities in the 100 nM BPS group (P = 0.0106).

A reduction in the proportion of oocytes with properly aligned chro-
mosomes was seen following incubation with 10fM, 100 pM, 10nM,

100
80 ] — [ ]

60
50
40
30
20
10

% at metaphase-II

0 1 10 100 1 10 100 1 10 100 50

M pM nM uM

BPS concentration

Figure 3 Effects of bisphenol S on the percentage of bovine
cumulus-enclosed oocytes to reach metaphase Il at 24 h. The data
are from at least three independent experiments per concentration.
The total number of oocytes used for each concentration were: | 10
(no bisphenol S (BPS)), 31 (1 fM), 18 (10fM), 41 (100 M), 23 (I pM),
51 (10pM), 31 (100pM), 25 (I nM), 29 (10nM), 36 (100nM), 30
(50 uM).

100 nM and 50 uM BPS. There was no effect of BPS on chromosome
alignment at any other concentration.

Discussion

To our knowledge, this is the first study that compares the effects of
BPA and BPS on oocytes. This study shows that BPA and BPS both
have significantly negative effects on cytoskeletal organization and
chromosome alignment in bovine oocytes. We demonstrate that the
relationship between BPA or BPS concentration and spindle morph-
ology and chromosome alignment was non-linear. Furthermore,
effects of BPA and BPS were detected at concentrations several orders
of magnitude lower than what has been reported in human
populations.

Exposure of oocytes to concentrations as low as | fM BPA and
10fM BPS resulted in spindle abnormalities. Additionally, effects of
BPA and BPS on chromosome alignment were seen at concentrations
as low as 10fM. The mean concentrations of BPA in follicular fluid
from women undergoing IVF was 2.4 and 0.34 ng/ml in two different
studies (lkezuki et al., 2002; Wang et al., 2016b). BPS was not measur-
able in porcine follicular fluid where the assay detection limit was
0.125 ng/ml (Zalmanova et al., 2017), however, concentrations in
human follicular fluid are likely to be higher than in the porcine due to
bioaccumulation when moving up the food chain (Rhind et al., 2010).
Our study adds to others that detected effects of low-dose concentra-
tions of BPA or BPS on the spindle, although we now document effects
at even lower doses than previously reported (i.e. in the fM range, as
reported herein). For example, the single study to date on BPS in
mammalian oocytes (in the pig) reported that exposure of COCs to
3 nM BPS had negative effects on oocyte spindle organization, although

Table Il Effects of bisphenol S on spindle morphology in bovine metaphase Il oocytes.

Ctrl M™M07'° M) pM (1072 M) nM (107° M) uM (107 M)
[ o S L e S e o s
Bipolar 78(857) 20(80.0) 5(31.3) 23(76.7) 13(61.9) 24(649) 7(250) 6(30.0) 18(75.0) I3(41.9)  7(25.9)
Bipolarabn  10(I11.0)  5(20.0) 8(50.0) 7(233) 8(38.1) 11(29.7) 13(464) 12(60.0) 0(0.0) 11 (355) 11(40.7)
Non-bipolar 3 (3.3) 0(0.0) 3(I188)  0(0.0) 0(0.0) 2 (5.4) 8(286) 2(10.0) 6(250) 7(26) 9(33.3)
P value - 0.3445 <0.0001 03213 0.0316 0.0755 <0.0001  <0.0001  0.0039 <0.0001  <0.0001

The number of oocytes (percentage in parentheses) with bipolar spindles, bipolar spindles with abnormalities and non-bipolar spindles are shown from at least three independent
experiments per concentration. P values < 0.05 indicate a significant difference compared to control as determined by Fisher’s exact test.

Table IV Effects of bisphenol S on chromosome alignment in bovine metaphase Il oocytes.

Ctrl M (107'°M) pM (107'2 M) nM (1077 M) uM (1076 M)
[ s S SO [ e o s
Aligned 85(93.4) 24(96.0) 9(56.3) 27(90.0) 17(81.0) 30(8l.1) 18(643) 16(80.0) 17(70.8) 24(77.4) 19 (70.4)
Mostaligned 3 (3.3) | (40) 3(188) 2(6.7) 4(19.0)  5(135)  0(0.0) 2(100) 1 (42) 0(0.0) I 3.7)
Dispersed 3(3.3) 0(0.0) 4500 1(33) 0(0.0) 2(54)  10(357) 2(10.0) 6(25.0) 7(226) 7(25.9)
P value - 1.0000  0.0013  1.0000  0.1035 0.3065 <0.0001  0.497| 0.0131 0.0136  0.0079

The number of oocytes (percentage in parentheses) with aligned chromosomes, mostly aligned chromosomes, and dispersed chromosomes are shown from at least three independ-
ent experiments per concentration. P values < 0.05 indicate a significant difference compared to control as determined by Fisher’s exact test.
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there were no effects at the next lower tested dose of 30pM
(Zalmanové et al., 2017). Exposure of partially cumulus-enclosed
human oocytes discarded from IVF to 20 ng/ml (87 nM) BPA caused a
reduction in oocytes with bipolar spindles and aligned chromosome
(Machtinger et al., 2013). Similarly, Ferris et al. (2015) found that
exposure of bovine COCs to 30ng/ml (131 nM) BPA during IVM
caused spindle abnormalities and chromosome dispersal in the oocyte
but that there was no effect of 15 ng/ml (65nM) BPA. Although we
did not test the exact concentrations used in the Ferris et al. (2015)
study, we did test concentrations approximating these doses (i.e. 10
and 100 nM). Our study found that these doses of BPA resulted in sig-
nificantly increased oocytes with spindle abnormalities at both concen-
trations, and an increase in oocytes with dispersed chromosomes at
[0 nM, but not at the higher 100 nM dose. Although these discrepan-
cies may be explained by differences in the IVM systems used, they
may also point to a complex mechanism of action of BPA on spindle
morphology and chromosome alignment.

Endocrine disruptors are well established to elicit NMDRs, depend-
ing upon the endpoint being measured (Vandenberg, 2013). Given our
finding that the dose—response relationship between BPA or BPS con-
centration and spindle morphology or chromosome alignment was not
linear, it seems plausible that a NMDR exists within our data. Several
mechanisms that may elicit NMDRs have been proposed. These
include the possibility of multiple molecular targets, negative feedback
or desensitization of the receptor, toxicity at high doses, and induction
of dose-dependent metabolism or detoxification (Lagarde et al.,
2015). Additionally, BPA has been reported to have a multitude of
actions including acting as an androgen agonist and antagonist, estro-
gen agonist and antagonist, and thyroid hormone antagonist (Rubin,
201 1), which may contribute to the phenomenon of NMDRs. Two
previous studies have suggested NMDRs with regards to BPA expos-
ure and morphology of the oocyte spindle. Machtinger et al. (2013)
found that low (20 ng/ml, i.e. 87 nM) and high (20 pg/ml, i.e. 87 pM)
concentrations of BPA reduced the proportion of human oocytes with
a bipolar spindle, whereas a middle concentration (200 ng/ml, i.e.
877 nM) had no effect. In an in vitro follicle culture system, Lenie et al.
(2008) reported the highest abnormalities in oocyte meiosis |l for
whole mouse follicles exposed to lower (3 and 30 nM) when com-
pared to higher (30 pM) doses of BPA. It is relevant to note that not all
studies have documented the existence of non-linear effects in
oocytes, likely due in part to experimental designs that do not always
permit their detection. Distinguishing itself from all prior studies, our
experimental design (with a total of 10 doses from pM to pM ranges)
permitted identification of NMDR effects of BPA and BPS. Continued
attention to NMDRs remains essential when assessing actual risks in
mammalian oocytes, as opposed to the focus on traditional toxico-
logical dogma that dose effects are linear (Vandenberg, 2013).

Our finding that BPA had no effect on the proportion of oocytes at
MIl is in contrast to prior studies which found that BPA arrested
oocyte meiotic maturation in humans (Machtinger et al., 2013), mice
(Can et al., 2005; Eichenlaub-Ritter et al., 2008; Lenie et al., 2008),
porcine (Mlynarcikova et al., 2009; Wang et al., 2016a) and bovine
(Ferris et al., 2015). However, the previously reported difference in
the bovine (Ferris et al., 2015), although significant, was only a 15%
reduction in the proportion of oocytes reaching MIl at 30 ng/ml
(131 nM), a reduction that was in line with the 10—12% nonsignificant
one reported herein for 100 nM and 50 pM (Fig. 2). Differences in

maturation effects may reflect species-specific differences in timing of
meiotic progression, and therefore sensitivity to endocrine disruptors
(e.g. germinal vesicle breakdown occurs within 2 h of IVM in mouse
oocytes (Downs et al., 1988), 6 h in bovine oocytes (Sirard et dl.,
1989) and 22 h in porcine oocytes (Wehrend and Meinecke, 2001)).
Additionally, the IVM culture systems used (e.g. media composition,
the addition or omission of serum, the extent of cumulus cell support)
may influence the sensitivity of oocyte maturation to endocrine disrup-
tors. Another significant source of variability stems from the source
material that often varies across studies (including genetically similar
lab animals, or genetically diverse slaughterhouse individuals or even
developmentally unique oocytes that come from otherwise discarded
material during human IVF). Our findings, together with studies by
others, attest to the complexity of the effects and interactions, in turn
justifying the need to explore reasons for these differences. In vitro
studies (such as ours) consistently support the conclusions that endo-
crine disruptors (such as BPA and now BPS) impair in several mamma-
lian species one essential aspect of oocyte development, namely,
normal female meiotic processes.

There are two likely scenarios where COCs may be exposed to
endocrine disruptors. First, exposure may occur during ART via plastic
consumables (i.e. plastic tubing, culture dishes, commercial media and
syringes). Recent studies have demonstrated that commonly used
plastic consumables do not leach detectable levels of BPA
(Mahalingaiah et al., 2012; Gatimel et al., 2016). However, our findings
demonstrate effects at concentrations far lower than the limit of
detection in those studies (2—4 nM), substantiating the need to reduce
potential sources of exposure where possible. Second, exposure may
occur while the COC is contained within the follicle inside the body.
The repeatability and relevance of in vitro studies must be examined
in vivo to confirm that BPA and BPS elicit the same effects during sys-
temic exposures. Several studies have examined the correlation
between urinary BPA concentrations and ART outcomes (Chavarro
et al., 2007; Mok-Lin et al., 2010; Bloom et al., 201 |; Fujimoto et al.,
201 1; Ehrlich et al., 2012a, 2012b; Minguez-Alarcén et al., 2015), pro-
viding valuable information regarding the effects of BPA in an infertile
population. However, larger population-based studies are needed to
ascertain effects of EDCs on female fertility in the general population
and to perhaps provoke regulatory changes in terms of their wide-
spread use.

Our findings document the sensitivity of meiotic events, specifically
the organization of spindles and arrangement of chromosomes, to
both BPA and BPS in bovine oocytes. Depending on the species, the
exact types of spindle and chromosome derangements vary (lkezuki
et al, 2002; Machtinger et al., 2013; Ferris et al., 2015; Zalmanova
etal., 2017); however, and as reported in the only other study on BPA
in bovine oocytes (Ferris et al., 2015), we observed a unique and strik-
ing phenotype of flat spindles with remarkably broad ends (Fig. ID)
that may suggest impairments in spindle pole formation and/or main-
tenance by BPA in the bovine oocyte. Of potential relevance, BPA has
been reported to alter the localization of a key microtubule organizing
center protein, pericentrin, in mouse oocytes (Can et al., 2005;
Eichenlaub-Ritter et al., 2008). Interestingly, we observed similar pat-
terns of abnormalities (in both types and incidences) for either BPA or
BPS, pointing to common targets of disruption. Even if a common tar-
get (i.e. the oocyte spindle) is herein identified for BPA and BPS, it
remains possible that distinct mechanisms of action are at play, as
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previously shown in other study systems (Boucher et al., 2016; Chen
et al., 2016; Madczak et al., 2016). It is also pertinent to note that in
our study, the decreases in the proportion of bipolar spindles in Ml
oocytes were greater for BPS than for BPA when compared to
untreated oocytes (with, e.g. a 64% decrease in bipolar spindles at
50 uM BPS when compared to the control versus a 34% decrease at
50 uM BPA). These findings suggest differences in potencies between
the two chemicals, specifically with an increased potency of BPS. In
addition, oocytes are exposed in vivo to a complex mixture of chemi-
cals, and thus future studies need to ascertain the actual impact of co-
exposures to several bisphenol types.

Given that impairments in spindle organization may result in
improper chromosome segregation and subsequent aneuploidy, spin-
dle assembly and conformation is an important contributor to oocyte
quality. In humans oocytes, flattened spindle poles and altered pole-
to-pole length were associated with misalignment of the chromosomes
at the metaphase plate (Bromfield et al., 2009; Coticchio et al., 2013).
Additionally, chromosome alignment is also regulated epigenetically
through post-translational modifications of histones (Huang et dl.,
2012; Ma and Schultz, 2016). EDCs, including BPA, can alter epigenetic
marks (Xin et al., 2015), and interestingly, exposure of mouse follicles
to 3 nM BPA altered the trimethylation pattern on histone 3 at resi-
dues associated with chromosome misalignment (Trapphoff et dl.,
2013). Thus, the reported associations between BPA levels and mis-
carriage risks in human (Sugiura-Ogasawara et al., 2005; Lathi et dl.,
2014), may be mediated by multiple mechanisms including spindle con-
formation and epigenetic changes. Our findings now support the need
to examine similar relationships for BPS. It is relevant to note that even
though this study showed that BPA and BPS induced statistically signifi-
cant reductions in the proportions of oocytes with aligned chromo-
somes, the magnitude of the effects were generally rather small.
Further research is needed to determine how these relatively small
increases in chromosome misalignment carry over to an in vivo system
to affect oocyte competence and embryo development. Furthermore,
evaluations also need to extend beyond the spindle apparatus so as to
include the complexity of events that are essential during oocyte devel-
opment for the formation of a gamete, and subsequently an embryo,
of high competency and health.

Our study identified the effects of BPA or BPS during a narrow spe-
cific period of development (namely, the 24 h window of oocyte mat-
uration), irrespective of potential prior historical exposures in vivo.
While other studies need to address the prolonged impact of continu-
ous exposures, there are several notable strengths to our study model.
As ovaries were sourced from an abattoir, the cellular material origi-
nated from a genetically diverse population of cows with different life
and exposure histories; this experimental model represents a relevant
situation akin to considering the impact on EDCs in an unselected
group of humans. Our IVM conditions also employed carefully selected
COCs that were cultured in a defined medium without serum supple-
mentation. The impact of BPA and BPS was also directly comparable
since it was tested within the same study using identical experimental
design and conditions. The ability for such direct comparison is other-
wise not possible across publications due to inherent variations in one
or more aspects of the study design.

In summary, we report for the first time on a direct comparison of
the effects of BPA and BPS in bovine oocytes during IVM. Both chemi-
cals negatively impacted spindle and chromosome organizations at

very low doses and in a non-linear fashion. Similarly to BPA, BPS also
poses a threat to oocyte development, and future empirical evidence
must continue evaluating the actual safety of the multitude of existing
BPA substitutes.
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