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Abstract

The worldwide problem of increasing frequency of female reproductive disorders is considered
to be partially related to the rise in endocrine disrupting chemical (EDC) production and
exposure. EDCs can interfere with normal hormonal action and regulation, and the effect of the
two well described EDCs diethylstilbestrol (DES; a synthetic estrogen agonist) and ketoconazole
(KTZ; a steroidogenic enzyme inhibitor) are examined on bovine oviduct epithelial cells (BOECs).
In this thesis a 23-day BOEC monolayer culture in Transwell® inserts was established using the
air-liquid interface (ALI) method to maintain the differentiated BOEC phenotype. BOEC-ALI
cultures showed confluent monolayers with low percentage BOECs presenting secondary cilia at
their apical membrane. In this culture system four-day exposure to DES or KTZ resulted in
lowered lateral position of cell-cell adherence in a subpopulation of the BOECs, while BOEC
viability and monolayer confluency was maintained. Furthermore, the use of the BOEC-ALI model
for embryo co-culture did not result in the production blastocysts and cleavage rates were not as
successful compared to conventional in vitro embryo production (IVP). Overall, a bovine oviduct
model was established and proved functional as toxicological model. In order to apply this model
to conduct embryo co-culture experiments and for the use as an indirect exposure toxicological
model, the BOEC-ALI model needs to be further optimized.



Layman’s summary

There is an increase in environmental presence of chemicals which are known to disrupt the
hormone system of females. This is linked to the rise in female reproductive system disorders.
When women are exposed to these chemicals before, or during, pregnancy there may be an effect
on the embryo. Two classic chemicals known to affect the female reproductive system are
diethylstilbestrol (DES) and ketoconazole (KTZ). However, little is known about their effect on
the oviduct, the tube connecting the ovaries to the uterus. The oviduct is the place where an
oocyte is fertilized by a sperm cell and further develops into an embryo. It is the first place of
contact between mother and embryo and therefore of great importance for the earliest life stages.
A key cell component of the oviduct are the epithelial cells (OECs) lining the oviduct cavity. Here,
we culture these OECs which were obtained from cows, so that they form a single layer with tight
cell-to-cell contact. When the OECs are cultured like this, they are called a monolayer. The OEC
monolayers grow attached to a specialized plastic with very small pores to allow small molecules
to pass. This specialized plastic barrier hangs in another plastic container, creating two
compartments: above and under the plastic barrier. The compartment under the plastic barrier
will be filled with culture medium, while the upper compartment containing the monolayer will
be empty (filled with air). This is called an air-liquid interface (ALI) system, and this
compartmentalization allows the OECs to maintain the same shape as in the oviduct in the body.

Here, we exposed the OECs from under the plastic barrier to DES and KTZ. We found that DES and
KTZ exposure caused the OECs to lose the connections between them at their sides. However, this
was not over the entire side, but starting from the middle to the top of the cells. Interestingly,
exposure to DES or KTZ did not alter the monolayer, since the liquid from the bottom
compartment did not transfer to the air-filled upper compartment. Thus, exposure to DES and
KTZ altered cell-cell attachment, but the ALI system and the monolayer was maintained.

Since early embryo development takes place in the oviduct, we cultured fertilized oocytes in the
upper compartment of the OEC-ALI system, on top of the OEC monolayers. This embryo culture
was performed to establish an indirect exposure model, where DES and KTZ are potentially added
to the lower compartment and separated from the embryo by the OEC monolayer. Unfortunately,
we were only able to produce very early-stage embryos that did not progress through
development, which is normally possible with other standardized protocols for embryo
production. Therefore, indirect exposure was not performed.

Overall, this OEC-ALI model can be used to test the effect of toxic chemicals on oviduct epithelial
cells. Here, we have shown that DES and KTZ induce loss of cell-cell attachment at the sides, while
the monolayer was maintained. Furthermore, embryo culture in the OEC-ALI system was not
successful. Since the oviduct environment is important during early embryo development, the
OEC-ALI system should be further optimized to allow embryo culture.
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Introduction

For a long time, the oviduct was considered a passive channel for gametes and embryos, and its
function for the female reproductive system was overlooked (Pérez-Cerezales et al., 2018). Yet,
the oviductis the first embryo-maternal contact zone and plays a pivotal role in gamete transport,
sperm selection, fertilization, early embryo development, as well as genetic and epigenetic
reprogramming (Almifiana et al., 2017; Ferraz et al,, 2017; Gonzalez-Brusi et al., 2020; Pérez-
Cerezales et al., 2018). After ovulation, the released oocyte enters the oviduct where it will be
fertilized by one sperm cell. After this fertilization, the early bovine embryo resides in the oviduct
for approximately 3-4 days while it undergoes the first embryonic cleavages and from the 8-cell
stage the embryonic genome becomes activated (Maillo et al., 2015; Rizos et al., 2017). The
oviduct, which connects an ovary to the uterus, is composed of three regions: the infundibulum,
the ampulla, and the isthmus. Pseudostratified columnar epithelium lines the lumen of the
oviduct, and consists of ciliated epithelial cells that actively transport oocytes, sperm, and early
embryos, and secretory epithelial cells which produce an optimized environment (Leese et al.,
2001; Rottmayer et al., 2006). Previous studies have shown that the estrous cycle affects the
morphology and function of oviduct epithelial cells (OECs). The key hormones of the cycle are
progesterone (P4) and 173-estradiol (E2), and circulate in the systemic bloodstream to reach
OECs from the basolateral side (Chen et al., 2013a; Lopera Vasquez et al., 2022; Yaniz et al., 2000).
Around ovulation, during the follicular phase when E2 levels are high, the oviduct epithelium is
predominated by ciliated OECs especially in the infundibulum and ampulla. Fewer changes are
observed in the isthmus. In contrast, during the luteal phase, when P4 levels are high, there is an
extensive distribution of secretory OECs (Abe & Oikawa, 1993; Yaniz et al., 2000). Consistent with
the morphological changes of the OECs, cycle-dependent changes in gene expression have been
observed. During the luteal phase, genes involved in proliferation are upregulated. In contrast to
this, genes involved in protein secretion are upregulated during the follicular phase. An example
of this is increased secretion of oviductal glycoprotein 1 (OVGP1) which is the most abundant
glycoprotein in the bovine oviductal fluid (Lopera Vasquez et al,, 2022; Rottmayer et al.,, 2006;
Zhao et al,, 2022).

Due to human activities the environment is polluted with many toxic molecules and part of them
typically have hormone like activities (either as agonist or antagonist) and these can be classified
as endocrine disrupting chemicals (EDCs). EDCs are defined as exogenous substances or mixtures
that alter function(s) of the endocrine system and consequently cause adverse health effects in
an intact organism, or its progeny, or (sub) population (International Programme on Chemical
Safety, 2002). The worldwide problem of the increasing frequency of (female) reproductive
disorders is considered to be related to the rise in EDC production and exposure (Delbes et al.,
2022; Ding et al,, 2020; Ma et al,, 2019). Currently, around 60 chemicals have been classified as
EDC which are found in agriculture, consumer products, pharmaceutical drugs, cosmetics, and
food packaging. Furthermore, it is suggested that exposure to EDCs can also be a result of
contaminated water, air, or food (Brevini et al., 2005; Delbes et al., 2022). This thesis deals with
the effects of two well described EDCs (diethylstilbestrol; DES and ketoconazole; KTZ) on OECs
in the bovine species, which has not been studied in detail. DES, a synthetic estrogen receptor
agonist, is a transplacental chemical that was prescribed for almost 30 years to pregnant women
for the prevention of miscarriages. When adverse health effects in the in utero exposed daughters,
such as clear-cell adenocarcinoma at young age and infertility occurred, the use of DES as
pharmaceutical drug was terminated in 1972 (Adedeji et al., 2012; Dodds et al., 1938; Giusti et al.,
1995; Herbst et al., 1971). The discovery of adverse health effects caused by DES led to the start
of studies focusing on the mechanism of DES and its effect on the reproductive system. The
properties of DES are similar to physiological estrogens and its effect is mediated through both
nuclear estrogen receptor (ER) activation, and plasma membrane receptor activation (Adam et
al,, 2020; Bolger et al., 1998; Nadal et al., 2000). The consequences of DES exposure are broad and
reach most tissues of the female reproductive system. However, little is reported about the effect
on the oviduct. Another example of a classic EDC is KTZ, which is worldwide used to treat
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mammalian fungal infections and fungicides in agriculture (Kjzerstad et al., 2010). The antifungal
property of KTZ relies on the inhibition of a specific cytochrome P450 enzyme, CYP51, which is
essential for the production of sterols for the fungal membrane (Zarn et al., 2003). However, KTZ
is not specific to fungal CYP enzymes but also interacts with the mammalian CYP enzyme system
which is involved in the steroidogenic pathway (Loose et al., 1983; Sonino, 1987) and thus KTZ
can be considered as an EDC. The formerly used topical and systemic antifungal pharmaceutical
interfered with both androgen and estrogen synthesis resulting in decreased formation of
estradiol and testosterone, and an increase of progesterone, indicating that KTZ interferes with
the steroidogenic pathway (Baravalle et al,, 2018; Kjeerstad et al., 2010; Loose et al.,, 1983;
Munkboel et al., 2019a; Sonino, 1987). Previous in vivo animal studies showed teratogenic and
embryotoxic effects of systemic KTZ (King et al., 1998), as well as in vitro studies showed that
high concentrations of KTZ caused degeneration of follicles and oocytes (Tsafriri et al., 1998). As
mentioned before, little is reported about the effect of both DES and KTZ exposure on the bovine
oviduct. Previous studies of in utero DES exposure in rats, mice, and chickens, showed oviductal
abnormalities including inflammatory lesions and hypercellularity of oviductal stromal cells
(Alwis et al,, 2011; Newbold et al., 1983; Rothschild et al., 1987; Seo et al., 2009). Furthermore, a
study showed the competence of fluconazole, another potent EDC from the azole antifungal
family, to penetrate into female reproductive tract tissues, including the oviduct, but the local
effect on the tissue is not reported (Mikamo et al., 1999; Munkboel et al., 2019b).

Despite the concern regarding little knowledge about the effects of DES and KTZ on the oviduct,
there are considerable downsides to current oviduct epithelial cell culture methods. Oviduct
function in vitro has predominantly been studied using bidimensional cultures, where OECs are
cultured as monolayers or using oviduct explants in tissue culture flasks or petri dishes. When
OECs are cultured in these bidimensional cultures, they rapidly dedifferentiate into flattened cells
and lose their morphologic properties such as cell height, columnar shape, and cell polarity, as
well as the functional properties of secretion activity and ciliation (Bissell, 1981; Ferraz et al,,
2017; Gualtieri et al,, 2012; Inman & Bissell, 2010; Reischl et al., 1999; Ulbrich et al., 2010). Given
the importance of these properties for oviductal function, in vitro culture conditions should be
established to preserve this. In contrast to bidimensional cultured OECs, the three-dimensional
air-liquid interface (ALI) culture can support tissue specific characteristics, cell polarity and
morphology of the OECs. The ALI culture forces confluent OEC monolayers to differentiate and
has been established for monkey, equine, mice, porcine and bovine oviduct epithelial cell isolates
(Chen et al, 2013b, 2017; Leemans et al.,, 2022; Rajagopal et al.,, 2006). The ALI culture uses
compartmentalization, creating an apical and basolateral compartment, to stimulate cell polarity
and differentiation. This compartmentalization provides the opportunity for embryo co-culture
at the apical compartment, while the OECs are nourished from the basolateral compartment
through the membrane of the Transwell® system. As previously mentioned, the oviduct is the
specific environment where besides fertilization also the first days of embryonic development
will take place. Multiple studies have shown that co-culture with BOECs and early embryos will
stimulate early embryonic development (Abe & Hoshi, 1997; Galli et al., 2003; Gandolfi & Moor,
1987; Thibodeaux & Godke, 1992). There is increasing interest in the advancing of embryo co-
cultures with more sophisticated and three-dimensional culture systems. Embryo co-culture in a
Transwell® OEC-ALI system has already been described in literature using porcine, mice and
bovine material (Chen etal., 2017; Jordaens et al., 2020). However, the resulting blastocyst yields
were not comparable to conventional in vitro embryo production (IVP), and blastocyst quality
was not examined (Chen et al., 2017; Jordaens et al., 2020). In addition to the potential beneficial
effect on embryo co-culture, the OEC-ALI co-culture could be used as model for indirect
toxicological exposure of embryos. The embryo would be indirectly exposed to toxins present in
the basolateral compartment and separated by the confluent OEC monolayer. Documented effects
of EDCs on the developing embryo are mostly from direct exposure, however, this does not mimic
physiological exposure via the systemic circulation where for instance EDCs have to pass through
the OECs to come in contact with the embryo (Amir et al., 2018; Gardiner et al., 1988; Santos et



al,, 2014; Walker et al., 2000). Indirect exposure using an OEC-ALI (co-culture) system would give
a better understanding of the effects of EDCs on the developing embryo, and the effects on OECs.

In this thesis, I have aimed to create a differentiated and confluent BOEC-ALI culture, which will
be used to gain better understanding on the effects of DES and KTZ on BOECs. Its use for bovine
embryo co-culture was tested. The results will be discussed with special emphasis on the effects
of KTZ and DES on differentiation parameters such as cell viability, morphology, ciliation and
monolayer confluency.



Materials and methods

Media solutions

Bovine oviduct epithelial cell air-liquid interface culture

DMEM/F-12: Dulbecco’s Modified Eagle Medium F-12 Nutrient Mixture (DMEM/F-12; #31331-
028 Gibco, Grand Island, NY, United States) supplemented with 10% fetal bovine serum (FBS;
#F7524 Sigma-Aldrich, St. Louis, MO, United States), 5pug/mL insulin (#10516 Sigma-Aldrich, St.
Louis, MO, United States), 5ug/mL apo-transferrin (#T1428 Sigma-Aldrich, St. Louis, MO, United
States), 10 ng/mL Epidermal Growth Factor (EGF; #4127 Sigma-Aldrich, St. Louis, MO, United
States), 100 U/mL penicillin and 100 pg/mL streptomycin (#15140 Gibco, Grand Island, NY,
United States), 50 pg/mL Gentamycin (#15750 Gibco, Grand Island, NY, United States), and
1pg/mL Amphotericin B (#A2942 Sigma-Aldrich, St. Louis, MO, United States).

In vitro embryo production (IVP)

Maturation media: M199 with Earle’s salts and glutamine (#31100-027 Gibco, Grand Island, NY,
United States) was buffered with 2.2% (g/L) NaHCO3 with an osmolarity of 280-290 mOsm and
sterilized through a 0.22 um filter. This buffered media was supplemented with 100 U/mL
penicillin and 100 pg/mL streptomycin (#15140 Gibco, Grand Island, NY, United States), 0.05
[U/ml recombinant hFSH (Organon), 0.1 uM cysteamine (#M9768 Sigma-Aldrich, St. Louis, MO,
United States), and 10 ng/ml EGF (#E4127 Sigma-Aldrich, St. Louis, MO, United States).

Rinsing medium R: MilliQ supplemented with 0.11M NaCl (#1.06404.1000 Merck, Kenilworth,
NJ, United States), 3.15 mM KCl (#4936 Merck, Kenilworth, NJ, United States), 2.00 mM
NaHCO3 (#S4019 Sigma-Aldrich, St. Louis, MO, United States), 0.33 mM Na;HPO4 (#6559 Merck,
Kenilworth, NJ, United States), 0.13 % (v/v) sodium lactate (a 60% syrup solution; #L.7900 Sigma-
Aldrich, St. Louis, MO, United States), 9.99 mM HEPES (#H6147-100g Sigma-Aldrich, St. Louis,
MO, United States), 0.2% (v/v) phenol red (#P0290 Sigma-Aldrich, St. Louis, MO, United States),
2.65 mM CaCl2.2H,0 (#2382 Merck, Kenilworth, NJ, United States), 0.49 mM MgCl,.6H,0 (#5833
Merck, Kenilworth, NJ, United States), 1.0 mM sodium pyruvate (#P2256 Sigma-Aldrich, St. Louis,
MO, United States), 100 U/mL penicillin-streptomycin (#15140 Gibco, Grand Island, NY, United
States), 0.6% (w/v) bovine serum albumin fraction V (#81003 MP Biomedicals, Santa Ana, CA,
United States). The pH was measured and adjusted to 7.3 + 0.05 and osmolarity was set to 280 +
2 mOsm. The rinsed medium was filter sterilized (0.22 pm) and stored at -20 °C in aliquots.

Medium D 10X (D10X) was necessary for the dilution of Percoll®. LAL reagent water (#W50-500
Cambrex, East Rutherford, NJ, United States) supplemented with 0.9 M NaCl (#1.06404.1000
Merck, Kenilworth, NJ, United States), 30.85 mM KCl (#4936 Merck, Kenilworth, NJ, United
States), 3.31 mM NapHPO,4 (#6559 Merck, Kenilworth, NJ, United States), 4.29 % (v/v) sodium
lactate (a 60% syrup solution; #L7900 Sigma-Aldrich, St. Louis, MO, United States), 0.1 M HEPES
(#H6147-100g Sigma-Aldrich, St. Louis, MO, United States), 15.25 mM MgCl,.6H,0 (#5833 Merck,
Kenilworth, NJ, United States), 2 % (v/v) phenol red (#P0290 Sigma-Aldrich, St. Louis, MO, United
States). The pH was measured and adjusted to 7.35 + 0.05 and osmolarity was set to 280 + 2
mOsm. D10X was filter sterilized (0.22 pm) and stored at 4 °C.

Medium D 1x (D1X) was used for Percoll® dilution and for sperm medium. D1X was produced by
diluting D10X 10 times with LAL reagent water supplemented with 2% (v/v) phenol red (#P0290
Sigma-Aldrich, St. Louis, MO, United States).

Sperm medium: D1X supplemented with 1 mM sodium pyruvate (#P2256 Sigma-Aldrich, St.
Louis, MO, United States), 100 U/mL penicillin-streptomycin (#15140 Gibco, Grand Island, NY,
United States), and 0.6% (w/v) bovine serum albumin fraction V (#81003 MP Biomedicals, Santa
Ana, CA, United States). Sperm medium was filter sterilized and stored at -20 °C in aliquots.



Percoll® solutions: Percoll® (#GE 17-5445-02 GE Healthcare, Chicago, IL, United States) was
diluted 1:9 with medium D10X to establish 90% Percoll® solution. Percoll® 45% solution was
established by a 1:1 dilution of Percoll® 90% with medium D1X. All Percoll® solutions were
stored at 4°C.

Fertilization medium E: LAL reagent water (#W50-500 Cambrex, East Rutherford, NJ, United
States) supplemented with 0.11 M NaCl (#1.06404.1000 Merck, Kenilworth, NJ, United States),
3.09 mM KCI (#4936 Merck, Kenilworth, NJ, United States), 25.0 mM NaHCO;3 (#5S4019 Sigma-
Aldrich, St. Louis, MO, United States), 0.33 mM Na;HPO4 (#6559 Merck, Kenilworth, NJ, United
States), 0.22 mM sodium pyruvate (#P2256 Sigma-Aldrich, St. Louis, MO, United States), 0.2%
(v/v) phenol red (#P0290 Sigma-Aldrich, St. Louis, MO, United States), 2.65 mM
CaCl2.2H,0 (#2382 Merck, Kenilworth, NJ, United States), 0.49 mM MgCl2.6H20 (#5833 Merck,
Kenilworth, NJ, United States), 100 U/mL penicillin-streptomycin (#15140 Gibco, Grand Island,
NY, United States), 0.6% (w/v) BSA fatty acid free (#A6003 Sigma-Aldrich, St. Louis, MO, United
States). The pH was measured and adjusted to 7.3 + 0.05 and osmolarity was set to 280 * 2 mOsm.
Fertilization medium E was filter sterilized (0.22 pm) and stored at -20 °C in aliquots.

Penicillamine-hypotaurine-epinephrine (PHE) solution: 0.9% NaCl supplemented with 0.5 mM
penicillamine (#4875 Sigma-Aldrich, St. Louis, MO, United States), 0.5 mM hypotaurine (#1384
Sigma-Aldrich, St. Louis, MO, United States), and 25 uM epinephrine (#E1635 Sigma-Aldrich, St.
Louis, MO, United States). Penicillamine and hypotaurine were dissolved in 0.9% NaCl, whereas
epinephrine was dissolved in sterile solution A. PHE solution was stored at -20 °C.

Solution A: LAL reagent water (#W50-500 Cambrex, East Rutherford, NJ, United States)
supplemented with 2.52 % (v/v) sodium lactate (a 60% syrup solution; #L7900 Sigma-Aldrich,
St. Louis, MO, United States), and 52.60 mM sodium metabisulfite (#5900 Sigma-Aldrich, St. Louis,
MO, United States). pH was set at 4, and solution A was stored at -20 °C.

Synthetic oviductal fluid (SOF) media: SOF media was composed of 1:4 ratio of SOF A and SOF
B. SOF A: LAL reagents water (#W50-500 Cambrex, East Rutherford, NJ, United States)
supplemented with 0.13 M NaCl (#55886 Sigma-Aldrich, St. Louis, MO, United States), 8.95 mM
KCI (#4936 Merck, Kenilworth, NJ, United States), 1.49 mM KH,PO. (#P5655 Sigma-Aldrich, St.
Louis, MO, United States), 0.075 % (v/v) sodium lactate (a 60% syrup solution; #L7900 Sigma-
Aldrich, St. Louis, MO, United States), 0.92 mM MgS04.7H20 (#105886500 Merck, Kenilworth,
NJ, United States), 31.24 mM NaHCO3 (#S4019 Sigma-Aldrich, St. Louis, MO, United States), 2.22
mM CaCl2.2H;0 (#2382 Merck, Kenilworth, NJ, United States), 0.0625 % (v/v) phenol red
(#P0290 Sigma-Aldrich, St. Louis, MO, United States), 1.25% (v/v) MEM NEAA (#M7145 Sigma-
Aldrich, St. Louis, MO, United States), 2.5% (v/v) BME AA (#B6766 Sigma-Aldrich, St. Louis, MO,
United States). The pH was adjusted to 7.3 £ 0.05 and osmolarity was set to 300 £ 2 mOsm. SOF
A was filter sterilized (0.22 um) and stored at 4°C. SOF B: LAL reagents water (#W50-500
Cambrex, East Rutherford, NJ, United States) supplemented with 100 U/mL penicillin-
streptomycin (#15140 Gibco, Grand Island, NY, United States), 1.64 mM sodium pyruvate
(#P2256 Sigma-Aldrich, St. Louis, MO, United States), 10.26 mM L-glutamine (#G8540 Sigma-
Aldrich, St. Louis, MO, United States), 2% BSA (#81-001-4 Merck, Kenilworth, NJ, United States).
The pH was adjusted to 7.3 + 0.05. SOF B was filter sterilized (0.22 pm) and stored at 4°C.
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Methods

Experimental design
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Scheme 1: Experimental design to establish confluent monolayers of bovine oviduct epithelial cells (BOECs) on
microporous membrane in Transwell® inserts. Mechanically isolated BOECs were cultured from day 0-8 in
liquid-liquid interface, and at day 8 air-liquid interface (ALI) was introduced. I) establishment of differentiated
BOEC monolayer. BOECs monolayers were cultured for various durations. Confluency was assessed with
transepithelial electrical resistance (TEER) measurement and paracellular tracer flux assay. BOEC
morphology and differentiation was analysed with immunofluorescence. 11) Effect of diethylstilbestrol (DES)
and ketoconazole (KTZ) exposure on the BOEC monolayer. Three days before exposure, day 20, confluency was
assessed with TEER and tracer flux measurement. Monolayers were exposed to DES, KTZ or vehicle from day
23-27. After exposure, day 27, confluency was assessed, as well as BOEC morphology and differentiation
(immunofluorescence). Additionally, BOEC viability after exposure was assessed using the neutral red assay.
Only DES treated monolayers were cultured from day 27-31 under normal conditions, to observe whether they
recover after DES exposure. 11I) Embryo co-culture in BOEC-ALI system. Same measurements at day 20 and
day 27 were performed as in section I, except viability of BOECs was not determined. Overview of number of
replicates and total monolayers used per experiment is depicted in Supplemental table 1.
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Bovine oviduct epithelial cell (BOEC) air-liquid interface (ALI) culture

Bovine uteri with oviducts still attached were slaughter-house by-products and collected from
slaughterhouse Gosschalk (Epe, Netherlands). Uteri were collected and transported on ice. Per
each ALI culture, material of four animals was pooled, unless stated otherwise. One oviduct per
animal was isolated and dissected from surrounding tissue, i.e., broad ligaments, mesosalpinx,
and fat tissue. Oviducts were rinsed once in ice cold phosphate buffered saline (PBS; Fresenius
Kabi) supplemented with 50 pg/mL gentamycin (#15750 Gibco, Grand Island, NY, United States),
100 U/mL penicillin-streptomycin (#15750 Gibco, Grand Island, NY, United States), washed once
quickly in 70% ethanol, and rinsed two times in PBS supplemented with antibiotics. BOECs were
mechanically isolated by squeezing, using tweezers, the oviduct from the infundibulum to the
isthmus. BOECs were collected in 4 mL preheated (38 °C) M199 (#22340 Gibco, Grand Island, NY,
United States) supplemented with 50 pg/mL gentamycin (#15750 Gibco, Grand Island, NY, United
States) and 100 U/mL penicillin-streptomycin (#15140 Gibco, Grand Island, NY, United States).
Cells were resuspended using a 18g needle (Sterican #4665120 B Braun, Melsungen, Germany),
transferred to a 15 mL tube, and centrifuged for 5 min, 100 x g at 25 °C. Supernatant was removed
and the BOECs were resuspended with 2 mL preheated (38 °C) M199 supplemented with
antibiotics, and centrifuged under the same conditions. Supernatant was disposed, and BOECs
were resuspended in 2 mL preheated (38 °C) DMEM/F-12. The cell suspension was divided over
four wells of a 6 wells plate (F-bottom, CELLSTAR® #657160 Greiner Bio-one, Germany),
containing 4 mL preincubated DMEM/F-12, and BOECs were incubated at 37 °C under 5% CO; for
at least 24 hours.

Due to mechanical isolation, fibroblasts may have been isolated alongside of BOECs. BOECs have
very low cell attachment efficiency in absence of extracellular matrix proteins, while fibroblasts
attach quickly to the culture well (Abe & Hoshi, 1997; Alberts et al., 2002). Therefore, after 24h
of incubation only the cells in suspension (oviduct epithelial cell aggregates with minimal amount
of fibroblasts) were carefully collected, transferred to a 15 mL tube, and centrifuged for 5 min,
100 x g at 25 °C. Supernatant was removed and BOECs were resuspended in 1 mL DMEM/F-12.
5x105 BOECs were seeded in the apical compartment of Transwell® inserts (CLS3413,
polycarbonate membrane, 6.5 mm diameter, 0.4 pum pore diameter, apical-basolateral
compartment volume: 150-800 pL, Costar, Corning, United States), and cultured at 37 °C under
5% CO;. From day 1 to day 8 BOECs were cultured in a Liquid-Liquid Interface (LLI) meaning 150
ul DMEM/F-12 in the apical compartment, and 800 pl DMEM/F-12 in the basolateral
compartment. At day 8 of culture, air-liquid interface (ALI) was introduced by removing the
media from the apical compartment, while basolateral media was maintained. Basolateral
DMEM/F-12 was refreshed three times a week. ALI was maintained until day 23, unless stated
otherwise.

Pooled vs. non-pooled

Monolayers used to select BOEC culture period were established from pooled material. Pooling
material could possibly limit differentiation of BOECs (Chen & Schoen, 2021), causing diminished
percentage of BOECs with secondary cilia. Non-pooled monolayers were established from three
individual animals, whereas the pooled monolayers combined BOECs of all three animals.

Endocrine disrupting chemical (EDC) exposure

BOEC monolayers were exposed from the basolateral side to EDCs from day 23 until day 27 of
culture, while maintaining ALI. DMEM/F-12 was supplemented with either diethylstilbestrol
(DES; #D4628-1G Sigma-Aldrich, St. Louis, MO, United States) or ketoconazole (KTZ; #K1003
Sigma-Aldrich, St. Louis, MO, United States), both dissolved in 0.01% v/v Dimethyl Sulfoxide
(DMSO; D2650-5X Sigma-Aldrich, St. Louis, MO, United States). Final concentrations of 10 M, 10-
7M, 10->M DES and 108 M, 107 M, 10-6 M KTZ were reached. DES and KTZ concentrations were
determined beforehand by the FREIA project. All experiments included two control groups;
DMEM/F-12 supplemented with 0.01% DMSO (vehicle), and a control of only DMEM/F-12.
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DES recovery
Following DES (10 M, 10-7 M, 10-5 M) exposure (day 23-27), monolayers were cultured under
normal conditions (DMEM/F-12) from day 27-31, establishing a recovery period of four days.

Synthetic oviductal fluid (SOF) incubation

To test whether SOF affects the BOECs, from day 23-27 50-, 100-, or 150 pl pre-gassed SOF (5%
COz, 7% 02, 38.5°C) was placed in the apical compartment of Transwell® inserts containing
BOECs. Monolayers that remained in ALI state served as control.

Embryo co-culture

For embryo co-culture in the apical compartment of Transwell® inserts containing established
BOEC monolayers, presumed zygotes were produced via in vitro maturation and in vitro
fertilisation (elaborate protocol see material and methods; methods: in vitro embryo production
(IVP)). Presumed zygotes were cultured from day 1-5 in the apical compartment of Transwell®
inserts containing BOEC monolayer. Day 1-5 of in vitro embryo culture (IVC) is in parallel with
day 23-27 of BOEC monolayer culture. Groups of presumed zygotes in different numbers
(6,15,20) and SOF volumes (100 ul, 150 pl) were tested for optimum blastocyst development.
Groups were based on co-culture experiments performed in lab history, where IVC in apical
compartment of Transwell® inserts was successful in ratio of 6 presumed zygotes in 60 ul SOF.

Analysis

Three days before (day 20) and directly after (day 27) EDC exposure, apical SOF incubation, or
IVC co-culture, confluency of the BOEC monolayer was assessed using transepithelial electrical
resistance (TEER) measurement and paracellular tracer flux assay. In addition, BOEC morphology
and differentiation were analysed using immunofluorescence.

Trans-epithelial electrical resistance

BOEC monolayer confluency was assessed by transepithelial electrical resistance (TEER)
measurements, based the on protocols of Chen et al,, 2015 and Leemans et al,, 2022. Ag/AgCl
electrodes (MERSSTX01 Millipore, Burlington, MA, United States) were sterilized for 15 min in
70% ethanol, airdried, and connected to a Volt-Ohm meter (Millicell® ERS-2 Millipore, Burlington,
MA, United States). Until use, electrodes were placed in M199 supplemented with 50 pg/mL
gentamycin (#15750 Gibco, Grand Island, NY, United States) and 100 U/mL penicillin-
streptomycin (#15140 Gibco, Grand Island, NY, United States) at RT. The resistance of M199
supplemented with antibiotics at RT was measured. Temperature fluctuations is known to have
a strong effect on TEER values (Blume et al., 2010). To reduce this effect, TEER was performed on
a heating plate of 38°C, directly after replacement of DMEM-F12 with pre-heated antibiotic-
supplemented M199. To measure the resistance (Ohm), electrodes were inserted in both the
apical and basolateral compartment. After a few second of stabilization, the resistance values
were recorded. In parallel, resistance of empty control inserts, without BOECs, was measured
(expected to range between 150 and 210 Ohm). The resistance of all inserts was measured in
duplicate and averaged. TEER values in Q*cm? were calculated as following:

Rsample(-Q) = Rtotar — Rbiank
TEERsample(-Q sz) = Rsample (-Q') * Areamembrane(cmz)

R blank was the resistance measured of empty inserts combined with the resistance measured of
M199 supplemented with antibiotics at RT. The area of the membrane was 0,33 cm2.

13



Paracellular tracer flux assay

To substantiate TEER values, confluency was assessed with a paracellular tracer flux assay, using
a cell-impermeable fluorescent tracer. Tracer flux was performed directly after the TEER by
replacing apical media with 150 pl of 12 pg/mL natrium fluorescein disodium salt (0.4 kDa,
#F6377 Sigma-Aldrich, St. Louis, MO, United States) diluted in M199 supplemented with 50
pg/mL gentamycin (#15750 Gibco, Grand Island, NY, United States) and 100 U/mL penicillin-
streptomycin (#15140 Gibco, Grand Island, NY, United States). Basolateral compartment
maintained plain M199 supplemented with antibiotics. After a 2 h incubation in the dark at 37 °C
under 5% CO., basolateral and apical media were recovered and stored at 4 °C in the dark. An
empty insert without BOECs served as control. Fluorescence intensity was measured using a BMG
Clariostar fluorimeter (Ortenberg, Germany), excitation was set at 483 nm, and emission at 530
nm. Media acquired from the apical and basolateral compartment was measured in duplicate in
a 96-wells plate (F-bottom, CELLSTAR® #657160 Greiner Bio-one, Germany). Percentage of the
tracer transferred from the apical to the basolateral compartment was calculated as followed:

Fluorescence Intensity basolateral compartment
Tracer Flux % = - x100%
Total Fluorescence Intensity

Where total fluorescence Intensity was the fluorescence intensity of the basolateral compartment
combined with the fluorescence intensity of the apical compartment of one sample.

Whenever tracer flux assay was performed at day 20 (before), apical and basolateral
compartment were washed twice with pre-heated DMEM/F-12. Subsequently, inserts were
incubated again after fresh DMEM/F-12 was added to the basolateral compartment, and the
apical compartment remained empty, maintaining ALI.

Neutral Red Cytotoxicity assay

Lysosomal neutral red uptake was measured to detect BOEC viability after EDC exposure, using
the neutral red cell cytotoxicity assay kit (#K447-1000 BioVision, Milpitas, CA, United States).
NRU is based on the ability of viable cells to incorporate and retain the dye in the lysosomes,
whereas a dead cell does not have this ability. Viability was assessed after exposure, day 27.
Measurement was performed according to the manufacturer’s instructions. The monolayer was
briefly washed with 200ul washing solution, following 2 h incubation at 37 °C with 150 pl neutral
red staining solution. Cells were washed again before a 20 min incubation at RT with 150 pl
solubilization solution. Viable cells release neutral red after solubilization, 50 pl of the medium of
each monolayer was transferred in duplicate to a 96-well culture plate (F-bottom, CELLSTAR®
#657160 Greiner Bio-one, Germany). Absorbance was measured at 540 nm using
SPECTROstarNane (BMG Labtech, Ortenberg, Germany) microplate reader. As control, NR assay
was performed with omitting the neutral red dye, these monolayers, and were incubated with
DMEM for 2h.

ODsample

%Vlablllty = T
blank

x100%

ODsample was the OD of the sample after background correction, and ODpank was OD of neutral red
solution after background correction.
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Immunofluorescence of BOEC morphology and ciliation

When ALI culture was completed, BOEC morphology and ciliation were assessed using confocal
microscopy. BOEC monolayers were fixed in PBS diluted 4% paraformaldehyde (PFA) (Electron
Microscopy Sciences) in basolateral- and apical compartment, for 15 min at RT. Monolayers were
rinsed twice with PBS for 5 min, whereafter BOECs were permeabilized and non-specific binding
was blocked using PBS containing 0.5% v/v Triton X-100 (X-100 Sigma-Aldrich, St. Louis, MO,
United States) and 5% v/v normal goat serum (GenWay Biotech Inc., San Diego, CA, USA), for
30min at RT. After two 5 min wash steps with 0.5% PBST, the monolayers were incubated with
anti-acetylated a-tubulin primary antibody in 0.5% PBST (1:100 dilution, #sc-23950 Santa Cruz
Biotechnology, Santa Cruz, CA, United States) overnight at 4 °C. Subsequently, monolayers were
washed three times with 0.5% PBST for 5 min, and incubated with the secondary goat-anti-mouse
antibody conjugated to Alexa 488 diluted in 0.5% PBST (1:100 dilution, #A11029 Invitrogen,
Landsmeer, The Netherlands) for 2 h at RT. Monolayers were washed three times with 0.5% PBST
for 5 min, whereafter the monolayers were incubated with Hoechst 33342 (250 ug/ml, #B2261
Sigma-Aldrich, St. Louis, MO, United States) and phalloidin (1:100 dilution, #A12380 Invitrogen,
Landsmeer, The Netherlands) diluted in 0.5% PBST, for 1 h at RT. Monolayers were washed twice
in PBS for 5 min, after which the membranes were excised from the insert using a surgical 11
blade (#0203 Swann-Morton, Sheffield, United Kingdom). The excised membranes were mounted
on glass slides (#6311533 Avantor, Radnor Township, PA, United States) and topped with 15 pl
Vectashield diluted in PBS (1:3 dilution, #H-1000 Vector Laboratories, Burlingame, CA, United
States), covered with a coverslip and sealed with nail polish. Samples were stored in the dark at
4 °C until imaging.

Imaging was performed using Nikon A1R confocal microscope (Nikon, Tokyo, Japan), using a 40x
objective with a numerical aperture (NA) of 1.3 or a 60x objective with a NA of 1.45. The 60x
objective was only used for imaging the monolayers of the 12-, 15-, 23-day and 6-week
monolayers. All other monolayers were imaged with the 40x objective. Three separate channels
were used for visualization of chromatin (Hoechst 33342; excitation 405 nm), primary and
secondary cilia (acetylated a-tubulin; excitation 488 nm, with a ND32 488 filter), and F-actin
(phalloidin; excitation 561 nm). For each monolayer, at 10 random locations Z-stack images from
top-to-bottom, with a step-size of 1 um, were acquired. Secondary cilia and phalloidin analysis
were performed on the first 5 images.

Automated cell count was conducted using Nikon NIS elements Imaging Software (Laboratory
Imaging, version 5.21.03). For the 405-laser channel (Hoechst), 488-laser channel (anti-
acetylated a-tubulin), and 561-laser channel (Phalloidin), Denoise.ai software was applied,
followed by maximum intensity projection of all frames. Subsequently, exclusively for the 405-
laser channel bright spot detection was applied: typical diameter: 8.0 pum, contrast: 2.87,
symmetry: all objects, intensity: 55-4095, grow: 150, output: circular area. Bright spots were
reported as nuclei, and batch analysis provided number of nuclei of each image. 3 random images
were manually counted and compared to automated count, with a <1% discrepancy in number of
nuclei. Secondary cilia were manually counted in each image and divided by the number of nuclei
generated by the automated cell count.
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In vitro embryo production (IVP)

Collection of oocytes and in vitro maturation (IVM)

Bovine ovaries were slaughterhouse by-products and obtained from slaughterhouse Gosschalk
(Epe, Netherlands), and transported immediately in a thermos flask. Ovaries were rinsed with
water of 30°C, and collected in 0.9% NaCl (#211928001 B Braun, Melsungen, Germany)
supplemented with 0.1% (v/v) penicillin-streptomycin (#15140 Gibco, Grand Island, NY, United
States), and placed in a waterbath of 30°C until use. Cumulus oocyte complexes (COCs) were
aspirated from follicles with a 2-8mm diameter, using a 18g needle (#40018 Vasuflo Dispomed,
Gelnhausen, Germany) connected to a 50 mL tube, under vacuum with a low flow rate to minimise
damage of COC integrity. Sediment was transferred to a petri dish with grid, and individual COCs
were collected using a stereomicroscope. Selection of COCs was based on morphology; presence
of a clear zona pellucida, healthy cumulus layer and a slightly darker ooplasm. COCs with a star-
like appearance, denuded cumulus or dark ooplasm, were excluded. Selected COCs were collected
in clear follicular fluid and washed twice in HEPES-buffered M199 media (#22340 Gibco, Grand
Island, NY, United States), and once rinsed with pre-incubated maturation medium. 35-70 COCs
were placed in 500 pl pre-incubated maturation medium in a 4-well plate and were placed in a
5% CO2 incubation at 39°C for 22-24h.

In vitro fertilization (IVF)

For all IVF experiments sperm from the same bull was used, identification number
NLDMO000264706704, breed Meuse-Rhine-Yssel (MRY bull), purchased from CRV (Arnhem,
Netherlands). Sperm was cryopreserved in liquid nitrogen, and after 22-24h of IVM, sperm was
thawed for 1 min at 38°C, deposited on a 45%-90% Percoll® gradient, and centrifuged at 700 x g,
27°C for 30 min. Sperm mobility was checked under a light microscope. Simultaneously, COCs
were rinsed twice in pre-warmed rinsing medium R, transferred to 430 pl pre-incubated
fertilization medium E in a 4-well plate, and temporarily placed back in the incubator.
Subsequently, the Percoll® supernatant was discarded, and the sperm pellet was resuspended in
50ul pre-warmed sperm medium. Sperm concentration was determined, fertilization medium
containing washed COCs was supplemented with 20 pl 0.25 mg/ml heparin (#H3393 Sigma-
Aldrich, St. Louis, MO, United States), 20 ul PHE solution, and 0.5 x 106/mL sperm. COCs and
sperm cells were co-incubated for 18-22 h in a 5% CO; incubator at 39°C.

In vitro Embryo Culture (IVC)

After 18-22 h of fertilization presumed fertilized oocytes, or presumed zygotes, were denuded
from the cumulus cells by vortexing for 3 min in pre-warmed rinsing medium R. The denuded
presumed zygotes were washed twice in pre-warmed rinsing medium R, and transferred to 500
ul pre-incubated SOF medium (5% CO2, 7% 0>, 38.5°C), and cultured in a 5% CO2, 7% O incubator
at 38.5°C. At day 5 of IVC the cleavage rate was assessed by categorizing the embryos based on
cell number: un-cleaved, <8-cell embryos, or >8-cells embryos. The un-cleaved cells were
removed, and the cleaved embryos were transferred to 500pl fresh pre-incubated SOF medium.
On day 7 and 8 of IVC blastocyst numbers were noted. Cleavage rate at day 5 was calculated by
dividing all cleaved embryos (<8 cells and 8 cells embryos) by total presumed zygotes. Blastocyst
rate at day 7 and 8 was calculated by dividing the number of blastocysts by the total presumed
zygotes initially incubated.

Embryo co-culture in the BOEC-ALI model

Presumed zygotes were co-cultured in the apical compartment of BOEC-ALI Transwell® inserts
from IVC day 1-5. Following steps differ compared to conventional IVC protocol. 6-, 15- or 30
presumed zygotes were transferred to 100- or 150 pl pre-incubated SOF medium (5% CO2, 7%
02, 38.5°C) in the apical compartment of BOEC-ALI Transwell® inserts. At day 5 cleavage rate was
determined, the un-cleaved cells were removed, and the cleaved embryos were transferred to
100 or 150 pl fresh pre-incubated SOF medium in a 96-wells plate (U-bottom, CELLSTAR®
#650101 Greiner Bio-one, Germany) and cultured until day 8.
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Statistical analysis

All experiments were performed with BOECs established from pooled biological material, unless
stated otherwise. One-way ANOVA with Games-Howell post hoc test was used for all statistical
comparisons for 12, 15, 23-day ALI culture, as well as for pooled vs. non pooled culture. Paired-
sample student t-test was used for TEER, tracer flux, and percentage BOECs with secondary cilia
comparison between two time points (e.g., day 20 vs. day 27) for one condition. Difference of
these parameters between multiple conditions was analysed using one-way ANOVA. Before one-
way ANOVA was performed, homogeneity of variances was tested using Levene’s test (P<0.05).
Equal variances were not assumed; therefore Games-Howell post hoc test was used for one-way
ANOVA. Comparison of lateral cell-cell adherence position was based on categories and was
analysed using non-parametric Kruskal-Wallis H test. The relationship between occurrence of
lowered position of lateral cell-cell adherence and TEER- or tracer flux development were
determined using Spearman correlation coefficient. All analysis were performed using IMB SPSS
Statistics version 28.0.1.0 for windows (IMB Corp, Armonk, NY, United states).
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Results

I. Establishment of a differentiated bovine oviduct epithelial cell
monolayer

Duration of the air-liquid interface culture

First, the optimal duration of air-liquid interface (ALI) bovine oviduct epithelial cell (BOEC)
culture was determined to optimise the establishment of a confluent monolayer of differentiated
BOECs. BOEC monolayers were cultured for either 12, 15 or 23 days. A 6-week culture was also
established, albeit from different biological material, and therefore unfit for direct statistical
comparison to the other culture durations. BOEC monolayers reached confluency after 12 days of
culture, as confirmed by high transepithelial electrical resistance (TEER) and low percentages of
paracellular tracer flux. Prolonging culture, from 12 to 15 or 23 days, resulted in a non-
statistically significant decrease in TEER values (1539+254 Q*cm?, 1317+242 Q*cm?, 1140+76
O*cm?, respectively; Figure 1A). TEER values of the 6-week culture were noticeably lower,
455+127 Q*cm?, however they cannot be statistically compared (Figure 1B). The paracellular
tracer flux assay further substantiated the confluency of all monolayers. Specifically, there was
restricted passage of 0.4 kDa natrium fluorescein disodium salt from the apical compartment to
the basolateral compartment. Total percentage of tracer transferred over the BOEC monolayer
was <0.4% in all cultures (Figure 1C-D).

2000- 2000+
_ 1500~ T _ 1500~
N o~
£ £
(3] (3]
* *
S 10004 S 10004
x o
L w
= =
500 500-
0_ T 0
12d 15d 23d 6w
0.4- 0.4
0.3 0.3
X X
X X
2 =
T 0.2 = .24
(7] Q
(%) (%]
o o
(= =
0.1 0.1
0.0- o.o-j—
12d 15d 23d 6w

Figure 1: BOEC monolayers after 12-, 15-, 23 days or 6 weeks of culture in Transwell® inserts. Monolayers of shorter culture
duration were established from the same biological material, and the 6-week monolayer from distinct biological material.
Bars represent mean * SD of one replicate. TEER measurement performed on BOEC monolayers cultured for 12, 15 or 23
days (A) and 6 weeks (B). Total percentage tracer flux detected in basolateral compartment was low (<0.4%) in BOEC
monolayers cultured for 12, 15 or 23 days (C) and 6 weeks (D).
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In vivo, oviducts are lined with a columnar pseudostratified epithelium with ciliated and non-
ciliated cells (Kress & Morson, 2007). The morphology and differentiation of in vitro cultured
BOEC monolayers were examined. BOEC monolayers of all cultures (12-, 15-, 23-days, 6-weeks)
showed in vivo-like columnar pseudostratified morphology and organisation, comprising of a
single cell layer with oval-shaped nuclei disposed at different levels. Additionally, BOECs showed
tight lateral cell-cell adherence and cell-membrane attachment, observed with phalloidin (F-
actin) labelling, further supporting confluency of all BOEC cultures. However, compared to the 23
days (Figure 2C) and 6 weeks (Figure 2D) BOEC cultures, BOECs cultured for 12 (Figure 2A) and
15 days (Figure 2B) showed more irregular morphology which presented as phalloidin (F-actin)
staining in dots at the apical side of the cells. Another aspect of differentiated epithelial cells
investigated was the development of cilia on the apical membrane of the BOECs (see Figure 3C
for examples). BOECs with primary and secondary cilia were observed to localise in clusters,
rather than evenly dispersed. A low percentage (<5.6%) of secondary cilia was recorded for all
BOEC monolayers, but a 23 day long culture resulted in statistical significantly more secondary
cilia compared to the 12 and 15 day culture (2.29+2.21% vs. 0.16£0.41% and 0.43+1.1%,
respectively; Figure 3A). Of all cells analysed from monolayers cultured for 6 weeks, 0.94+0.75%
displayed secondary cilia (Figure 3B). In conclusion, BOEC monolayers reach confluency after 12
days of culture, and mimic aspects of barrier function of in vivo oviduct epithelium. However,
BOECs cultured for 12 and 15 days contain statistical significantly less differentiated BOECs with
secondary cilia compared to 23-day culture. Even though 23 day and 6-week BOEC cultures were
comparable in confluency, and both presented in vivo-like columnar pseudostratified morphology
with ciliated and non-ciliated cells, following experiments were performed using the 23-day
culture.

Figure 2: Representative morphology of BOEC monolayers cultured for 12 days (A), 15 days (B), 23 days (C) or 6 weeks
(D), stained with phalloidin (red), Hoechst (blue), and anti-acetylated a-tubulin (green). Monolayers cultured for 12 or 15
days showed more irregular morphology, which presented as phalloidin staining in dot patterns at the apical side of the
BOECs, compared to 23 days or 6 weeks cultured monolayers.
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Figure 3: BOEC monolayers after 12-,15-, 23 days or 6 weeks of culture in Transwell® inserts. Monolayers of shorter culture
duration were established from the same biological material, and the 6-week monolayer from distinct biological material.
Bars represent mean * SD of one replicate. Percentage of BOECs with secondary cilia in BOEC monolayers cultured for 12,
15 or 23 days (A) and monolayers cultured for 6 weeks (B). (C) Image of two secondary cilia (a) and four primary cilia (b).
*#* Statistically significant difference (P<0.001).
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Pooling material does not affect BOEC differentiation and monolayer confluency
Monolayers used to select BOEC culture duration were established from biological material
pooled from four animals. Pooling BOECs from different animal sources could possibly limit
differentiation of BOECs to ciliated cells (Chen & Schoen, 2021). Using the 23-day long culture,
monolayers were established from material pooled from three animals and compared to
monolayers established from single source biologic material (non-pooled, three animals).
Monolayers of pooled and non-pooled material were compared on confluency, morphology, and
differentiation. Confluency was confirmed by low total percentage of tracer transferred over the
BOEC monolayers (<0.5%, Figure 4B) and high TEER values for both non-pooled (1395£55 0*cm?
and 1721+456 Q*cm?) and pooled monolayers (1567+240 (*cm?) (Figure 4A). Contrary to this,
monolayers established from one of the three non-pooled material never reached the ALI stage,
due to leakage of the basolateral media to the apical compartment. Overall, no statistically
significant differences in confluency parameters between pooled and non-pooled monolayers
were observed. Based on visual observation, there was high variation in the degree of secondary
cilia between monolayers established from two distinct single source non-pooled material
(Figure 4C-D). Whereas, monolayers established from pooled material (Figure 4E) contained
secondary cilia in approximately the same rate as monolayers established from one of the non-
pooled material (Figure 4C). This suggests that pooling material from multiple animals does not
limit BOEC differentiation and ciliation. Following experiments reported were performed with
the use of pooled-source biological material.
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Figure 4: BOEC monolayers established from pooled and non-pooled biological material after 23 days of culture.
Confluency was assessed using TEER measurements (A) and percentage tracer flux (B). Bars represent mean #+ SD of one
replicate. (C-E) Monolayers stained with phalloidin (red), Hoechst (blue), and anti-acetylated a-tubulin (green), (C)
monolayer established from non-pooled material animal 1, (D) monolayer established from non-pooled material animal

2, (E) monolayer established from pooled animal.

20



I1. Effect of DES- and KTZ exposure on the BOEC monolayer

DES and KTZ exposure do not affect BOEC viability

First, BOEC viability after DES- and KTZ exposure needed to be determined. Directly after BOEC
monolayers were exposed from the basolateral compartment to DES or KTZ (day 23-27), viability
was measured using the neutral red assay, which is based on the ability of live cells to retain the
neutral red dye in lysosomes. Cell concentration was standardized at the moment of seeding,
however after 23 days of culture small variations of monolayer cell concentration could be
present. This could present as viability above 100% if the cell concentration of DES- or KTZ
treated monolayers were higher compared to the vehicle-treated monolayer. After DES (109 M,
107 M, 10-5 M) exposure, viability of BOECs was high (98.4%, 96.4%, 100.2%, respectively; Figure
5A), as well as after KTZ (108 M, 10-7 M, 10-¢ M) exposure (101.8%, 101.2%, 100.0%, respectively;
Figure 5B). No statistically significant difference of BOEC viability was observed between
different DES and KTZ concentrations. In support of this unaltered BOEC viability, as determined
by the neutral red assay, homogeneously stained oval-shaped nuclei with no signs of chromatin
condensation or fragmentation were observed after Hoechst 33258 staining (for examples see
Figure 5C-E). Thus, exposure to DES and KTZ for four days does not affect BOEC viability.
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Figure 5: BOEC viability determined after EDC exposure. Cell viability (%) of DES (10-° M, 107 M, 10-5> M) exposed BOEC
monolayers (A) and KTZ (10-8 M, 10-7 M, 10-¢ M) exposed BOEC monolayers (B), measured with the neutral red assay. Bars
represent mean * SD of one replicate. (C-E) Homogeneous oval-shaped nuclei (blue; Hoechst) after exposure to 0.01% v/v
DMSO (C), DES 10-> M (D), KTZ 10-6 M (E).
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DES and KTZ exposure do not affect monolayer confluency

Exposure to DES or KTZ might alter BOEC monolayer confluency, which was assessed by
measuring TEER and tracer flux three days before (day 20) and after (day 27) exposure. At day
20, all monolayers had thus far been cultured under the same conditions, and confluency was
confirmed by high TEER (1311+562 Q*cm?) and low percentage tracer flux (0.181+0.248 %).
BOEC monolayers were exposed (day 23-27) to either DES (10 M, 107 M, 10-5> M), KTZ (108 M,
10-7 M, 10-6 M) or the vehicle (0.01% v/v DMSO) or cultured under normal conditions (control).
Control and vehicle-treated BOEC monolayers showed no statistical significant difference in
TEER and tracer flux values between day 20 and 27 (Table 1; Figure 6A,E). Contrary, TEER values
statistical significantly decreased after exposure to 10-7 M and 10-> M DES (1362 vs. 472 (Q*cm?
and 1425 vs. 430 Q*cm?, respectively; Figure 6A) and 108 M, 107 M, 10-6 M KTZ (1254 vs. 613
Q*cmz?, 1238 vs. 635 Q*cm2, 1245 vs 517 Q*cm?, respectively; Figure 6B). Monolayers exposed to
the lowest DES concentration (10-9 M) did not result in a statistically significant TEER decrease
(1347 vs. 746 Q*cm?; Figure 6A). However, one 10-° M DES exposed monolayer presented as
outlier (out of 8 monolayers; outlier marked in Supplemental table 2), and TEER increased (1347
vs. 746 Q*cm?; Figure 6A). When this monolayer was excluded, statistically significant TEER
difference after 10-°M DES exposure was determined. Compared to vehicle treated monolayers
(-128 Q*cm?), TEER decreased significantly after exposure to 10-7 M DES, 10-> M DES and 107 M
KTZ (-889 Q*cm? -995 Q*cm?, -603 Q*cm?, respectively; Figure 6C-D). Regardless of decreasing
TEER values after DES- or KTZ exposure, values still supported confluency. This was
substantiated by TEER values of non-confluent monolayers (8 £ 7 Q*cm?). The low TEER values
of non-confluent monolayers were accompanied by high tracer flux percentage (15+2%), which
were comparable to tracer flux percentage of empty control inserts without BOECs (17+8%)
(Figure 7). Regarding paracellular transport, there was low percentage (<0.8%) of total tracer
transferred from the apical to the basolateral compartment in all monolayers, with a slightly
higher percentage in three single monolayers: 1.57% (0.01% v/v DMSO0), 1.20% (107 M KTZ),
and 1.52% (10-5 M DES). No statistically significant difference in total tracer transfer before and
after exposure to all DES and KTZ concentrations was observed (Figure 6E-F). Additionally, there
was no statistically significant difference in change of percentage tracer flux (from day 20 to 27)
between DES- and KTZ exposed monolayers vs. vehicle-treated monolayers (Figure 6G-H). In
addition, confluency was also assessed using confocal microscopy. Monolayers were stained
against F-actin (phalloidin), and clear basolateral cell-cell interaction, as well as cell-membrane
adhesion was observed for all monolayers. Consequently, this suggests that four-day exposure to
DES or KTZ, at all tested concentrations, does not alter BOEC monolayer confluency.

Table 1: Average values of confluency parameters (TEER *cm? and tracer flux %) before and after DES (10~
M, 107 M, 10> M), KTZ (104 M, 107 M, 10-¢ M), or vehicle (0.01% DMSO) exposed monolayers, as well as change
in values. Values of individual monolayers are reported in Supplemental table 2.

TEER (Q*cm?2) Tracer flux %

Before After Change Before After Change

Control 1310 1116 -193 0,19% 0,18% -0,01%
0.01% v/v DMSO 1326 1198 -128 0,45% 0,16% -0,30%
10-°M DES 1346 746 -601 0,17% 0,19% 0,02%
10-7 M DES 1362 472 -889 0,19% 0,23% 0,03%
10-5> M DES 1425 430 -995 0,10% 0,39% 0,26%
10-8M KTZ 1254 613 -642 0,16% 0,34% 0,18%
107 M KTZ 1238 635 -603 0,11% 0,37% 0,26%
106 M KTZ 1245 517 -640 0,09% 0,19% 0,10%
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Figure 6: Confluency assessment of BOEC monolayers after DES and KTZ exposure, using TEER and tracer flux
measurement. Bars represent mean #+ SD of three replicates. (A-D) TEER values before and after DES exposure (A) and KTZ
exposure (C), as well as change in TEER values after DES (B) and KTZ (C). (E-H) Percentage tracer flux before and after
DES exposure (E) and KTZ exposure (G), as well as change in tracer flux % after DES (F) and KTZ (H) exposure. Statistical

significance * (P<0.05) and *** (P<0.001).

23



100

N o ®
(=) o [
1 1 1

Tracer flux %

N
=]
1

[ ]

T T
basolateral apical basolateral apical

El empty control I non-confluent monolayer
Figure 7: Percentage tracer in basolateral and apical compartment of empty control inserts (without BOECs), and non-
confluent monolayers. Empty control 17+8%, non-confluent monolayer 15+2%: Average TEER value of these non-
confluent monolayers was 8 + 7 Ohm * cm2. Bars represent mean # SD

BOEC differentiation to ciliated cells is decreased after DES- and KTZ exposure
Besides the monolayer confluency, a parameter of BOEC monolayer integrity after DES and KTZ
exposure, the differentiation of BOECs to ciliated cells was also assessed. Overall low percentage
of BOECs with secondary cilia was observed, where control and vehicle-treated monolayers
contained an average of 0.8+1.4% and 2.2+3.5% BOECs with secondary cilia, respectively (Figure
8A-B). Secondary cilia were observed to localise in clusters, rather than equally dispersed
throughout the monolayer (see Figure 8C-D for examples). The highest percentages reported
were 11.7% and 9.9% in vehicle-treated monolayers, while other areas of the same monolayer
did not present any secondary cilia (values of individual monolayers see Supplemental table 3).
However, monolayers exposed to the lowest and middle DES concertation (109 M and 107 M)
displayed statistically significant less BOECs with secondary cilia (0.1+x0.2% and 0.2+0.6%)
compared to control and vehicle-treated monolayers (Figure 8A). Similarly, 10-8 M and 10-¢ M
KTZ treated monolayers displayed statistically significant less secondary cilia (0.2+0.6% and
0.2+0.4%) compared to control monolayers, but no statistically significant difference compared
to vehicle-treated monolayers was observed (Figure 8B). Monolayers exposed to 10-> M DES and
10-7 M KTZ did not display statistically significant less BOECs with secondary cilia (0.3+0.6% and
0.3%£0.7%, respectively) compared to control and vehicle-treated monolayers. In conclusion,
BOEC monolayers exposed to DES (109 M, 10-7 M) and KTZ (10-8 M, 10-¢ M) show a statistically
significant lower percentage of BOECs with secondary cilia. Nonetheless, the degree of BOECs
with secondary cilia were generally low, even in control BOEC monolayers (0.8+1.4%).
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Figure 8: Secondary cilia presenting on the apical side of BOEC monolayers. (A-B) Percentage of BOECs with secondary
cilia after DES exposure (A) or KTZ exposure (B). Bars represent mean + SD of three replicates. (C-D) Secondary cilia in
BOEC control (C) and vehicle -treated (D) monolayers. * Statistically significant different to control monolayers (P<0.05).
# Statistically significant different to vehicle-treated (P<0.05).
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Lowered lateral cell-cell adherence position after DES- and KTZ exposure

Contrary to the previously reported clear basolateral cell-cell adherence as well as cell membrane
adherence (see section: DES and KTZ exposure does not affect monolayer confluency), a lowered
position of lateral cell-cell adherence was observed in a subpopulation of BOECs after DES or KTZ
exposure. The altered lateral cell-cell adherence presented as detached cytoskeleton patterns
between cells, visualised using phalloidin (F-actin) staining, and increased in distance towards
the apical side of the BOECs. Occurrence of this lowered position of lateral cell-cell adherence was
not diffuse throughout the monolayer. Some areas presented tight apical lateral cell-cell
adherence (Figure 9A-B), whereas, in other areas there was high occurrence of a more basolateral
position of lateral cell-cell adherence and can be clearly seen in the orthogonal and 3D view
(Figure 9A-B). To compare the degree of lowered position of lateral cell-cell adherence, phalloidin
patterns were categorized based on the quantity of lowered position of lateral cell-cell adherence.
Five categories were made, ascending in the quantity of lowered lateral position of cell-cell
adherence. Representative images of the basal side, in the middle, and the apical side of the
monolayers are depicted in Figure 10. Categories: (0) no altered adherence between BOECs
present (Figure 10A); (1) up to ~5% lowered lateral position of cell-cell adherence between
BOECs (Figure 10B); (2) up to 50% lowered lateral position of cell-cell adherence between BOECs
(Figure 10C); (3) around 75% lowered lateral position of cell-cell adherence between BOECs
(Figure 10D); (4) 275% lowered lateral position of cell-cell adherence between BOECs (Figure
10E). High statistically significant difference of lowered lateral position of cell-cell adherence
after DES- (10° M, 107 M, 105 M; Figure 11A) and KTZ- (108 M, 107 M, 10-6 M; Figure 11B)
exposed vs. control and vehicle-treated monolayers was observed (P<0.001). Furthermore,
BOECs in areas with lowered lateral position of cell-cell adherence still present a columnar
phenotype, indicated by height-width ratio. Apparently, four-day exposure of DES and KTZ from
the basolateral side, allows movement of the apical to a more basal position of lateral cell-cell
adherence in BOEC monolayers.

Figure 9: Altered lateral cell-cell adherence in BOEC monolayers after DES- and KTZ exposure. (A-D) Monolayers present
tight apical lateral cell-cell adherence shown by orthogonal view (A) and 3D view (B). Monolayers present more basal
lateral cell-cell adherence position shown in orthogonal view (C) and 3D view (D).
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middle

Figure 10: Representable images of categories of lowered lateral position of cell-cell adherence between BOECs visualized by phalloidin
(red). Three images of the z-stack are depicted, basal side of the monolayer, in the middle of the monolayer, and the apical side of the
monolayer. (A) category 0; consists of no altered position of lateral cell-cell adherence between BOECs, (B) category 1; 0-5% lowered
position of lateral cell-cell adherence between BOECs, (C) category 2; up to ~50% lowered position of lateral cell-cell adherence between
BOECs, (D) category 3; around 75% lowered position of lateral cell-cell adherence between BOECs, (E) category 4; 275% lowered position
of lateral cell-cell adherence between BOECs.
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Figure 11: Percentual frequency of lowered lateral position of cell-cell adherence between BOECs (categorized 0-4). (A)
DES (10° M, 10-7 M, 10-5 M) exposed monolayers and (B) KTZ (104 M, 107 M, 10-6 M) exposed monolayers. Based on three
individual replicates. Categories; 0: no lowered position of lateral cell-cell adherence, 1: up to ~5% lowered position of
lateral cell-cell adherence, 2: up to 50% lowered position of lateral cell-cell adherence, 3: up to 75% lowered position of
lateral cell-cell adherence, 4: >75% lowered position of lateral cell-cell adherence. Representative images of the categories
see Figure 10. Values of individual monolayers see Supplemental table 3. *** Statistical significance (P<0.001).

Change in TEER from day 20 to day 27 (Table 1) has an inverse statistically significant correlation
with the degree of lowered position of lateral cell-cell adherence between BOECs (r= -0.33,
P<0.05). Contrary, the change in percentage tracer transferred over BOEC monolayers has a
statistically significant correlation with the degree of lowered position of lateral cell-cell
adherence between BOECs (r = 0.30, P<0.05). As expected, the correlation of TEER and
percentage tracer flux with the degree of lowered position of lateral cell-cell adherence is inverse
(r=-0.33 and r = 0.30, respectively).

Recovery after DES exposure

To test whether effects caused by DES (109 M, 107 M, 10-> M) exposure on BOEC monolayers
were reversible, monolayers were cultured for four days under normal conditions after a four-
day exposure period. Confluency was measured three days before exposure (day 20), after
exposure (day 27) and after recovery (day 31), using TEER and tracer flux. Statistical significance
was not tested since data were obtained from one replicate. After exposure to DES (109 M, 107
M, 10-5 M) TEER values decreased. Monolayers exposed to 10 M and 107 M DES showed
increased TEER values after a recovery period, 1814 vs. 664 vs. 2242 Q*cm? and 1962 vs. 484 vs.
1903 Q*cm?, respectively (Figure 12A). Contrary to this, monolayers exposed to highest DES
concentration (10-5 M) showed a substantial lower increase after recovery, 1937 vs. 593 vs. 930.6
O*cm? (Figure 12A). TEER values after recovery were more comparable to values obtained before
exposure, suggesting that the effect by DES was reversible. Like previously mentioned (see
section: DES and KTZ exposure does not affect monolayer confluency), tracer flux values
remained low not only before but also after DES (10-°M, 10-7 M, 10-5 M) exposure, similarly, values
remained low after recovery period (0.10 vs. 0.25 vs. 0.07%, 0.18 vs. 0.18 vs. 0.11 %, 0.21 vs. 0.20
vs. 0.15 %, respectively; Figure 12B). As previously mentioned, BOECs showed altered
morphology after DES exposure: they displayed a statistically significant lowered position of
lateral cell-cell adherence (Figure 9E). After a four day recovery period, the middle and highest
DES concentration (107 M, 10-> M) showed decrease in occurrence of lowered position of lateral
cell-cell adherence between BOECs, whereas 10 M DES exposed monolayers after a recovery
period showed a similar degree of lowered position of lateral cell-cell adherence compared to
after exposure (Figure 13). However, presence of lowered cell-cell adherence after a four-day
recovery period was still substantially higher compared to control and vehicle-treated
monolayers at day 27 of culture (Figure 9A). Further, the percentage of BOECs with secondary
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cilia was low in monolayers treated with DES (10-° M, 10-7 M, 10-5 M), as well as in control and
vehicle-treated monolayers (Figure 8A). Monolayers recovered after DES exposure (10 M, 10-7
M, 10-5> M) contained little to no secondary cilia (0%, 0%, 0.18%, respectively). It appeared that,
after DES exposure TEER values decreased substantially, however confluency was maintained.
When exposed monolayers were allowed to recover for four days, the values of confluency
parameter TEER were increased and were comparable to values recorded prior to exposure.
However, it seems like the effects on the lateral cell-cell adherence and degree of secondary cilia
caused by DES exposure was not reversible after a four-day recovery period.
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Figure 12: Confluency parameters of BOEC monolayer before exposure, after four-day DES (10 M, 107 M, 10> M)

exposure, followed by a four-day recovery period. (A) TEER values. (B) Percentage tracer flux. (before: day 20, after: day
27, recovered: day 31). Bars represent mean * SD of one replicate.

after exposure after recovery

3 100

Y

=0

53¢ |

S 5

22

53

;\;8 50

~c

g9

©c O

- L

ST

8 ©

[

ﬂ. o_

f & & & & &
o AN o 2N AN o
N\ BN N\ N

Figure 13: Percentual frequency of lowered position of lateral cell-cell adherence between BOECs (categorized 0-4) in
monolayers after DES (10-° M, 10-7 M, 10-5 M) exposure (after exposure), and in monolayers cultured for a four-day recovery
period after DES (10-° M, 107 M, 10-5 M) exposure (after recovery). Based on one replicate. Categories; 0: no lowered
position of lateral cell-cell adherence, 1: up to ~5% lowered position of lateral cell-cell adherence, 2: up to 50% lowered
position of lateral cell-cell adherence, 3: up to 75% lowered position of lateral cell-cell adherence, 4: >75% lowered position
of lateral cell-cell adherence. Representative images of categories see Figure 10.
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I11. Embryo co-culture in the BOEC-ALI model

Apical synthetic oviductal fluid (SOF) incubation does not affect monolayer

confluency and BOEC differentiation

For embryo co-culture in the BOEC-ALI system, first the effect of embryo culture media (i.e., SOF)
on the BOEC monolayer needed to be assessed. SOF was incubated from day 23-27 (which was
parallel to day 1-5 of in vitro embryo culture; IVP) on the apical side of the BOEC monolayer. BOEC
monolayers cultured with 50 ul or 150 pl SOF in the apical compartment did not present altered
confluency. Surprisingly, 100 ul SOF resulted in statistically significant increase of TEER values
(1345 vs. 2505 Q*cm?), compared to ALI control monolayers (1263 vs. 1285 Q*cm?2) (Figure 14A).
The total percentage paracellular tracer transfer over the monolayer was low (<0.7%) in SOF
incubated and control monolayers (Figure 14B). When BOEC morphology and differentiation
were assessed, SOF incubation at the apical compartment of the BOEC monolayer did not induce
any changes, compared to ALI control monolayers. Specifically, BOECs with secondary cilia
occurred to the same extend regardless of SOF volume (50 pl, 100 pl, 150 pl; 1.34+1.64%,
0.73%£1.19%, 0.99+1.41%, respectively vs. 0.84+1.42% control) (Figure 14C). Furthermore, no
changes in lateral position of cell-cell adherence were observed. This may suggest that four-day
apical SOF culture does not induce dedifferentiation of the BOECs or induced changes in
confluency of the monolayer and/or lateral cell-cell adherence.
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Figure 14: Four-day incubation of SOF in apical compartment, where control was monolayer with empty apical
compartment. Bars represent mean * SD of two replicates. (A) TEER measurement and after SOF incubation. (B)
Percentage tracer flux in basolateral compartment before and after apical SOF incubation. (C) Percentage secondary cilia
(mean # SD) after SOF incubation. Statistical significance * compared to before (P<0.05), # compared to control monolayer
(P<0.05).

In vitro embryo co-culture in the BOEC-ALI system does not produce blastocysts

After determining that apical SOF incubation does not affect BOEC monolayers, embryo co-
culture was performed. Presumed zygotes were produced by in vitro maturation (IVM) of bovine
oocytes and subsequent in vitro fertilization (IVF). The presumptive zygotes were then used for
in vitro embryo culture (IVC) in SOF in the apical compartment of the BOEC-ALI system for four
days. Groups of presumed zygotes in different numbers (6, 15, 30) and SOF volumes (100 pl, 150
ul) were tested for optimum blastocyst development, one replicate with duplicate of each group.
Embryo cleavage rate was recorded at day 5, they were then transferred to the normal IVC system
(see methods; BOEC air-liquid interface culture, embryo co-culture), and blastocyst rate was
recorded at day 7 and 8 (Table 2). Presumed zygotes co-cultured in BOEC-ALI showed lower
cleavage rate compared to presumed zygotes cultured according to the standard IVC procedure
(control). The highest cleavage was achieved when 6 or 15 presumed zygotes were cultured in
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100 pl SOF, 61% and 59%, respectively. Only co-culture under these conditions produced
blastocysts, 9% (6 zygotes, 100 ul SOF) and 3% (15 zygotes, 100 ul SOF). Although, these
percentages represent only one blastocyst formed in either culture conditions. In parallel, the
standard IVP procedure was carried out (control), with a recorded day 8 blastocyst rate of 34%,
which is considered a normal blastocyst yield for this IVP protocol (30-40% blastocyst rate
expected).

Table 2: Day 5 cleavage rate and Blastocyst rate at day 7 and 8 of IVP in apical compartment of BOEC
monolayers. Control was standard IVP procedure. Based on one replicate, duplicate per group.

Control 6 zygotes 6 zygotes  15zygotes 15zygotes 30 zygotes 30 zygotes

100 pl 150 pl 100 pl 150 ul 100 pl 150 ul
d 5 cleavage % 76 61 42 59 28 51 21
d 7 blastocyst % 25 9 0 3 0 0 0
d 8 blastocyst % 34 9 0 3 0 0 0

BOEC monolayer confluency was not altered after co-culture, confirmed by low percentage
(<0.6%) of total tracer transferred over BOEC monolayer, and high TEER values. BOECs
maintained lateral cell-cell adherence, in a comparable manner to monolayers cultured without
presumed zygotes (Figure 15A). However, after presumed zygotes were co-cultured, the
percentage of BOECs with secondary cilia was decreased compared to empty control monolayers
(Figure 15B). This could suggest that co-culture of presumed zygotes induces dedifferentiation of
BOECs.
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Figure 15: In vitro embryo production (IVP) performed in the apical compartment of BOEC monolayers, where control was
monolayer in ALI stage. Bars represent+ SD of one replicate. (A) Percentual frequency of lowered lateral cell-cell adherence
between BOECs (categorized 0-4) in monolayers after IVP in the apical compartment of BOEC monolayers. Categories; 0:
no lowered position of lateral cell-cell adherence, 1: up to ~5% lowered position of lateral cell-cell adherence, 2: up to 50%
lowered position of lateral cell-cell adherence, 3: up to 75% lowered position of lateral cell-cell adherence, 4: >75% lowered
position of lateral cell-cell adherence. Representative images of categories see Figure 10. (B) Percentage BOECs with
secondary cilia.
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Discussion

The increase of female reproductive disorders is considered to be partially related to the rise in
endocrine disrupting chemicals (EDCs) production and exposure (Delbes et al., 2022; Ding et al.,
2020; Ma et al,, 2019). However, there is minimal research about the impact of EDCs on the
oviduct, the site of oocyte fertilization and early embryonic development, reported. Here, we
tested the effect of two classic EDCs diethylstilbestrol (DES; a synthetic estrogen agonist) and
ketoconazole (KTZ; a steroidogenic enzyme inhibitor) on the oviduct epithelium. For this
purpose, we employed the bovine oviduct epithelial cell (BOEC) air-liquid interface (ALI) culture
as a suitable model for (in)direct EDC exposure and embryo co-culture. The bovine was used for
this model since early bovine embryos have been reported to be comparable to human embryos
in the preimplantation period and are widely used as human IVF models (Ménézo & Hérubel,
2002; Santos et al,, 2014). Here, we optimized a BOEC-ALI culture by adopting a culture duration
of 23-days, established from pooled biological material. BOECs were differentiated with an in
vivo-like columnar epithelial phenotype consisting of ciliated and non-ciliated cells. Four-day
exposure to DES (10° M, 107 M, 105 M) or KTZ (108 M, 107 M, 10-¢ M) did not affect BOEC
viability and BOEC monolayer confluency, indicating that this model is suitable for EDC exposure.

In the in vivo bovine oviduct ciliated cells constitute 40-70% of total epithelial cells, depending on
the location in the oviduct and the phase of the estrous cycle (Abe & Oikawa, 1993; Lyons et al.,
2002). Cilia play an important role in reproduction, such as for the active transport of gametes
and embryos. To mimic the in vivo oviduct physiology, BOECs in ALI culture should differentiate
to ciliated cells. Here, the 23-day BOEC-ALI culture contained an overall low percentage of
secondary cilia (0.8£1.4%), and the primary cilia were not analysed due to time limitations.
Unfortunately, the degree of ciliation observed in this culture does not mimic the in vivo situation.
The secondary cilia were observed to be localized predominantly in clusters, rather than a
disperse distribution throughout the monolayer, and this phenomenon was also observed in a
previously established 9-day long BOEC-ALI culture (Jordaens et al, 2015). At first, we
hypothesized that pooling biological material could inhibit BOEC differentiation and therefore
reduce the degree of ciliation (Chen & Schoen, 2021). Contradictory to our assumptions,
monolayers established from distinct individual non-pooled material showed high variation in
the degree of secondary cilia, while monolayers established from the combined material (pooled)
showed ciliation comparable to one of the individual non-pooled material monolayers. This
suggests that the degree of ciliation is dependent on the animal. It is known that around ovulation
and during the follicular phase when 17f-estradiol (E2) production is high, the oviduct
epithelium is predominated by ciliated cells (Abe & Oikawa, 1993; Yaniz et al., 2000). Exogenous
E2 administration from the basolateral compartment has shown to increase the degree of
ciliation in a porcine OEC-ALI and BOEC microfluidic chip system (Chen et al., 2013a; Ferraz et al,,
2018). Considering the data above, it is possible that BOECs isolated from cattle at the follicular
phase may develop more cilia in an ALI culture. For our established BOEC-ALI cultures the estrous
cycle phase was determined (Supplemental table 4). Another aspect of our ALI protocol that is
distinct from other OEC-ALI cultures, which achieved differentiated OECs with normal
morphology and secondary cilia, is the seeding method. We use an indirect seeding method to
eliminate fibroblasts, while other studies used a direct seeding protocol and implemented
another way for fibroblast removal (Chen et al., 2017; Chen & Schoen, 2021; Jordaens et al., 2015;
Leemans et al., 2022). Direct seeding could potentially maintain secondary cilia of the isolated
OECs. Additionally, the degree of ciliation could possibly be increased by coating the membrane
of the inserts with extracellular matrix proteins, to increase polarization of the BOECs. For
porcine and mice OEC-ALI membrane coating with collagen type IV has been reported (Chen et
al,, 2017). Lastly, in our effort to increase ciliation we extended the culture timing to 6 weeks to
allow more time for BOEC differentiation, but we observed no difference compared to shorter
culture duration (23-days). However, if one of the previously mentioned suggestions for
increased ciliation is implemented, the culture duration could be re-evaluated.
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After the BOEC-ALI culture was established, it was used as a toxicological model to test the effect
of the EDCs DES and KTZ on the BOECs. Exposure to DES (109 M, 10-7 M, 10-> M) or KTZ (108 M,
107 M, 10-¢ M) for four days did not alter BOEC viability and monolayer confluency. Although
clear basolateral cell-cell and cell-membrane attachment was observed, there was lowered
position of lateral cell-cell adherence between the BOECs, accompanied by significantly decreased
TEER values, while confluency is not affected. TEER measures the paracellular ionic conductance
over epithelial monolayers, and this can be used to study epithelial barrier integrity and the
integrity of cell-cell junctions. For instance, tight junctions can resist paracellular ionic flow and
thereby increase the resistance over the epithelial monolayer (Anderson, 2001; Chen et al., 2015;
Srinivasan et al.,, 2015). The observed lowered position of lateral cell-cell adherence could be
explained as a transfer of the cell-cell contact zone, to a more basal localization, where the contact
zone is not functionally altered. By decreasing the distance between the basolateral media and
apical media, the ionic conductance can increase and subsequently decrease the TEER values.
Another explanation for the lowered position of lateral cell-cell adhesion could be an alteration
of cell-cell junction proteins e.g., tight junction proteins. Multiple studies have reported the effect
of estrogen exposure on the remodelling of tight junctions (Zeng et al., 2004). It is suggested that
exposure of epithelial cells to estrogen induces proteolysis of occludin (Zhu et al., 2006) and this
effect is mediated through the nuclear estrogen receptor alpha (ERa) (Gorodeski, 2007;
Gorodeski & Pal, 2000). In support of this, in vitro cultured epithelial cells exhibited a decreased
transepithelial resistance after two-day estrogen (E2) exposure from both the basolateral and the
apical side (Zeng et al., 2004). Like physiological estrogen, DES mediates its effect through ER«a
(Bolger et al., 1998). Additionally, the effects of DES on the cytoskeleton have been described in
literature. Increased acetylation levels of a-tubulin have been reported in the oocyte, which leads
to microtubule stabilization after DES exposure (Ding et al.,, 2020). Further, DES is a calcium
channel blocker, and exposure to DES leads to calcium dependent destabilization of actin
filaments (Janevski et al., 1993). Cytoskeleton components are strongly associated with cell-cell
adhesion (Hoelzle & Svitkina, 2012). Interestingly, KTZ showed the same effect of lowered lateral
position of cell-cell adherence as DES. Compared to estrogens, there is little reported about the
effect of azoles on the cell-cell contact zone and cytoskeleton. A previous study showed that in
vivo exposure of fluconazole, another potent EDC from the azole family like KTZ, in mice resulted
in a decreased expression of tight junctions proteins occludin and Z0-1 in colon epithelia (Qiu et
al,, 2016). Additionally, KTZ is known to act as an androgen receptor antagonist, a receptor which
is expressed in oviduct epithelium (Eil, 1992; Maclean et al., 2020; Pelletier et al., 2000). In testes
epithelium, loss of the androgen receptor has shown to impair functional tight junction formation
(Gye & Ohsako, 2003; Wang et al,, 2006). There is a lot of circumstantial literature supporting
these hypotheses. To elucidate the mechanism whether there is translocation of the cell-cell
contact zone, the cell-cell junctions are affected, or there is a change in cytoskeleton due to DES
and KTZ exposure, transcriptomic and proteomic analysis should be performed to provide insight
on a molecular level.

Although the overall degree of ciliation in the BOEC-ALI system was low, there was an unexpected
statistically significant decrease in the degree of secondary cilia observed after 10-° M and 10-> M
DES exposure. Some data suggest that estrogenic exposure may have a stimulating effect in OEC
ciliation. For example, an in vivo study showed increased differentiation and ciliation of oviduct
epithelial cells after intramuscular injection of estrogen or DES in the chick (Anderson & Hein,
1976). Moreover, as previously mentioned, there is increased ciliation of the bovine oviduct
epithelium during the follicular phase of the estrous cycle when E2 is high (Abe & Oikawa, 1993;
Yaniz et al, 2000). Additionally, DES exposed oocytes showed increased stabilization of
microtubules, a key component of cilium formation (Ding et al., 2020). One explanation is that the
loss of apical position of cell-cell adherence between BOECs is a result of alterations in tight
junctions at the contact zone, causing the contact zone to dynamically move to a more basal
position at the lateral side of two adjacent BOECs. This phenomenon could be a result of, or
followed by, loss of BOEC polarity and therefore cause the decrease of cilia. Tight junctions are
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known to maintain the apical-basal polarity of epithelial cells and subsequently polarity is
essential for cilia formation and ciliary beating (Nakayama et al., 2021; Otani et al., 2019; Shin et
al,, 2006; Zihni et al., 2016).

To determine whether the lowered position of lateral cell-cell adherence as well as the decrease
in secondary cilia observed after DES exposure was reversible, DES exposed monolayers were
allowed to recover by culturing them for four days without DES. Monolayers exposed to 10-° M
DES showed, after a recovery period, approximately the same extent of lowered lateral position
of cell-cell adherence as directly after exposure. Interestingly, monolayers exposed to 10-5M DES
showed a decrease in the extent of the lowered position of lateral cell-cell adherence, but to a
lesser extent compared to recovered monolayers after 107 M DES exposure. Interestingly, TEER
values of monolayers recovered from 109 M and 10-7 M DES exposure increased, whereas this
increase was lesser for monolayers recovered from 10-> M DES exposure. This is contradictory to
the negative correlation observed between TEER values and the lowered position of lateral cell-
cell adherence directly after DES exposure. If DES causes an effect on a proteomic level, recovery
of four-days was expected to be sufficient. Moreover, studies have reported that DES exposure
can alter epigenetic patterns (Bromer et al.,, 2009; Crews & McLachlan, 2006; Li et al., 2003).
Epigenetic changes are potentially reversible, however, the temporal relation difficult to
comprehend/estimate. Therefore, the lowered position of lateral cell-cell adherence is not
necessarily caused by reversible mechanisms. It is noteworthy that only one replicate of this
experiment was performed, and data should be confirmed by additional replicates.

Here, we showed that four-day culture of SOF in the apical compartment of Transwell® inserts
does not affect BOEC monolayer confluency. More importantly, SOF incubation did not affect
BOEC morphology and differentiation, confirmed by unaltered secondary ciliation rates,
regardless of the SOF volume. Subsequently, we co-cultured presumably fertilized zygotes from
in vitro embryo production (IVP) day 1-5 in the apical compartment of Transwell® inserts with a
confluent BOEC monolayer. Unfortunately, day 5 cleavage rate was noticeably lower compared to
conventional IVP and in total two day 8 blastocysts were produced in the BOEC-ALI co-culture
system. Previously, two studies showed successful blastocyst formation in an BOEC-ALI co-
culture culture, however, their experimental design differs from ours (Chen et al,, 2017; Jordaens
et al,, 2020). Chen et al. (2017) established a 33-day BOEC-ALI culture, and co-culture was
performed using 10-30 presumed zygotes per monolayer and reached day 8 blastocyst yield of
7%. Remarkably, the BOECs in culture produced and secreted approximately 20 ul oviductal fluid
surrogate (OFS), which contained approximately 97% of the same proteins abundant in in vivo
oviductal fluid. Further, oviductal glycoprotein 1 (OVGP1) was detected, the most abundant
glycoprotein in oviductal fluid and important for the microenvironment supporting gamete
maturation and fertilization (Chen et al., 2017; Zhao et al,, 2022). In our model production and
secretion of OVGP1 was not tested and SOF was not supplemented with OVGP1, however, the
presence of OVGP1 could stimulate early embryonic development. In the second study, Jordaens
etal. (2017) maintained a BOEC-ALI for 9 days before 20-35 presumed zygotes were co-cultured
and a 14% day 8 blastocyst rate was acquired. For both studies, day 8 blastocyst yield is not as
successful as conventional IVP, but it indicates the possibility of embryo co-culture in the BOEC-
ALI system (Chen et al.,, 2017; Jordaens et al., 2020). Previously, we described the low percentage
of secondary cilia in our BOEC-ALI culture, and possible ways to increase this percentage. In
contrast, the importance of ciliation degree for embryo co-culture is unknown. After ovulation,
E2 rapidly decreases while progesterone (P4) concentration rises. Bovine studies have shown
that during the luteal phase, when P4 is high, the infundibulum and ampulla are predominated by
secretory cells (Abe & Oikawa, 1993). This data suggests that during the early embryonic
development, when E2 is low and P4 is increasing, the degree of ciliation of the OECs changes.
Whether increasing ciliation rates of our BOEC-ALI culture will stimulate embryo co-culture and
therefore day 8 blastocysts rates are something that should be elucidated. Possibly, optimization
of our 23-day BOEC-ALI culture could increase BOEC functionality and subsequently their
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supporting effect on early embryo development resulting in an increased blastocyst yield. Prior
to using the BOEC-ALI embryo co-culture model for DES and KTZ testing, the establishment of a
standardized and reproducible blastocyst production protocol and the quantification of DES and
KTZ transference over the BOEC monolayer, if any, are necessary.

One limitation of the techniques used in the BOEC-ALI culture I want to emphasize here, is the
sensitivity of the TEER measurement. The sensitivity of the technique to environmental factors
(e.g. temperature changes (Blume et al., 2010) and media composition (Robilliard et al., 2018))
causes limited uniformity in literature and no universally accepted cut-off TEER value that
characterises a good quality oviduct epithelium. For example, there is one suggested acceptable
TEER range of 500-1100 Q*cm? (Chen et al., 2015), which was further used to validate TEER
values in other studies (Jordaens et al., 2015; Leemans et al, 2022). However, our control
monolayers displayed an average TEER of 1311 Q*cm?, not within the range suggested by Chen
et al. (2015). It should be noted, though, that TEER protocols followed differ in media
composition. Chen et al. (2015) performed TEER in fetal bovine serum (FBS) supplemented
media, contradictory to our FBS-free media. FBS is a factor that was recently shown to decrease
TEER values with ~20% (Robilliard et al., 2018).This susceptibility of the TEER measurement
makes comparisons with other literature and setting a cut-off value difficult.

In conclusion, we explored a bovine oviduct epithelial cell culture, to mimic the in vivo oviductal
epithelium, as a model for EDC reproductive toxicity testing. We were able to establish BOEC
monolayer cultures that recapitulate epithelial barrier function, but they were not able to support
early embryo development. Diethylstilbestrol and ketoconazole exposure resulted in quantifiable
effects (i.e. lateral cell-cell attachment) on the monolayers, suggesting the sensitivity of this
model to EDC action. Functionality of the ALI culture needs to be optimized to better support
BOEC ciliation and in vivo-like secretion. The model could then be used to study effects of indirect
EDC exposure in co-cultured embryos. Eventually, the indirect exposure model should be
compared to in vivo animal testing to validate the model.
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Supplementary data

Supplemental table 1: overview of number of replicates and total monolayers used for each experiment.

section Experiment replicate group total monolayers

I Duration of BOEC-ALI culture 1 12 days 2
15 days
23 days
6 weeks

Pooled vs. non-pooled material 1 non pooled animal 1
non pooled animal 2
non pooled animal 3
pooled

I BOEC viability after EDC exposure 1 0,01% v/v DMSO
10-°M DES
107 M DES
10-5 M DES
10-8M KTZ
107 M KTZ
10-¢ M KTZ

N NN DNDNDNDDNOOOOOYO NN

=
N

Effect EDC exposure on BOEC 3 control
monolayers (confluency, 0,01% v/v DMSO
differentiation and morphology) 10°M DES

107 M DES

10-5 M DES

10-8M KTZ

107 M KTZ

10-¢ M KTZ

Recovery after DES exposure 1 10-°M DES
10-7 M DES
105 M DES

I Effect apical SOF incubation 2 50 ul SOF
100 pl SOF
150 pl SOF

Embryo co-culture 1 6 zygotes 100 pl SOF
6 zygotes 150 pl SOF
15 zygotes 100 pl SOF
15 zygotes 150 pl SOF
30 zygotes 100 pl SOF
30 zygotes 150 pl SOF

N DN DNDNDNDNDDNDNDDNDNDDNOO O 0O O

43



Supplemental table 2: All transepithelial electrical resistance (TEER) and paracellular tracer flux values corresponding to
individual monolayers (n). DES 10-° " is outlier.

TEER Q*cm?2 Tracer flux %
Condition Replicate n Before after change Before after change
Control 1 4 671 1158 487 0,10% 0,08% -0,02%
503 539 37 0,19% 0,28% 0,09%
534 624 90 0,10% 0,55% 0,45%
874 843 -31 0,11% 0,29% 0,18%
2 4 1698 1513 -185 0,12% 0,11% -0,01%
1770 1494 -275 0,11% 0,13% 0,02%
2025 2576 551 0,09% 0,10% 0,01%
2028 1528 -499 0,08% 0,09% 0,01%
3 4 1591 688 -903 0,16% 0,17% 0,02%
1300 802 -498 0,81% 0,08% -0,73%
1138 719 -419 0,33% 0,07% -0,26%
1585 912 -672 0,09% 0,16% 0,06%
0.01%v/v 1 2 580 609 28 0,09% 0,19% 0,10%
DMSO 673 398 -276 0,14% 0,23% 0,09%
2 2 2020 2140 120 0,09% 0,27% 0,18%
2018 1917 -101 0,05% 0,09% 0,03%
3 2 1508 1308 -200 0,77% 0,07% -0,70%
1154 815 -339 1,58% 0,11% -1,47%
109 M DES 1 2 669 347 -322 0,09% 0,10% 0,01%
73347 20477 1313~ 0,11% 0,16% 0,05%
2 4 1846 797 -1049 0,58% 0,12% -0,45%
1974 899 -1075 0,20% 0,24% 0,05%
1973 520 -1453 0,11% 0,28% 0,17%
1655 808 -847 0,09% 0,21% 0,12%
3 2 1110 252 -858 0,08% 0,20% 0,12%
811 295 -516 0,09% 0,21% 0,12%
10-7 M DES 1 2 619 225 -394 0,11% 0,52% 0,41%
1055 335 -721 0,06% 0,25% 0,19%
2 4 1860 862 -999 0,68% 0,15% -0,53%
1674 757 -917 0,15% 0,14% 0,00%
2026 453 -1573 0,30% 0,22% -0,07%
1898 514 -1384 0,07% 0,14% 0,08%
3 2 1020 318 -702 0,09% 0,20% 0,11%
740 316 -424 0,09% 0,17% 0,08%
10-5 M DES 1 2 971 403 -568 0,06% 1,52% 1,46%
1225 408 -817 0,05% 0,19% 0,13%
2 4 1844 528 -1316 0,05% 0,36% 0,31%
1570 404 -1166 0,06% 0,29% 0,23%
1573 435 -1138 0,36% 0,20% -0,16%
2301 751 -1551 0,06% 0,19% 0,13%
3 2 1200 217 -983 0,08% 0,19% 0,11%
715 295 -420 0,09% 0,17% 0,08%
10-8 M KTZ 1 2 579 353 -227 0,10% 0,69% 0,60%
543 419 -124 0,09% 0,43% 0,34%
2 2 2513 957 -1556 0,10% 0,10% 0,00%
1742 1052 -691 0,49% 0,17% -0,33%
3 2 1114 411 -703 0,08% 0,50% 0,42%
1033 483 -550 0,08% 0,15% 0,07%
10-7 M KTZ 1 2 859 231 -628 0,08% 1,20% 1,13%
565 312 -253 0,10% 0,17% 0,06%
2 2 1987 1003 -984 0,06% 0,21% 0,15%
1981 1444 -538 0,23% 0,09% -0,14%
3 2 1105 462 -643 0,10% 0,22% 0,13%
928 359 -570 0,09% 0,30% 0,20%
10-¢ M KTZ 1 2 690 464 -226 0,10% 0,13% 0,02%
531 294 -237 0,13% 0,35% 0,22%
2 2 1925 835 -1091 0,06% 0,17% 0,11%
2041 942 -1098 0,07% 0,11% 0,04%
3 2 1037 309 -728 0,07% 0,22% 0,16%
725 262 -463 0,11% 0,16% 0,05%
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Supplemental table 3: All secondary cilia percentages and categorization of lowered position of lateral cell-cell data
corresponding to individual monolayers (n). For each monolayer 5 images were analysed (1-5).

Secondary Cilia %

Lateral cell-cell
adherence category

Condition Replicate n 1 2 3 4 5 1 2 3 4 5
Control 1 4 0,00% 0,11% 0,00% 0,00% 0,26% 0 0 0 0 1
0,14% 0,00% 0,64% 0,00% 0,00% 1 0 0 0 0

3,62% 1,52%  0,00% 0,28%  0,30% 0 0 0 0 0

0,00% 0,00% 1,20% 0,00% 0,00% 0 0 0 1 0

2 4 0,00% 0,69% 1,67% 1,31% 0,00% 0 0 0 0 1

0,00% 1,37% 0,006 0,00% 0,43% 1 1 0 0 2

0,00%  0,00%  6,78% 5,31% 1,12% 1 0 0 0 0

0,26% 0,23%  0,00% 3,74%  0,00% 0 1 1 0 1

3 4 0,00% 1,06% X X X 0 0 X X X

0,37% 1,00% 0,86% 0,99% 0,00% 0 0 0 0 0

0,19%  0,00% 1,10%  0,14%  0,98% 0 0 0 0 0

2,64% 1,52%  4,85%  0,00% 1,00% 0 0 0 0 0

0.01% v/v 1 2 0,00% 0,24% 0,39%  0,00%  3,59% 2 1 0 2 0
DMSO 0,00% X X X X 0 X X X X

2 2 0,00% 0,29% 0,00% 0,25% 0,62% 1 0 0 0 0

0,00%  0,52% 1,16%  0,00%  0,00% 0 0 0 0 0

3 2 0,50% 0,27%  8,43%  4,14% 1,04% 0 1 0 0 0

11,65% 4,87% 1,44% 8,79% 9,94% 0 0 0 0 0

10-°M DES 1 2 0,00% 0,00% 0,00% 0,00% 0,00% 4 3 0 1 0
0,00% 0,00% 0,00% 0,00% 0,00% 4 2 4 4 4

2 2 0,22% 1,15% 0,28%  0,00%  0,00% 4 1 3 3 1

0,006 0,00% 0,00% 0,00% 0,00% 3 2 3 1 2

3 2 0,00% 0,00% 0,00% 0,00% 0,23% 2 3 1 3 3

0,00% 0,00% 0,25% 0,00% 0,00% 3 3 0 2 4

107 M DES 1 2 0,00% 0,00% 0,00% 0,00% 0,00% 4 4 4 4 4
0,00%6 0,00% 0,00% 0,00% 0,00% 3 0 3 2 4

2 2 0,00% 0,00%  0,00% 1,36%  0,14% 3 3 4 1 2

0,00% 0,00% 0,00% 2,92% 0,00% 2 2 2 1 2

3 4 0,34% 0,00% 0,00% 0,00% 0,19% 2 3 4 2 2

0,006 0,00% 0,00% 0,00% 0,00% 2 0 3 0 3

10-5 M DES 1 2 0,00% 0,006 0,79% 0,19%  0,13% 3 0 0 1 1
0,00% 0,00 0,00% 0,00%  0,00% 4 2 3 0 1

2 2 1,36% 1,80% 0,13% 0,00% 0,43% 1 1 4 2 0

1,20% 0,12% 0,00% 2,37% 0,00% 0 3 3 1 4

3 2 0,00% 0,00% 0,00% 0,00% 0,00% 0 2 2 4 4

0,00% 0,00 0,00% 0,08%  0,00% 2 3 2 2 3

10-8 M KTZ 1 2 0,00% 0,00% 0,15% 0,00% 0,00% 4 4 0 4 3
X X X X X X X X X X

2 2 0,00% 0,00% 0,14% 0,00% 0,00% 2 3 3 2 2

0,00% 0,21% 044% 0,00% 0,00% 4 4 3 1 3

3 2 0,43% 0,00% 0,15%  0,00% 2,80% 2 2 1 3 1

0,00% 0,00 0,00% 0,00% 0,24% 2 3 2 3 0

107 M KTZ 1 2 0,00% 0,00% 0,20% 0,16% 0,00% 4 4 4 0 4
0,00% 0,00% 0,00% 0,00% 0,00% 4 4 2 4 3

2 2 297% 041% 097% 091%  0,00% 0 2 1 2 4

1,84%  0,34% 0,00 0,97%  0,22% 1 3 2 2 0

3 2 0,00% 0,13% 0,00% 0,00%  0,00% 3 3 1 3 1

0,00% 0,00% 0,00% 0,00% 0,00% 4 2 1 3 0

10-6 M KTZ 1 2 0,00% 0,00% 0,14% 0,00% 0,00% 4 3 0 3 3
0,00%6 0,00% 0,00% 0,00% 0,00% 3 3 4 4 3

2 2 0,00% 0,46%  0,00%  0,46% 1,22% 1 3 2 0 0

0,00% 0,21% 0,35% 0,23% 0,00% 1 1 1 0 2

3 2 0,21% 0,00% 0,00% 0,00% 0,00% 0 3 2 0 3

2,06% 0,00% 0,00% 0,00% 0,84% 1 2 1 2 0
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Supplemental table 4: Overview estrous phase of oviducts used. Determined on the basis of the attached oocyte and its

corpus luteum (Ireland et al.,, 1980; Senger, 1997).

Section

Experiment

Replicate

Phase estrous cycle

I

1

i

12-,15- 23-days
6-weeks

1
1

Not determined
Not determined

Pooled vs. non-pooled
Non-pooled animal 1
Non-pooled animal 2
Non-pooled animal 3
Pooled

1

Diestrus
Early to late metestrus
Diestrus
Pooled animal 1, 2 & 3

EDC exposure

Diestrus
Diestrus
Proestrus
Diestrus
Proestrus
Diestrus
Follicular phase
Late metestrus
Diestrus
Follicular phase
Proestrus
Follicular phase

SOF incubation (replicate 1 & 2)
Embryo co-culture (replicate 1)

Diestrus
Diestrus
Proestrus
Diestrus
Proestrus
Diestrus
Follicular phase
Late metestrus
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Appendix
Diethylstilbestrol (DES) exposure during in vitro embryo culture (IVC)

To assess the effect of DES exposure on early embryonic development, presumed zygotes were
exposed during in vitro embryo culture (IVC) to DES (10° M, 10-7 M, 10-> M).

Materials and Methods

In vitro embryo production (IVP)

Oocyte collection, in vitro maturation (IVM), in vitro fertilization (IVF), and in vitro embryo culture
(IVC) were performed as described in the in vitro embryo production (IVP) protocol (materials
and methods; methods; IVP; page 16). For IVP solutions see materials and methods; media
solutions; IVP; page 9-10.

Diethylstilbestrol (DES) exposure during IVC

Presumed zygotes were exposed from IVC day 1-5 to diethylstilbestrol (DES; #D4628-1G Sigma-
Aldrich, St. Louis, MO, United States). SOF was supplemented with DES (10-° M, 10-7 M, 10-5 M) or
0.01% v/v DMSO (vehicle; D2650-5X Sigma-Aldrich, St. Louis, MO, United States). Plain SOF
medium was used as control. At day 5, exposed embryos were transferred to fresh SOF without
DES or vehicle and cultured until day 8.

Results: DES exposure during in vitro embryo culture does not affect early embryo

cleavage and blastocyst rate

Previously, it was reported that there were no statistical significant changes in early embryo
cleavage and blastocyst rate after exposure (Asimaki et al., 2022). Experiment was replicated and
the cleavage rate at day 5, and blastocyst rate at day 7 and 8 were reported. DES (10° M, 107 M,
10-5> M) exposure during IVC did not have a statistically significant effect in cleavage rate (80%,
77%, 80%, respectively) compared to control and vehicle-treated (75,6%, 80,9%, respectively)
(Supplemental Figure 1A). Additionally, as previously mentioned, day 8 blastocyst yield for this
IVP protocol was around 30-40%, control and vehicle-treated monolayers reached 34% day 8
blastocyst rate, whereas DES treated (109 M, 107 M, 105 M) presumed zygotes had day 8
blastocyst rates of 30%, 29%, and 27%, respectively (Supplemental Figure 1B). No statistically
significant difference in day 8 blastocyst rates were observed, indicating that DES exposure
during IVC does not affect blastocyst rate.
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Supplemental Figure 1: Presumed zygotes exposed to DES (109 M, 107 M, 10-> M) during IVC day 1-5. (A) Day 5 cleavage
rate. (B) Day 8 blastocyst rate. Bars represent mean + SD of four replicates.
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