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Abstract

Endocrine disrupting chemicals (EDCs) with estrogenic properties are ubiquitous in the human
environment. They usually occur at very low concentrations, which may not induce major
physiologic effects, but may still lead to changes at the molecular level. Development is a particular
sensitive time for exogeneous stimuli to also induce lasting changes through epigenetic
mechanisms such as DNA methylation. EDCs include natural hormones like estradiol-173 (E2).
In this thesis, effects of E2 as the most potent natural estrogen were studied regarding its direct
and lasting effects during development. Selected concentrations, mimicking the daily exposure to
presumably safe threshold values in the humen, namely the acceptable daily intake (ADI, 0.05
png/kg body weight/day), a dose close to the no-observed-effect level (NOEL, 10 ug/kg body
weight/day) and a high dose (1000 ug/kg body weight/day), respectively, were applied orally to
pigs. As the preimplantation period is regarded as highly sensitive for the development of an
organism and even embryonic losses after estrogen exposure have been described in the pig,
sows were fed these distinct doses from insemination until day 10 of pregnancy. Compared to the
control group of sows that were only treated with the carrier, E2 was significantly elevated in the
high dose group in plasma, bile and somatic tissues. In addition, unconjugated and conjugated
metabolites of E2 were also elevated in the NOEL dose group. Subsequent RNA sequencing
depicted a dose-dependent effect on the endometrial mMRNA expression with 14 (ADI), 17 (NOEL)
and 27 (high dose) differentially expressed genes (DEGs). Endometrial microRNAs (miRNAS) as
important regulatory molecules of gene expression were additionally analyzed by small RNA
sequencing. Here, no effect was observed regarding the endometrial miRNA transcriptome. In
addition to the sows, sexing of the blastocysts was established followed by a transcriptome
analysis. Thus, for the first time the transcriptome of single preimplantation embryos was explored
after estrogen exposure. In the high dose group, 982 DEGs were found in the female blastocysts,
followed by 62 DEGs in the NOEL dose group. The male embryos were hardly affected with only
3 DEGs in the NOEL dose group. Comparing the gene expression pattern between the sexes and
doses revealed female embryos becoming more similar to the male embryos with increasing E2
dose. In order to assess if gestational exposure may also induce lasting effects in the offspring,
sows were fed the respective doses during the entire period of pregnancy, hereby mimicking
continuous environmental exposition. Pre- and postpubertal offspring were analyzed. Many
parameters were unaffected by the treatment; such as plasma hormone concentrations (E2, total
estrogens, progesterone, testosterone, leptin, insulin-like growth factor 1), onset of puberty, weight
at birth, weight at slaughter, and uterine weight. Bone was selected as a target organ, as EDC

exposure during development can affect the bone phenotype later in life. Similar to data in other
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large animals, few but distinct effects were observed in the low-dose groups. In the prepubertal
male offspring the strength strain index was lower in the ADI dose group at the proximal tibia, as
analyzed by peripheral quantitative computed tomography. In the postpubertal female offspring
the cortical and total cross-sectional area at the femur midpoint was larger in the NOEL dose
group, which was determined by computed tomography. In addition to bone, homeobox A10
(HOXA10) was selected as a known estrogen sensitive target gene in the uterus. A methylation-
sensitive high resolution melting approach (MS-HRM) followed by pyrosequencing was
established, thus avoiding potential amplification bias that may occur during polymerase chain
reaction. As opposed to rodent studies, in the present porcine model neither effect on HOXA10
MRNA expression nor DNA methylation was measured in the uterus after the estrogen exposure.
Furthermore, various tissues exhibiting larger differences in the HOXA10 mRNA expression were
compared. For a single CpG site, an association of promoter DNA methylation with mRNA
expression was detected in the prepubertal female piglets. This was not observed in the
postpubertal siblings. Taken together, low-dose E2 treatment led to sex-specific effects in the
preimplantation embryos as well as in the offspring, including non-monotonic dose responses in
the latter. This substantiates on the one hand that developing organisms are highly sensitive
towards exogenous estrogens and on the other hand that the current safety thresholds for E2
need to be revised.



Zusammenfassung

In der menschlichen Umwelt sind endokrine Disruptoren mit 6strogener Wirkung allgegenwaértig.
Normalerweise liegen diese Substanzen in sehr geringer Konzentration vor, wodurch es in der
Regel zu keinen grofieren, physiologisch sichtbaren Effekten kommt. Dennoch kdnnen
Veradnderungen auf molekularer Ebene in den Zellen auftreten. Der Kontakt mit solchen
Substanzen ist vor allem kritisch wahrend sich der Korper im Wachstum befindet, da es hier auch
zu langanhaltenden Veréanderungen durch epigenetische Mechanismen wie DNA-Methylierung
kommen kann. Zu den endokrinen Disruptoren gehéren auch natirliche Hormone wie Ostradiol-
178 (E2). In dieser Doktorarbeit wurden die direkten und langfristigen Auswirkungen von E2, dem
wirksamsten natirlich vorkommenden Ostrogen, nach Exposition wéhrend frither Entwicklungs-
phasen studiert. Die Konzentrationen wurden in Anlehnung an die aktuell fir Menschen gultigen
und als sicher angenommenen Grenzwerte ausgewahlt und oral an Schweine verabreicht. Die
niedrigste Dosis entspricht der zulassigen taglichen Aufnahmemenge (acceptable daily intake
(ADI), 0,05 ug/kg Kdorpergewicht/Tag), die zweitniedrigste Dosis ist nahe an der sogenannten
Dosis ohne beobachtete Wirkung (no-observed-effect level (NOEL), 10 pg/kg Kérpergewicht/Tag),
hinzu kam noch eine hohe Dosis (1000 pg/kg Kérpergewicht/Tag). Die Entwicklungsphase bevor
der Embryo sich einnistet wird als besonders empfindlich angesehen. Beim Schwein reichen die
beschriebenen Effekte nach der Gabe von Ostrogenen bis zum Verlust von Embryonen. Deshalb
wurden die oben genannten Dosierungen Sauen vom Tag der Besamung an bis zum Tag 10 der
Trachtigkeit verfuttert. Der Vergleich zu den Kontrolltieren, welchen nur das Losungsmittel
gegeben wurde, ergab, dass die Konzentration an E2 im Plasma, in der Gallenflissigkeit und in
verschiedenen Geweben in der Gruppe mit der hohen Dosis signifikant hoher lang. Daruber
hinaus waren die Werte fir unkonjugierte und konjugierte E2-Metablolite auch in der NOEL-
Gruppe erhéht. Entsprechend zeigte auch die im Anschluss durchgefiihrte RNA-Sequenzierung
einen dosisabhéangigen Effekt auf die mRNA-Expression mit 14 (ADI), 17 (NOEL) und mit 27 (hohe
Dosis) differenziell exprimierten Genen (DEGs). Endometriale mikro-RNAs, welche eine wichtige
Rolle in der Regulierung der Genexpression spielen, wurden zuséatzlich mittels einer hierfir
spezifischen RNA-Sequenzierung untersucht. Hierbei zeigte sich kein Einfluss auf das
endometriale mikro-RNA-Transkriptom. Zusatzlich zu den Muttertieren wurden auch die
Embryonen untersucht. Zuerst wurde bei den Blastozysten das Geschlecht bestimmt und im
Anschluss eine Transkriptomanalyse durchgeftihrt. Hierdurch wurde zum ersten Mal untersucht,
wie sich eine Ostrogenexposition auf das Transkriptom einzelner Embryonen auswirkt. In der
Gruppe mit der hohen Dosis wurden 982 DEGs bei den weiblichen Blastozysten gefunden, gefolgt

von 62 DEGs in der Gruppe mit der NOEL-Dosis. Die mannlichen Embryonen zeigten kaum
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Veranderungen mit nur 3 DEGs in der NOEL-Gruppe. Der Vergleich des Genexpressionsmusters
zwischen den Geschlechtern und Dosierungen ergab, dass die weiblichen Embryonen mit
steigender E2-Dosierung den mannlichen Embryonen ahnlicher wurden. Um zu untersuchen, ob
es auch Langzeiteffekte auf die Nachkommen gibt, wurden Muttertiere wahrend der gesamten
Trachtigkeit mit diesen Dosierungen gefittert. Diese Gabe spiegelt die Situation einer
kontinuierlichen, umweltbedingten Ostrogenexposition wider. Pre- und postpubertire
Nachkommen wurden anschliel3end analysiert. Dies ergab, dass viele Parameter durch die Gabe
nicht beeinflusst wurden, wie beispielsweise Hormonkonzentrationen im Plasma (E2,
Gesamtostrogene, Progesteron, Testosteron, Leptin, Insulindhnlicher Wachstumsfaktor 1), der
Beginn der Pubertat, das Geburtsgewicht, das Gewicht zum Zeitpunkt der Schlachtung und das
Gewicht des Uterus. Als nachstes wurde der Knochen als Zielorgan ausgewahlt, da bekannt ist,
dass endokrine Disruptoren wéhrend der Entwicklung Einfluss auf den Knochenph&notyp im
spateren Leben haben kdnnen. Vergleichbar mit Daten aus Studien an anderen Grol3tieren
wurden wenige aber dennoch bestimmte Effekte in den beiden Gruppen mit den niedrigen
Dosierungen beobachtet. Bei den prepubertdren mannlichen Nachkommen war der Strength-
Strain-Index an der proximalen Tibia in der ADI-Gruppe niedriger, was mittels peripherer
guantitativer Computertomographie bestimmt wurde. Bei den postpubertaren weiblichen
Nachkommen wurde eine gréRere kortikale und gesamte Querschnittsflache in der Mitte des
Femurs durch Computertomographie in der NOEL-Gruppe festgestellt. Dartiber hinaus wurde das
Homoobox-Gen A10 (HOXAL10) als bekanntes, dstrogen-sensitives Zielgen im Uterus ausgewahlt.
Es wurde eine methylierungssensitive hochauflosende Schmelzkurvenanalyse (MS-HRM) mit
anschlielender Pyrosequenzierung etabliert. Hierdurch wird ein moglicher Bias wahrend der
Vervielfaltigung bei der Polymerasekettenreaktion vermieden. Anders als bei Studien an
Nagetieren zeigte sich jedoch in dieser Untersuchung am Schwein kein Einfluss der
Ostrogenexposition, weder auf die HOXA10 mRNA Expression noch auf die DNA Methylierung.
Dennoch wurde bei der Untersuchung verschiedener Gewebe, welche groRe Unterschiede in der
HOXA10 mRNA Expression aufwiesen, fur eine einzelne CpG-Stelle bei den prepubertéren
Schweinen eine Assoziation der Promotor-DNA-Methylierung mit der mRNA-Expression
festgestellt. Diese Korrelation war in den postpubertaren Tieren nicht nachweisbar. Zusammen-
fassend fuhrten niedrige Dosen an E2 sowohl zu geschlechtsspezifischen Effekten in den
preimplantdren Embryonen als auch in den Nachkommen, einschlie3lich nicht-monotoner Dosis-
Wirkungen in den Letzteren. Dies erhartet einerseits, dass Organismen wéahrend der Entwicklung
sehr empfindlich auf exogene Ostrogene reagieren und andererseits, dass die aktuell giiltigen

Grenzwerte fir E2 einer Uberarbeitung bediirfen.
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1. Introduction

1.1. Direct and epigenetic effects of estradiol-178 exposure during pregnancy

Endocrine disrupting chemicals in the human environment

Endogenous estrogens are mainly produced by the gonads (ovary and testis, respectively), to a
certain amount in the adrenals and in minor concentrations locally in further extragonadal sites
such as adipose tissue [1, 2]. In the female, they are involved in various processes in the
reproductive organs including uterine preparation for and maintenance of pregnancy, support of
fetal growth, as well as their function as embryo recognition signal in some species including the
pig [3-5]. Estrogens are also important for instance in bone development and homeostasis [6, 7],
regulating immune cell activity [8], vascular functions [9], adipose tissue metabolism [10] and
energy balance [11]. In addition to the endogenous hormone production, humans are exposed to
various exogenous estrogens of which several are ingested via nutrition or as pharmaceuticals
[12]. There are natural estrogens such as estradiol-178 (E2), which is the most potent member of
this group of substances. It is found in very small concentrations in milk, meat and related products
[13—-15]. Next to its own properties as EDC [16-18], E2 is a common model substance in EDC
research to compare to estrogenic effects [19—24]. Natural estrogens can also be of plant origin
(phytoestrogens), like genistein and daidzein in soybeans, or products of fungi (mycoestrogens)
such as zearalenone [25, 26]. Other than natural estrogens, synthetic estrogen-like compounds
named xenoestrogens include plasticizer such as bisphenol A (BPA), pesticides like
dichlorodiphenyltrichloroethane (DDT), and pharmaceuticals such as diethylstilbestrol (DES) and
ethinyl estradiol. Many phytoestrogens and xenoestrogens can be detected in human body fluids
[27-30]. Phytoestrogens have been found in infant urine and blood, especially upon feeding soy-
based formula [27]. BPA has been detected in blood, urine and breast milk of adults, as well as in
cord blood of infants [28, 29, 31].

After exposition, all of the above-mentioned substances are able to affect the endocrine system,
and can thus be classified as endocrine disrupting chemicals (EDCs) [12, 25]. To date, different
definitions regarding EDCs exist [12, 32]. The world health organization (WHO) defines them as
“an exogenous substance or mixture that alters function(s) of the endocrine system and
consequently causes adverse health effects in an intact organism, or its progeny, or
(sub)populations” [32], while the U.S. Environmental Protection Agency (EPA) has chosen a more
detailed, molecular approach describing them as “an exogenous agent that interferes with
synthesis, secretion, transport, metabolism, binding action, or elimination of natural blood-borne
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hormones that are present in the body and are responsible for homeostasis, reproduction, and
developmental process” [12]. In this thesis, EDCs are addressed in the context of the definition by
the EPA, as low-dose effects may be found at the molecular level without direct evidence of

adverse health effects.

In order to assure human safety, regulatory agencies usually perform risk assessment using the
safety factor approach [33—-35]. From the available data, threshold values such as the no-
observed-effect level (NOEL) are derived. Differences in species, sex, age and between
individuals are incorporated using safety factors, generally assuming that the dose-response
relationship is monotonic. Thus, a presumably safe concentration, the acceptable daily intake
(ADI), is calculated, but usually not tested in further studies [33]. In general, the focus of such
investigations is on finding the highest dose that does not exert an alteration. Therefore, lower
doses are rarely investigated in depth. This can be problematic, as non-monotonic dose-
responses and low-dose effects are commonly known to exist, specifically in case of steroid
hormones. In terms of E2, the ADI (0.05 pg/kg body weight (bw)/d) was calculated with a safety
factor of 100 from the NOEL dose (5 pg/kg bw/d), derived from studies on postmenopausal women
[34]. This is presumably not sufficient evidence to ensure safety during more sensitive periods
such as development. For example, prepubertal children are highly susceptible to exogenous
steroids because of their much lower endogenous production rates and concentrations than
assumed by the Joint FAO/WHO Expert Committee on Food Additives (JECFA). In addition,
estrogen receptors (ERs) are already expressed [25, 36—40]. Furthermore, the developing body
undergoes large changes making them more vulnerable as exposure may not only exert direct but
also lasting consequences that may impact on later phenotype and/or health outcomes. Support
for low-dose in utero effects comes from rodent studies regarding the intrauterine position of male
and female fetuses, as well as from human twin studies [33]. Moreover, differing compounds may
exert additive effects [41]. Thus, there are several reasons why the current threshold values may
be questioned [33, 36].

Developmental origins of health and disease

In the 1990", Barker described the association of a low birth weight with an increased risk for
developing cardiovascular diseases later on [42, 43]. Since then, much evidence has accumulated
linking an altered early environment to health and disease states later in life [44]. This is known
as the “developmental origins of health and disease” (DOHaD) hypothesis [45—-47]. It describes

that in addition to the genotype especially the prenatal environment is able to shape the developing
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phenotype. This plasticity allows the embryo to adapt to its later environment as it is perceived in
utero. If then the postnatal environment does not match the prenatal information, an increased

disease risk can arise.

Before this concept was developed, there were examples linking early EDC exposure with later
onset of disease and many more have been described since [12, 33, 48, 49]. In the 1940s to
1960s, the synthetic drug DES was given to pregnant mothers supposing it would prevent possible
adverse outcomes such as spontaneous abortions [48]. However, DES turned out to be
teratogenic and a mild carcinogen. Thus, daughters exposed in utero to DES were found to have
an increased risk of clear cell adenocarcinoma of the vagina and the cervix. In both sexes,
malformations of the genital tract occurred. Notably, the detection of adverse outcomes in the
daughters such as adenosis was more frequent when DES treatment had started within the first
two month of pregnancy compared to initiation within the fifth month. In general, certain time
windows during development have demonstrated being particularly sensitive to environmental
cues, such as the preimplantation period where widespread epigenetic remodeling occurs [12, 44,
46, 50]. Next to alterations in the number of certain cell types, which can e. g. shape the bone
phenotype, an underlying molecular mechanism for lasting adaptations is the alteration of
epigenetic marks [44, 46, 51-55].

Epigenetics

The term ,epigenetic” dates back to Conrad Waddington (1942), who used it in the sense of causal
mechanisms that are involved in how the phenotype emerges from the genotype [56-59]. Thus, it
is used to define a global view on changes that occur during development through interactions
both between cells and by environmental stimuli finally resulting in an altered morphology. In the
1990s, a definition from a more molecular biological point of view emerged, omitting the need for
the endpoint of a phenotypic alteration. Arthur Riggs (1996) defines epigenetics as “the study of
mitotically and/or meiotically heritable changes in gene function that cannot be explained by
changes in desoxyribonucleic acid (DNA) sequence” [57]. Heritability implies an alteration to be
passed on even when the initial stimulus that had it brought about has disappeared. Therefore,
mechanism such as DNA methylation, Polycomb and Trithorax system account as classically
epigenetic. Especially DNA methylation has been considered in this regard. Its pattern is erased
and reestablished during development [60, 61] and then basically maintained throughout life. This
process is conducted by DNA methyltransferases (DNMT) [62, 63]. Certain changes still occur
later in life such as global demethylation of repeated DNA during aging [64] and pathologic
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changes as seen in cancer [65]. In mammals, DNA methylation primarily occurs at the cytosine
residue of cytosine guanidine nucleotide sequences (CpG sites) [66, 67] and is crucial for various
biological processes such as transcriptional regulation, cellular differentiation and transposon
silencing [61, 63, 68]. Next to single CpG sites in the genome that are mainly methylated, 2 % of
all CpG sites are found in clusters (about one every 10 base pairs), which are called CpG islands
(CGls) [69, 70]. CGls are most often unmethylated and sometimes heavily methylated, and they
are situated in the promoter region of 60 % to 70 % of the human protein-coding genes. Promoter
CGI methylation leads to stable gene silencing and is involved in X-inactivation and genomic
imprinting [61, 69, 71]. In addition, 50 % of the CGls are found in inter- and intragenic regions.
Furthermore, methylation of a single CpG site is able to affect gene transcription [72, 73] and can
be associated with tissue specific messenger ribonucleic acid (MRNA) expression [74]. Overall,
several mechanisms in gene expression regulation through DNA methylation are known [75, 76].

The use of the term “epigenetic” has expanded to further mechanisms with the potential of altering
gene functions helping the cell to “remember” past events where the mechanisms of heritability
are not always clear or the alterations are only short-lived — these include non-coding RNAs
(ncRNAs) and chromatin modifications [57, 77]. In addition, it has become evident that the
epigenetic regulation is often a complex interplay between different mechanisms regulating gene
expression, where ncRNAs have a pivotal role [77, 78]. There are many different classes of small
NcRNAs (snRNAs) [78]. PIWI-interacting RNAs (piRNAs) are involved in maintaining transposon
silencing and regulate various epigenetic processes such as guiding DNA methylation in the male
germline. They have only lately become the focus of many studies and still several questions
remain [79]. In contrast, the mechanisms of microRNA (miRNA) biogenesis and its functions in
regulating mRNA expression have been intensively studied and described in detail [78, 80, 81].
Apart from their classically known function in the regulation of about 50% of the protein-coding
genes, miRNAs are also involved in epigenetic regulation like their integration in silencing
complexes that alter chromatin structure leading to promoter DNA methylation and thus gene

silencing.

Mechanisms of estrogen action

Estrogens impact cellular functions in multiple ways, particularly gene transcription. They mainly
act through their nuclear receptors (ERa, ERp). Classically, ER binding of estrogens leads to
receptor dimerization. The dimer then directly interacts with the DNA at estrogen response

elements (ERESs) [82, 83]. Another way of inducing genomic actions is indirectly by the E2-ER
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complex interacting with other DNA-bound transcription factors such as the stimulating protein-1
(SP1). Furthermore, estrogens can act in a non-genomic way through membrane situated
receptors such as palmitoylated ERs and G-protein coupled estrogen receptors, thus initiating
intracellular signaling cascades (ISCs) often mediated through protein kinases [82-84]. These
ISCs can on the one hand lead to rapid modifications of cellular functions in the cytosol or
regarding the plasma membrane. On the other hand, they can indirectly influence gene
transcription. Similarly, cytosolic ligand bound ER can interact with other proteins inducing an ISC
[82]. Genomic actions may either lead to activation or repression of gene transcription, depending

on further interacting coregulators [85-87].

Through these coregulators, receptor bound estrogens also lead to modification of epigenetic
marks, which is particularly known regarding histone modifications [21, 83, 85, 88, 89]. Regarding
DNA methylation, there are studies showing ER-bound estrogens altering the expression of
DNMTs and thus affecting local and global DNA methylation level [90-92]. In addition, one study
demonstrated E2-ER dependent changes in promoter DNA methylation for an estrogen
responsive gene concurrently altering its expression [93]. Further analyses indicated that other
transcription factors including SP1, which may interact with the E2-ER complex, as well as DNMTs
are involved in this process. Still, the exact mechanism for specific local DNA methylation changes
through estrogens remains to be elucidated.

Estrogen exposure is often linked to alterations in miRNA expression. This is known for E2
particularly from in vitro studies using breast cancer cell lines [94, 95], but also from using other
cells such as cells from human endometrial tissue [96, 97]. In vivo, miIRNAs are differentially
expressed during the menstrual cycle as well as in disease states [97—100] indicating potential
hormonal regulation. Effects of an E2 treatment on uterine miRNA expression has also been
shown in a mouse model [101]. Some studies have investigated the signalling mechanism using
ICI 182,780, an ERa specific inhibitor, and/or Chromatin immunoprecipitation (ChlP) thereby
demonstrating ERa specific miRNA regulation [97, 101-103].

In general, specific low-dose effects and non-monotonic dose-responses are well known for
hormonal substances [33]. This has also been shown after early EDC exposure in differing
settings, multiple species, and for various targets such as the uterus [104, 105] including uterine
homeobox A10 (HoxalO) expression [104], bone [106-108], body composition [16], the
prepubertal luteinizing hormone (LH) surge [109], ERa and ERB mRNA expression in the
hypothalamus [110] and behavior [111]. Potential mechanisms involved are receptor down-
regulation and thus desensitization, receptor selectivity and competition, and endocrine negative

feedback loops [33]. Thus, dose dependently, estrogenic substances may exert diverse estrogenic
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as well as anti-estrogenic effects on each cell type, depending on the dose, the expressed
receptors and cofactors, and the concentrations of other competing estrogenic substances

including endogenous hormones.

Another aspect that determines the response to EDCs is the route of exposure [112-115]. The
pharmacokinetics of orally administered E2 have extensively been investigated in pigs. Most of
the ingested E2 is metabolized by the gut wall [115-117]. Further transformation occurs in the
liver. Via the bile, the estrogens then undergo enterohepatic cycling [117, 118]. Thus, no or only
very little unconjugated E2, and to some extent estrone (E1), can be found in the peripheral blood
[16, 115, 117]. In contrast, high amounts of conjugated estrogen metabolites reach the circulation
in order to be excreted through the kidney [115-117, 119]. Estrone glucuronide (E1G) is the main
metabolite in pigs, and together with lower amounts of E2-glucuronide and sulfated estrogens,
they add up to 90 % of the metabolized E2 [115, 116]. Due to their polarity, unconjugated
estrogens can easily diffuse from blood into the tissues [112, 120, 121]. Retention as well as
accumulation also depends on the amount of expressed ERs, thus contributing to cell-specific
effects [112, 120-123]. Accumulation has for example been shown for the uterus, as major target
organ of estrogens. Although conjugated estrogens may not exert direct estrogenic effects, they
appear in tissues and cells can actively deconjugate estrogens thereby regulating the availability
of active ligand [120, 124-127]. Furthermore, conjugated estrogens such as estrone sulfate in

plasma may serve as a estrogen reservoir [124, 126].

Estrogen exposure during early pregnancy

Estrogens are particularly important during early pregnancy in various species such as in mice
[128, 129], pigs [4, 130] and humans [131-133]. They are involved in the preparation of the
endometrium for implantation of the embryo. After conception, low concentrations of estrogens
prevail in the maternal circulation [134, 135]. In mice, the following increase around implantation
determines the window of receptivity [128, 129]. A mid-luteal increase is also observed in primates,
although the function is less clear [128, 132, 134]. Slightly higher estrogen concentration in
humans might favor implantation. In sows, the plasma estrogen concentration remains low until
after implantation [135, 136]. A first local rise occurs on days 11 to 12 of pregnancy because

porcine embryos secrete estrogens as pregnancy recognition signal to prevent luteolysis [4].

Exposure to exogenous estrogens during the preimplantation phase can not only affect the mother
including abnormal endometrial functions and an altered intrauterine environment, but also the

embryo and the embryo-maternal communication. In vitro studies have shown that estrogens can
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directly impact on the embryo [22, 137, 138]. Evidence from assisted reproductive technologies
with often higher maternal E2 concentrations indicated an association with higher implantation
failure [139, 140] and increased adverse placental outcomes such as small for gestational age
(SGA) babies [141, 142], as well as altered gene expression and DNA methylation in the placenta
[143]. Studies in mice using a single dose [144] as well as continuous exposure [144—147] during
early pregnancy led to effects ranging from endometrial gene expression changes, an altered
morphology and secretory activity, fewer implantation sites to smaller litters at birth. Similar effects
have been observed in pigs exposed to estrogens for few days shortly before implantation,
specifically on days 9 and 10 or on days 7 to 10 of preghancy [18, 130, 148-154]. In contrast,
exposure to low concentrations of EDCs at other points in time, such as from day 2 to 6 or after
day 10 did not cause such drastic effects [18, 149, 150, 155-157]. The reason that pigs, with
estrogen as their maternal recognition signal, are highly sensitive during this small window before
implantation is presumably due to a desynchronization of the uterine preparation with embryonic
development [130].

The preimplantation phase is a particularly sensitive time for external stimuli to induce not only
direct, but also lasting alterations in the offspring [23, 24, 50]. For example, mice treated only
during the preimplantation period with E2 or methoxychlor depicted postnatal sex-specific effects
[23, 24]. Further evidence stems from studies on assisted reproductive technologies [50]. One
reason for the vulnerability is that prior to implantation huge remodeling of epigenetic marks, such
as DNA methylation and histone modifications, occurs in the embryo [50, 60, 61, 158-160]. In
terms of DNA methylation, at first following fertilization, most sites are demethylated [159, 160].
Only imprinted genes and a few other sites have been reported to escape this demethylation
process [158, 161]. The main wave of de novo methylation starts at the late morula to early
blastocyst stage [159, 160, 162], and lasts in the mouse until gastrulation [163—-166]. Certain
differences between species exist such as regarding the timing of DNA remethylation in general
and concerning the embryoblast and the trophectoderm [159, 160, 162, 163, 167]. In the pig,
implantation is delayed compared to human and mouse, and global DNA methylation of the
embryo has been described until day 10 [158, 159].

DNA methylation is of particular interest concerning lasting consequences as on the one hand the
mechanism of its mitotic propagation is known [62, 63]. On the other hand, there are studies linking

developmental EDC exposure to DNA methylation differences later in life.

In terms of MIRNA, stage-specific expression in the developing embryo has been described in
multiple species [168—-170]. Furthermore, important functions have been proposed for miRNAs

being expressed in the endometrium [98, 100, 170-172]. MiRNAs, expressed in the endometrium,
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have been associated with the regulation of genes that are crucial for differentiation, angiogenesis,
immune functions, receptivity, proliferation and extracellular matrix factors, which are important in
the preparation of the endometrium for implantation [100, 171, 173]. Steroid hormones are mainly
responsible for regulating these processes, potentially also through the regulation of miRNA
expression [98]. There are only very few studies analyzing miRNA expression after EDC exposure
during pregnancy or directly postnatally [174-176], although it is known that E2 treatment can
modify miRNA expression [94-96, 101].

Lasting effects of gestational estrogen exposure

As pregnancy continues, estrogen concentrations in the circulation increase and reach particularly
high concentrations towards parturition [16, 136, 177]. This is more pronounced in humans, many
higher primates and ungulates due to their placental estrogen secretion, as compared to rodents
where the corpus luteum continues to produce estrogens [3, 178, 179]. It has been proposed that
due to the higher endogenous prevailing estrogens, humans are less sensitive to exogenous
estrogens during pregnancy, as most studies have been conducted using rodents [178]. In this
regard, the pig is more closely resembling the women as rodents do [16, 136, 177].

Not only the preimplantation phase, but gestation as a whole has been shown as a sensitive time
where external stimuli may induce lasting effects [12, 44, 49, 180]. At later stages during
pregnancy, the development of specific organs can be affected [16, 180, 181]. First et al. [16]
demonstrated an altered body composition with an increase of total body fat in the male
prepubertal piglets exposed to E2 during the entire gestation at a concentration close to the NOEL
as well as when using a high dose. This might be due to effects on the lineage commitment of
adipocyte precursor cells [16, 181]. Still, most studies have applied EDCs for a specific period
during pregnancy, while only few studies have looked at the effects of continuous exposure
throughout gestation [12, 154]. In ICR mice, continuous E2 exposure during the entire pregnancy
led to a birth rate of almost 80% in the lower dose group [20]. A high dose of Zearalenone fed to
rats during the entire pregnancy decreased the number of liveborn pups [182]. Zearalenone in the
fodder at intermediate to high concentrations fed for longer periods during gestation was also able
to affect the fetuses often including reduced litter size of pregnant sows [154, 183-185]. In
contrast, even a high dose of E2 during the entire pregnancy did not affect the number of piglets
born [16], although, similarly to zearalenone, its detrimental effect when given slightly before
implantation is known [18, 130, 148-152, 154]. Overall, depending on the sensitive window during

gestation, estrogens can cause various direct and lasting alterations (Fig. 1) [12, 49].
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Fig.1: During development, external stimuli may induce either transient or lasting effects on cell
functions and epigenetic marks. There are in general two possibilities for lasting phenotypic
alterations to arise, either through an alteration in the number of certain cell types, or through
heritable epigenetic changes that can be the basis for an altered response to environmental cues
possibly resulting in disease onset later in life.

Uterine HOXA10 expression as potential target of developmental estrogen

exposure

Classically, the reproductive organs are a known target of EDCs [12, 49]. Early exposure may
affect sexual development and may even contribute to various reproductive disorders including
cancer and decreased fertility [12, 17, 186—188]. In this regard, the Hoxal0 gene in the uterus has
been shown as a potential target [104, 189-191]. The evolutionary conserved HOX genes encode
transcription factors that are essential for determining the anteroposterior body axis in the embryo
and functional differentiation in the adult [192]. HoxalO is involved in the morphological
development of the uterus from the Mullerian duct [193]. Most of the adult female Hoxal0 knockout
mice are infertile due to embryonic death before implantation, coinciding with the time of Hoxal0
expression in wildtype mice [193, 194]. Similarly, HOXA10 expression increases during the
periimplantation period in multiple species including human and pig [195-198]. In addition, the
pattern of HOXA10 abundance during the estrous cycle has been analyzed in women and dogs
[195, 196].



Hormones including estrogens are involved in HOX gene regulation [192]. In vitro studies have
shown that HOXA10 expression can be induced through the classic ER-dependent pathway [19,
199, 200]. Furthermore, E2 treatment of human as well as porcine primary endometrial cells
increased its expression [195, 201]. In a mouse model, promoter DNA methylation abrogated ERa
binding to the Hoxal0 promoter, thus preventing the respective increase in its expression in vitro
[190]. In vivo, after gestational BPA exposure, the offspring showed a reduced promoter and
intronic DNA methylation concomitantly with higher Hoxal0 mRNA and protein expression.
Furthermore, effects of EDC exposure on Hoxal0 mRNA expression have been demonstrated
directly after in utero treatment [202, 203], directly after treatment postnatally [189], as well as in
adult animals that were exposed during development [190, 204]. Notably, some effects are similar
in animals treated with EDCs [104, 191, 205—-207] and Hoxal10 knockout mice [193] or adult mice
with modified Hoxal0 mRNA and protein expression [208]. In exposed rodents, alterations in the
uterine morphology [205], a reduced number of implantation sites [104], increased embryo
resorption, and reduced pregnancy rates [206, 207] were detected. Morphologic alterations and
reduced embryonic survival was also found in neonatally treated sows [191].

Bone development as potential target of developmental estrogen exposure

Sex hormones play an important role in bone development and metabolism throughout life.
Starting with fetal development, ERs are expressed in various bone areas and cell types [37, 209,
210]. After birth, growth hormone (GH) and insulin-like growth factor 1 (IGF1) are highly important
for bone development [6]. Although sex steroid concentrations are low, ERs are expressed [39,
211] and estrogens have been associated with bone maturation [212, 213]. During puberty,
estrogens are of significance for the pubertal growth spurt and essential for epiphyseal fusion in
both sexes [6, 7]. Differences in the timing and length of puberty along with differences in sex
hormones and GH-IGF1 actions lead to the establishment of a sexual dimorphic bone phenotype
with males exhibiting larger bones and thicker cortices than females. In males, the trabecular bone
is formed by testosterone signaling through the androgen receptor (AR), while in females the
signaling involves E2 through ERa [6]. For cortical bone accrual not only testosterone, but also E2
signaling through ERa is necessary in males, while in females E2 and both receptor isoforms,
ERa and ERB, are involved. Males achieve a higher peak bone mass during young adulthood than
females, which is one of the reasons for the lower incidence of fractures with increasing age also
in men. During adulthood, estrogens are important to maintain the balance between bone

formation and resorption [7]. Decreased sex hormone concentrations later in life, especially
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beginning with menopause in women, result in bone loss, leading to an increased risk of

developing osteoporosis.

Previous data mainly derived from rodent models show direct and/or lasting alterations due to
EDC exposure early in life on bone development and metabolism [51]. Many aspects determine
the result such as the dose and time of exposure, the substance, the sex, the species, the time of
analysis, the method, as well as the target which has been analyzed. As quite consistently shown
in female rodents, early EDC exposure led to an increase in the bone mineral density (BMD) in
adulthood [106, 214-216], contrasting more variable results from studies using large animal
models [107, 217]. Similarly, conflicting effects on BMD have been found in male offspring [106,
107, 214, 216, 218]. Furthermore, some studies using rodents have described an increase in the
peak load in the female offspring [214, 216], while another study showed decreased bone strength
parameters [108]. In the latter study, a low dose of DES was given during gestation and lactation
and a resulting increase in femur length was described. This contrasts data from Migliacchio et al.
[219], which used the same low dose but only during gestation. They found an increase in bone
mass and no alteration in femur length. Next, certain effects have also been demonstrated
concerning bone area parameters [106-108, 214, 217]. Hermsen et al. [107] showed an increase
in the total cross-sectional area (CSA) in female rhesus monkeys only in the low-dose and not in
the high dose treatment group. Regarding the mechanism, additionally to effects directly on bone
cells [44, 51-53], lasting alterations affecting the bone phenotype may also rely on changes in
endocrine functions [17, 51, 217], the timing of puberty [17, 220], and/or changes in the amount
of body fat [16, 221, 222].

The usage of large animals as model organism is an important step to transfer experimental
results from rodents to humans. As porcine bone closely resembles the ones of humans, pigs are
used for bone research and have been recommended by the U.S. Food and Drug Administration
(FDA) for osteoporosis research [223—-225]. Yet, only a couple of studies have analyzed the effects
of early EDC exposure on bone development in large animals, however not in the pig [51, 107,
217, 218, 226, 227].
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1.2. Aims of the study

Various estrogenic EDCs occur at low doses in the environment and may particularly impact on
developing organisms. Therefore, the objective of this study was to investigate if the declared
‘safe’ threshold values for E2, the most potent endogenous estrogen, are still valid if including both
a molecular and an epigenetic perspective. Thus, E2 was used as model estrogen for a low-dose
estrogenic EDC exposure (Fig. 2). The preimplantation window of embryo development is highly
sensitive regarding exogenous stimuli. Thus, one part of this study aimed at analyzing continuous
exposure to differing doses of E2 regarding its potential to affect the mother sow as well as the
male and female embryos on day 10 of pregnancy. In vivo effects of estrogenic EDCs on the
blastocyst transcriptome had not yet been examined. We aimed at integrating analyses
concerning the pharmacokinetics of the orally applied E2 doses to unravel potentially underlying
mechanisms. The other part of this study focused on lasting effects in pre- and postpubertal
offspring after complete gestational E2 exposure to observe if lasting effects occurred in the
progeny. Next to endocrine parameters, two known target organs of steroid hormones, namely

the uterus and the bone, were selected.
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Fig. 2: Scheme representing the experimental approach of this thesis. Pregnant sows (Fo) were
fed the respective E2 dose or the carrier (red bar) during pregnancy. After exposure during the
entire pregnancy, the male and female offspring (F1) were sampled prepubertally, while another
group of female offspring was slaughtered after the onset of puberty at about one year of age. The
sows were again treated from conception until day 10 of pregnancy. This time, sows and embryos
(F1) were sampled. @ = female, & = male, bw = body weight, d = day, EIA = enzyme immuno
assay, RNA-Seq = RNA sequencing, RT-gPCR = reverse transcription quantitative polymerase
chain reaction, pQCT = peripheral quantitative computed tomography, CT = computed
tomography, HOXA10 = homeobox A10, MS-HRM = methylation-sensitive high resolution melting,
P4 = progesterone, T = testosterone, IGF1 = insulin-like growth factor 1.
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2. Material and methods

Animal trials and sampling

In order to analyze direct and epigenetic effects of E2, an animal trial was conducted by the
research group of Dr. Susanne Ulbrich (Physiologie Weihenstephan). The selected single doses
were 0, 0.025, 5 and 500 pg/kg body weight (bw). These doses were fed in the main trial twice
per day with a 12 hours interval. Thus, as intended, a daily amount for the two low doses was
achieved corresponding to the ADI and close to the NOEL as announced for humans by the
JECFA with 0.05 and 5 pg/kg bw/d, respectively [34]. The control group was fed the ethanol carrier
only and a high dose group received 1000 pg/kg bw/d as an effect dose as positive control. In an
initial trial, plasma pharmacokinetics of estrogens after a single oral dose were investigated in
male castrated pigs [16]. In brief, animals were catheterized (jugular vein; n = 2-3/treatment
group). They were fed the E2 on the following day before normal feeding. The first blood samples
were taken two and one hour before feeding the E2, then sampling was conducted every 15
minutes for four hours, continuing with one sample every hour until 24 hours with a break between
hour 13 and 20. The main study consisted of two parts (Fig. 3). In the first part, sows (n = 6-
7ltreatment group) were treated with E2 throughout gestation in order to analyze epigenetic
consequences in the offspring [16] (Fl6ter et al. 2016, appendix (App.) Il). After the gestational E2
exposure, male (8 weeks old) and female (9 weeks old) offspring were analyzed prepubertally (n
= 10-12/treatment group and sex), and a second group of females were assessed postpubertally
(about one-year old, n= 8-14/ treatment group). In the latter, estrous cycle signals and behavior
were observed. After at least three reproductive cycles per sow and daily monitoring to determine
the day of the cycle, they were slaughtered between days 10 to 13 post estrus (luteal phase). In
the second part, the experiment was continued with the sows in a subsequent pregnancy in order
to analyze direct E2 effects on mothers and embryos at the time of preimplantation (Floter et al.
2019, App. IV). In brief, after feeding the respective E2 dose from insemination (day 0) onwards,
sows (n = 4-6/treatment) were slaughtered on day 10 of pregnancy, one hour after obtaining the
last dose. Regarding sample collection, pieces of the selected tissues were immediately frozen in
liquid nitrogen and stored at -80 °C. Tibia and femur of the right hind leg, as well as
ethylenediaminetetraacetic acid (EDTA) stabilized plasma and bile samples were stored at -20
°C. In addition, from 23 weeks on, a fresh rectal feces sample was taken weekly from female
offspring, which was stored at -20 °C. In order to obtain the embryos, uterine horns were flushed
with phosphate-buffered saline (PBS, autoclaved, pH 7.4), at first using 10 ml, which was kept for

later analyses, and subsequently with 50 ml to obtain all embryos. Pictures were kindly taken by
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Myriam Reichenbach (Chair for Molecular Animal Breeding and Biotechnology, Gene Center of
the Ludwig-Maximilians-Universitat (LMU) Munich) of the embryos before they were frozen in
liquid nitrogen and stored at -80 °C. Uterine flushings were stored at 20 °C. Animals with embryos
at their blastocyst stage were included in the RNA sequencing (RNA-Seq) experiments. The
animal trial was approved by the local authorities (Ref# 55.2-1-54-2531-68-09; District
Government of Upper Bavaria), the experiments were performed with permission from the local

veterinary authorities and conducted following accepted standards of humane animal care.

Estradiol-17p (E2) treatment
(0.00, 0.05, 10.00 or 1000.00
ug/kg body weight/day)

A

[ ) Onset of puberty

Conception Birth (females)
N N

:> Epigenetic in utero exposure effect

Pregnant sows on the offspring

Direct effects on 8 weeks 9 weeks 1 year
sows and embryos (males) (females) (females)
v
Day 10

Fig. 3: Study design of the main animal trial. At first, E2 was fed during the entire pregnancy and
the offspring were subsequently analyzed to detect epigenetic effects. Secondly, sows were fed
E2 in a subsequent pregnancy and were slaughtered on day 10 of pregnancy to analyze direct

effects on both sows and embryos.

RNA from endometrial tissue (isolated by A. Klanner, A. Samborski, and S. Gebhardt) and
respective plasma samples from two additional studies, the so called “estrous cycle study” and
“preimplantation study” [228—-230](Pistek et al. 2013, App. |, Fig. 1), were kindly provided by Dr.
S. Bauersachs (Laboratory for Functional Genome Analysis (LAFUGA), Gene Center, LMU
Munich).
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Hormone analyses

Enzyme immuno assays (EIAs) were used to analyze plasma, bile and tissue hormone
concentrations. In plasma samples, E2 and total estrogens (E1, E2, estradiol-17a; while estradiol-
17a is absent in the pig) [231, 232], testosterone [233], progesterone [234], as well as IGF1 and
leptin [235] were measured as described in detail (Floter et al. 2016, App. II; Floter et al. 2019,
App. IV). In order to analyze conjugated steroids, the frozen phase obtained during the ether
extraction process was further used instead of the supernatant. After digestion with an enzyme
mixture containing glucuronidase and arylsulfatase (Merck KGaA, Darmstadt, Germany), samples
were comparably processed as for unconjugated steroid measurements (Fl6ter et al. 2019, App.
IV). The protocol slightly differed between plasma, tissues (endometrium, skeletal muscle, heart
muscle) and bile. Tissues were homogenized, and the extraction was slightly intensified with
longer incubation times and for bile also with more concentrated digestion buffer in terms of
conjugates steroids. The first corpus luteum formation, as a marker for puberty, was detected
assessing fecal progesterone levels. The analyses were conducted as described earlier [236] with
slight modifications (Floter et al. 2016, App. Il). All hormone analyses were kindly performed by
Brigitte Doétterbock, Waltraud Schmid and Stefanie Berthold (Physiology Weihenstephan),

respectively.

Bone measurements

Femur and tibia were analyzed in pre- and postpubertal offspring. In the latter, peripheral
guantitative computed tomography (pQCT, STRATEC XCT 2000 (SA); Stratec, Pforzheim,
Germany) could not be used due to size limitations; therefore, computed tomography (CT)
measurement was applied. Measurement settings were kindly established by Dr. D. Seidlova-
Wouttke (University of Géttingen, Department of Endocrinology) (Floter et al. 2016, App. I1). In brief,
tibia and femur were separated and femur length was determined with an electronic caliper. Three
bone areas (proximal femur, distal femur, proximal tibia), close to the epiphyseal growth plate
were assessed with pQCT. Three consecutive slices (1 mm apart) were taken after positioning
the scanner using a coronal computed radiograph (scout view). Subsequently, data processing
was done to obtain trabecular and cortical-subcortical BMD, as well as CSA and the polar strength
strain index (SSI), as described in detail by Floter et al. 2016, App. II.

The CT (Aquilion CX, Toshiba Medical Systems Cooperation, Tochigi, Japan) measurements

including the analyses of the CSA at the femoral midpoint, as well as femoral volume, length and
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CT number in Hounsfield Units were kindly performed by Dr. Gabriela Galateanu (Leibniz Institute
for Zoo and Wildlife Research (1ZW) Berlin) (Floter et al. 2016, App. II).

Extraction of RNA

Total RNA from tissue samples of the female pre- and postpubertal offspring was extracted with
the NucleoSpin RNAII Kit (Macherey Nagel, Diren, Germany) with slight modifications. A frozen
tissue peace (~3mms3) was placed into 600 pl buffer RA1 and complemented with 6 pul B-
mercaptoethanol. A MagnaLyser (Roche, Mannheim, Germany) in combination with Matrix-Green
beads (MP Biomedicals, lllkirch, France) was used for homogenization. After filtration of the lysate,
600 ul ethanol (70 %) were added. Furthermore, the second washing step was repeated in order
to improve RNA purity. Regarding the extraction of total RNA from embryos, the AllPrep RNA/DNA
Micro Kit (Qiagen, Hilden, Germany) was utilized to account for the small sample amount. The
manufacturer’s protocol for cells was applied with some modifications to increase sample purity
and concentration. In brief, frozen embryos were put into a mixture of 700 pl buffer RTL and 7 pl
B-mercaptoethanol. Disruption was accomplished by pipetting up and down, followed by single
short vortexing. A syringe and needle approach was followed to homogenize the samples. In terms
of the RNA purification, the manufacturer’s protocol “purification of total RNA containing small
RNA from cells” was followed. The incubation steps D3 and D4 using buffer RPE were extended
to 4 min and 2 min, respectively. Elution of the RNA was conducted twice, reusing the first flow-
through in the second elution step. In order to determine its quantity and purity, the NanoDrop
1000 (Peglab, Erlangen, Germany) was used at 260/280 nm and 230/280 nm, except for
embryonic samples which were additionally measured with the Qubit™ (Invitrogen) using the RNA
BR Assay for more precise quantification. Its integrity was assessed with the Bioanalyzer 2100
(Agilent Technologies, Waldbronn, Germany) utilizing the RNA 6000 Nano Kit (Agilent). Most RNA
Integrity Number (RIN) values were between 8 and 10 (Pistek et al. 2013, App. |; Fléter et al. 2018,
App. lll; Floter et al. 2019, App. IV), samples were only included in the study if the RIN was above
6 in order to ensure good performance in the following reverse transcription quantitative

polymerase chain reaction (RT-qgPCR) [237, 238]. RNA samples were stored at -80 °C.

Gene expression analyses with RT-gPCR

In order to analyze mRNA and small RNA expression, two-step approaches were chosen with
reverse transcription followed by quantitative real-time PCR. These experiments were conducted

in accordance with the MIQE guidelines [239]. For mRNA analyses, 1 pg of total RNA was reverse
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transcribed into complementary DNA (cDNA) as described earlier [240]. The subsequent gPCR
reactions were conducted on the CFX384™ Real-Time PCR Detection System (Bio-Rad,
Minchen, Germany). Cycling was performed with a final volume of 10 pl including 1ul of cDNA.
For the analyses of the tissues of the pre- and postpubertal female offspring as well as from the
endometrium of the “preimplantation study” and the “estrous cycle study”, the MESA Blue qPCR
MasterMix Plus for SYBR® Assay No ROX (Eurogentec, Kéln, Germany) was used. Therefore, 5
pul MESA Blue MasterMix, 0.15 pl forward primer [20 uM], 0.15 pl reverse primer [20 uM], 3.7 ul
nuclease free water and 1 pl of cDNA sample or water as negative control were merged. In order
to perform the technical validation of the RNA-Seq using the endometrial samples of the sows on
day 10 of pregnancy, the SsoFast™ EvaGreen® Supermix (Bio-Rad) was utilized. Each well was
composed of 5 pl SsoFast™ EvaGreen® Supermix, 0.2 pl forward primer [20 uM], 0.2 ul reverse
primer [20 uM], 0.07 pl Visi-Blue™ (TATAA Biocenter AB, Goteborg, Sweden), 3.53 pl nuclease
free water, and 1 pl of cDNA sample. Commercially synthesized primers (Sigma-Aldrich,
Taufkirchen, Germany) were applied, and of each primer pair, a PCR product was sequenced
(4baselab, Reutlingen, Germany) to verify product identity. Subsequently, melting curve analysis
was used to monitor amplification of the respective product. The primer sequences, gene
accession numbers, product length, and annealing temperature can be found in the respective
appendices (Pistek et al. 2013 App. |; Floter et al. 2019, App. IV, Suppl. Tab. S1). In terms of
analyzing small RNAs, reverse transcription was performed with the miScript Il RT kit (Qiagen).
The subsequent gPCR reaction was conducted on the Rotor-Gene (Qiagen) with the QuantiTect
SYBR Green PCR kit (Qiagen) and a final volume of 10 pul, which was composed of 5 pl QuantiTect
SYBR Green PCR Master Mix, 1 pl miScript Primer Assay, 1 ul miScript Universal Primer, 2.25 pl
nuclease free water and 0.75 pl cDNA sample. Commercial target gene (miScript Primer Assay,
Qiagen; Floter et al. 2018, App. lll, Tab.1) and potential reference gene (miScript Control Assays,
Qiagen; Floter et al. 2018, App. 1)) forward primers were bought. The cycle of quantification (Cq)
data obtained for each gPCR experiment were analyzed by relative quantification and calculation
of fold changes as recommended by Livak and Schmittgen [241]. The appropriate reference genes
were selected using the NormFinder and/or GeNorm algorithm (GenEx Pro Ver 4.3.4 software
multiD Analyses AB, Gothenburg, Sweden), while normalization was performed following the
BestKeeper method [242].

MRNA expression analyses with RNA-Seq

RNA-Seq of the endometrial samples from the sows on day 10 of pregnancy was kindly carried

out by A. Klanner and S. Krebs (AG Blum, Gene Center, LMU Munich) as described in Fl6ter et
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al. 2019, App. IV (n = 4/treatment group; with the exception that in the ADI dose group (n = 3) from
one sow RNA was extracted twice). RNA-Seq from single embryos was kindly conducted by Dr.
J. Kuhn Georgijevic (Functional Genomics Center, Zurich, Switzerland) as outlined in Fléter et al.
2019, App. IV (supposed n = 6/sex and treatment group (control, NOEL, high dose) from 4
sows/treatment group with at least one embryo/sex; overall n = 36; however, due to one wrongly
assigned embryo in the NOEL dose group, there were 5 male and 7 female embryos from 3 and
4 sows, respectively). RNA-Seq data from endometrial samples as well as from the embryos was
processed by means of the Genomatix software (Genomatix Software GmbH, Munich, Germany).
The obtained reads were mapped on the porcine genome sequence using the Genomatix Mining
Station with the Sus Scrofa Genome Library NCBI build 4, the EIDorado Version 12.2012, “fast”
as mapping type, and a minimum alignment quality of 92 %. Then, statistical analysis for
differential expression was performed. The resulting endometrial data were further modified on a
locally installed version of Galaxy [243]. A cut-off value for a transcript to be regarded as
transcribed or otherwise as turned off was set to at least 10 reads. In order to assume its
expression in a treatment group, a minimum of samples was needed with at least 10 reads. This
was defined regarding the endometrial samples to be at least 3 out of 4 samples. The
ArrayExpress database (EMBL-EBI) was used to deposit the RNA-Seq data from both
experiments, the endometrium (accession number E-MTAB-6242
(https://lwww.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6242)) and the blastocysts (accession
number E-MTAB-6263 (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-6263)).

The database for annotation, visualization and integrated discovery (DAVID 6.8)
(https://david.ncifcrf.gov) [244] was used to perform a functional annotation clustering analysis of
the differentially expressed genes (DEGSs). Therefore, the gene ontology FAT terms of cellular
component, biological process, and molecular function were selected. Further details can be found
in Floter et al. 2019, App. IV.

MiRNA expression analysis using small RNA-Seq

For the small RNA-Seq, the same endometrial samples were used from the sows at day 10 of
pregnancy as in the RNA-Seq approach to analyze mRNAs. This was kindly executed by the
Genomics Core Facility of the European Molecular Biology Laboratory Heidelberg (EMBL
Heidelberg, Genomics Core Facility, Heidelberg, Germany) as detailed in Floter et al. 2018, App.
[ll. With the aim of analyzing miRNA expression, the small RNA-Seq data was further processed

using Galaxy [243], installed at the Gene Center (AG Blum). This approach had been developed
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by S. Bauersachs (Gene Center, LMU Munich). Trimming of the reads from both ends was
conducted using the “Fastq quality trimmer” [245] with a window size of 3 bases, a step size of 1
base, and a mean quality score of at least 30. Clipping of the adapter sequences was performed
with settings for sequence retrieval only if they were at least 17 bases in length, and sequences
with unknown bases (N) were discarded. Next, using “filter by quality” only sequences were kept
where all bases had a phred score of at least 25. The quality of the remaining reads was evaluated
using FastQC. Then, read counts were derived for all samples by determining the number for each
identical sequence. Alike for the mRNA data analyses of the endometrium, sequences defined as
not expressed, which did not have at least 10 reads in at least 3 of the 4 samples in at least one
treatment group, were removed. The remaining sequences were compared with miRNAs from
differing species (pig, mouse, human, cow) as retrieved from miRBase (www.miRBase.org,
release 20.0). Therefore, databases were created for these four species using “make blast
database” (http://www.ncbi.nlm.nih.gov/books/NBK1763/), and mapped against the obtained
sequences from the endometrial samples by means of “blastn-short” (expectation value: 1.0, word
size: 5) [246]. The output was filtered and only miRNAs that matched a sequence from the
database to 100 % regarding its sequence and length were kept for the subsequent statistical
analyses. The RNA-Seq data have been deposited in the database repository Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo; accession number GSE89343).

Extraction of genomic DNA

DNA extraction from tissues of the pre- and postpubertal female offspring was performed with the
peqGOLD Tissue DNA Mini Kit (Peqglab) as described earlier [247]. Purity and quantity were
measured spectrophotometrically with the NanoDrop 1000 (Peglab). Purity was assumed with
260/280 nm ratios above 1.8 and 260/230 nm ratios larger than 1.6. As DNA from muscle and
liver samples tented to have the latter ratio below the cut off, adequate values were obtained after
purification with the genomic DNA Clean & Concentrator Kit (Zymo Research, Irvine, CA, USA)
(Pistek et al. 2013, App. ). The extraction of DNA from single embryos was performed in
combination with the RNA extraction using the AllPrep RNA/DNA Micro Kit (Qiagen) as described
above (Floter et al. 2019, App. 1V). DNA was extracted according to manufacturer’s protocol. Its
quality was similarly assessed using the NanoDrop 1000 (Peglab). Although sample quality was
generally low with a mean 260/230 nm ratios of 0.2 £ 0.16 (xSD), it was assumed to be sufficient

for determining embryonic sex by gPCR.
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DNA methylation analysis

For gene specific DNA methylation analysis, an integrated approach with bisulfite conversion,
methylation-sensitive high resolution melting (MS-HRM) followed by pyrosequencing was chosen
and conducted as described earlier [74]. In brief, an artificially methylated and unmethylated DNA
standard was created. Genomic DNA from the samples and the standard were bisulfite converted
by using the EZ DNA Methylation-Gold Kit (Zymo Research). Thus, the information of DNA
methylation is turned into sequence information by producing artificial single nucleotide
polymorphisms (SNPs). The standard was mixed to obtain 0 %, 25%, 50 %, 75 %, and 100%
degree of methylation, which were amplified alongside the samples in a MS-HRM PCR approach.
This step is especially crucial in establishing adequate primers, as biases towards originally
methylated or unmethylated sequences are common [247-251]. Altogether, a gold-standard for
the detection of single CpG site methylation was applied [252] and by using the HRM approach
there was a control regarding a potential PCR amplification bias [247, 250, 253]. The MS-HRM
PCR primers as well as the sequencing primers for the subsequent pyrosequencing run were
designed using the PyroMark Assay Design Software 2.0 (Qiagen) and were commercially
synthesized (Sigma-Aldrich). They are shown in the respective appendix (Pistek et al. 2013, App.
I). The underlying porcine HOXA10 promoter sequence was retrieved by using the multiple
species alignment tool at the Ensemble homepage (http://www.ensembl.org/; comparative
genomic functions, genome assembly Sscrofal0.2), looking for the homologous promoter region
as compared to the sequence in mice [190] and humans [254] where DNA methylation changes
have been demonstrated together with alterations in HOXA10 expression. The primer sequences,
including the underlying DNA sequence, as well as product length, number of included CpG sites
and the annealing temperature is depicted in Pistek et al. 2013, App. |I. The MS-HRM PCR was
conducted on a Rotor-Gene Q instrument (Qiagen), and using its software for normalizing the
melting curves. Thus, a qualitative impression on the degree of methylation was obtained. In the
subsequent pyrosequencing run, which was conducted with a Pyromark Q24 system (Qiagen),
site specific DNA methylation data was obtained for 10 CpG sites (Fig 4) and analyzed with the

respective software (version 2.0.6, Qiagen).
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Fig. 4. Scheme of the proposed porcine HOXA10 gene. The area under investigation is in the
promoter region as part of a CpG island. CpG sites = black dots, +1 = transcription start site, UTR

= untranslated region.

Embryo sexing

The qPCR approach for identifying the sex of the embryos was established. Primers that fit mMRNA
as well as DNA for the Y-chromosomal specific gene sex determining regain Y (SRY) and the
autosomal gene histone (H3F3A) were designed and validated (Floter et al. 2019, App. IV). The
detailed primer information can be found in Floter et al. 2019, App. IV, suppl. Tab. S1. The DNA
from the embryos of the control, NOEL and high dose group (overall n = 65; = 4 embryos/sow from
4 sows/treatment) was used as input for embryo sex discrimination. The gqPCR was performed
with the SuperScript® Il Platinum® SYBR® Green One-Step qRT-PCR Kit (Invitrogen) using a
LightCycler 2.0 (Roche). The final volume of 10 pl contained 5 pl 2X SYBR® Green Reaction Mix,
0.2 ul forward primer [20 uM], 0.2 pl reverse primer [20 uM], 1 pl 20X Bovine Serum Albumin, 2.4
pl of nuclease free water, and 0.2 ul of SuperScript® Il RT/Platinum® Taq Mix. All samples were
run in duplicate, due to varying amounts and quality. The subsequent RNA-Seq analysis of 36
embryos showed that only one embryo of the NOEL dose group assumed to be male turned out

to be female while for all other embryos the sex had been correctly assigned.

Transcription factor binding site and sequence conservation analyses

Transcription factor binding sites at the HOXA10 gene promoter were analyzed in-silico using
Matlinspector (Genomatix) [255]. The analysis of the degree of conservation of the HOXA10
promoter sequence between 12 eutherian mammals (homo sapiens, pan troglodytes, gorilla
gorilla, pongo abelii, macaca mulatta, callithrix jacchus, mus musculus, rattus norvegicus, bos

taurus, sus scrofa, canis familiaris, equus caballus) was conducted at the ensemble website
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(http://www.ensembl.org) using the Enredo, Pecan, Ortheus (EPO) pipeline tool of genomic

alignments (Pistek et al. 2013, App. ).

Statistics

The E2 application trial encompassed four groups, one control and three treatment groups.
Therefore, one-way analysis of variance (ANOVA) was selected, with the Dunnett’s post hoc test
as only the comparison of the treatment groups with the control group were of interest (Pistek et
al. 2013, App. I; Floter et al. 2016, App. II; Floter et al. 2018, App. IlII; Floter et al. 2019, App. V).
Regarding the “preimplantation study” and the “estrous cycle study” the Bonferroni post hoc test
was applied in order to obtain multiple comparisons (Pistek et al. 2013, App. I). For the technical
validation of the RNA-Seq data from the day 10 endometrial samples, t-tests were performed from
the gPCR results between the respective treatment group and the control animals that had shown
a significant regulation in the RNA-Seq experiment (Floter et al. 2019, App. IV). In case, data was
not normally distributed, the natural logarithm of the data was used for the statistical analysis
(Floter et al. 2016, App. II; Floter et al. 2018, App. IlI; Floter et al. 2019, App. IV). In order to
integrate the nested design of the main E2 trial with exposed siblings (offspring or embryos) of the
same sow, a mixed model was applied using the SAS program package release 9.2 (2002; SAS
Institute, Inc., Cary, NC, USA) as detailed in the respective appendices (Floter et al. 2016, App.
II; Floter et al. 2018, App. IIl). Differential expression analyses of the high-throughput sequencing
data, performed always between two selected groups, was conducted as follows. The endometrial
reads were analyzed on the Genomatix Genome Analyzer. The EdgeR algorithm was used with
an adjusted p-value of smaller than 0.05 and a cut-off fold change of log2 = or < 1. The embryonic
reads could be analyzed with the BioConductor package EdgeR applying the
zestimateGLMRobustDisp“ method [256] due to the higher number of at least 5 samples per group.
A false discovery rate (FDR) of 5 % was applied. Venn diagrams (webtool Venny 2.1 [257]) and
hierarchical clustering pictures (MeV_4_8 v10.2 [258]) were also generated using data with p <
0.0001 and a fold change of at least 1.5. This was kindly conducted by Dr. S. Bauersachs as
described in Floter et al. 2019, App. IV. The preprocessed miRNA data from the small RNA.Seq
approach was analyzed using DESeq 2.11 [259] (http://www.bioconductor.org/) in R 386.2.15.3
(Floter et al. 2018, App. IlI). Apart from graphical presentations of high-throughput sequencing
results, data was plotted using SigmaPlot program package release 11.0 (SPSS, Chicago, IL,
USA). For correlation analyses, the Pearson correlation coefficient was computed. Data are shown
as mean = standard error of the mean (SEM). If not otherwise addressed in this section, with p-

values smaller than 0.05 statistically significant differences were assumed.
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3. Results and discussion

3.1. Oral exposure to low doses of E2 may exhibit its effects through

conjugated and unconjugated metabolites

The plasma pharmacokinetic study depicts low-dose effects and the possibility of

estrogen accumulation

The route of exposure determines the kinetics and which metabolites will reach the tissues, thus
determining the possible effects of ECDs [112-115]. The pharmacokinetic study [16] was
designed to evaluate the dose-response of the respective oral E2 doses in the plasma of male
castrated piglets, thus using the pig model with the least amounts of endogenous estrogens
present. Therefore, it should be possible to detect minimal changes by the exogenous E2. The
male castrated piglets were fed the dose once, which was applied to the pregnant sows in the
main trial twice daily. Furst et al. [16] had shown that the two low doses (0.025 and 5 ug E2/kg bw
respectively) did not alter plasma E2 concentrations, while the high dose (500 ug E2/kg bw) led
to a fast increase and after a second peak, lower but still elevated plasma E2 concentrations
persisting from 6 to 12 hours. Additionally, conjugated and unconjugated estrogen metabolites
were measured in the same blood plasma samples as well as in samples from these piglets at 21
to 24 hours after the E2 dose was fed (Flter et al. 2019, App. IV, Fig. 1). Total estrogens
(reflecting the sum of E1 and E2), conjugated E2 and conjugated total estrogens showed a general
pattern similar to E2 in the high dose with two initial peaks and lasting elevated concentrations. A
similar dose-response pattern has also been shown for humans [114]. The very fast increase in
unconjugated estrogens already after 15 minutes can at least in parts be explained by sublingual
uptake as depicted in pigs earlier [260]. The first maximum of both, the conjugated total estrogens
and the conjugated E2 was slightly later after 30 minutes in the high dose group and after 45
minutes in the NOEL dose group. This is in agreement with other studies in pigs that have also
shown E2 to be rapidly converted into conjugated forms. The largest quantities will be already
converted by the gut wall, mainly into E1G, further processing occurs in the liver [115-117]. In the
present data, this is reflected by much higher concentrations of conjugated total estrogens
(sulfated and glucuronidated E1 and E2) with 65,128.7 pg/ml as compared to much lower
concentrations of conjugated E2 with 9,523.9 pg/ml at 30 minutes. The second maximum in the
high dose group appeared after two to three hours, likely caused by remaining estrogens in the
stomach [115] and by estrogens reabsorbed from the gut upon enterohepatic cycling [117, 118].
The single increase found in the NOEL dose group of the conjugated E2 reached basal levels at
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about three hours after the dose was fed, whereas conjugated total estrogens had lasting elevated
concentrations still at 24 hours. Similarly, the persisting elevated concentrations at 12 hours in the
high dose group, including unconjugated E2, were still at a similar height after 21 to 24 hours. This
phenomenon may be explained by enterohepatic cycling of the estrogen metabolites [117, 118].
No alterations were found after application of the ADI dose group and unconjugated estrogens
were also unaffected in the NOEL dose group. This is similar to data introducing relatively low
doses of E2 into the stomach of pigs showing slightly elevated E1 and E2 concentrations occurring
in the portal vein, however not anymore in the jugular vein, where only conjugated metabolites

were present [117].

These data indicate on the one hand that low-dose effects in the NOEL dose group may derive
from conjugated estrogens as intermediates [120, 124-126]. On the other hand, as persisting
elevated concentrations prevailed at 12 and still at 24 hours after the treatment, the application of
these doses every 12 hours in the main trial could result in estrogen accumulation.

Strongly elevated estrogen concentrations in body fluids of sows on day 10 of

pregnancy

Hormone concentrations in plasma and bile after continuous E2 exposure for 10 days were
analyzed. The last dose was fed one hour before slaughter. All four assays — E2, conjugated E2,
total estrogens, conjugated total estrogens — detected significantly elevated concentrations in the
high dose group in both body fluids, while all but E2 showed also significantly higher
concentrations in the NOEL dose group (Floter et al. 2019, App. IV, Tab. 1). Fold changes of these
differences compared to the control group are depicted in Fl6ter et al. 2019, App. IV, Table 2. In
the bile, the amount of conjugated estrogens was higher compared to the unconjugated forms in
the control animals as well as in all treatment groups. However, the relative increase with
increasing doses of E2 was much more pronounced for the unconjugated estrogens. In contrast,
in the plasma the relative increase was much stronger in the conjugated forms. In the high dose
group, plasma E2 was 3-fold and total estrogens 17-fold higher, while in the bile they were 2489-
fold and 3152-fold higher, respectively, as compared to the control. Similarly, in the NOEL dose
group, plasma total estrogens were 3-fold and in the bile 49-fold higher as compared to the
controls. This indicates that the unconjugated estrogens are preferentially transferred to the bile.
In contrast, the increase found for conjugated total estrogens in the high dose group was much

stronger in the plasma, namely 2332-fold compared to 414-fold in bile. This is in agreement with
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the study by Bottoms et al. [115] showing that the pig excretes estrogens mainly as E1G through

the kidney. In their experiment, an even higher dose compared to the study at hand was used.

In comparison with the pharmacokinetic study, the NOEL dose group of the continuously exposed
sows depicted higher plasma total estrogen concentrations (25.3 + 2.8 pg/ml (control); 30.4 £ 5.0
pg/ml (ADI); 71.9 £ 23.9* pg/ml (NOEL); 419.5 £ 80.8* pg/ml (High dose); p < 0.001) while these
remained low in the male castrated piglets (average concentration over the entire sample period:
21 + 5 pg/ml (control), 10 £ 1 pg/ml (ADI), and 11 £ 2 pg/ml (NOEL)) (Fl6ter et al. 2019, App. IV,
Tab. 1). This presumably indicates an estrogen accumulation upon continuous treatment,

particularly as the concentration in the control animals were comparable.

Furst et al. [16] have shown that the sows that were exposed throughout pregnancy had elevated
E2 concentrations in the high dose group on days 35, 49 and 70 of pregnancy (30.2 pg/ml, 55.8
pg/ml and 80.8 pg/ml, respectively), while in the control (12.0 pg/ml, 19.1 pg/ml and 24.4 pg/ml,
respectively), the ADI and the NOEL dose groups plasma E2 concentrations remained low. This,
additionally indicates an estrogen accumulation through increasing concentrations at 12 hours
after feeding of the E2 and thus during the plateau phase.

Increased estrogen concentrations in tissues of sows on day 10 of pregnancy

E2 and its metabolites were significantly higher in all tissues in the high dose group, as well as in
the endometrium and heart regarding total estrogens and conjugated total estrogens in the NOEL
dose group (Floter et al. 2018, App. lll, Fig. 1; Floter et al. 2019, App. IV, Tab. 1). This provides a

basis for direct exposure effects in these tissues.

Unconjugated estrogen concentrations in the plasma get rapidly cleared [112], as shown above.
In contrast, tissues can retain steroids for a longer time [112, 121]. Consistently, a stronger relative
increase of E2 and total estrogens was found in the three tissues one hours after the last E2
exposure in comparison with the plasma (Floter et al. 2019, App. IV, Tab. 2). In the high dose
group, 5 to 27-fold higher E2 concentrations and 100 to 228-fold higher total estrogen
concentration were measured in the heart and endometrium, respectively. Similar, a 5 and 6-fold
significant relative increase of total estrogens was found in these tissues in the NOEL dose group
compared to the control animals. Estrogens are mainly excreted as conjugated metabolites
through the kidney, which is possible due to their polar nature, while minor amounts of the nonpolar
unconjugated estrogens are excreted via the feces [115]. This is reflected in the present data
through high amounts of conjugated estrogens in the plasma and a comparably small relative

increase in the tissues. All three tissues depicted a similar relative increase of about 10-fold higher
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conjugated E2 concentrations and about 100-fold higher conjugated total estrogens in the high
dose group, compared to 361-fold and 2332-fold in the plasma, respectively. In the NOEL dose
group, the endometrium depicted a 9-fold and the heart a 3-fold higher concentration of conjugated
total estrogens. In the three tissues, the relative increase of the unconjugated estrogens was
slightly higher than of the conjugated counterparts. Clearance of the estrogens depends on the
tissue [112, 120, 121, 261], as for example the concentration of expressed ER facilitates estrogen
retention [112, 120-123]. In several species the uterus contains the highest ER abundance, the
skeletal muscle has intermediate and the heart even lower concentrations [74, 112, 262]. Rather
small differences between the three tissues were observed in the relative increase one hour after
the E2 application. Hanson et al. [121] have demonstrated that the ratio of target to non-target
tissue is low early post application, then especially increasing from two hours on. Thus, by
measuring already at one hour after the application, increasing tissue dependent differences may
not yet be visible.

3.2. Preimplantation E2 exposure affects the endometrial and embryonic

transcriptome

In the present study, the elevated and potentially accumulating concentrations of E2 and its
unconjugated and conjugated metabolites through the continuous exposure every 12 hours until
day 10 of pregnancy in the NOEL and high dose group (Fléter et al. 2019, App. IV) provide the
possibility to exert estrogenic effects. In addition to estrogens potentially reaching the embryo,
effects on the offspring may also be based on indirect actions of the estrogens such as on the
endometrium altering its secretion. Environmental low-dose estrogen exposure would usually
affect the entire gestation as analyzed below (chapter 3.3). However, we additionally focused on

the very early phase, the preimplantation period, as sensitive time for potential low-dose effects.

Dose dependent effect on the endometrial mMRNA but not miRNA expression

The endometrium is highly important for the preparation of pregnancy and implantation including
embryo maternal communication through the histotroph, the molecules secreted by the uterine
epithelia into the uterine fluid surrounding the preimplantation embryo. Earlier studies have shown
that in addition to alterations in the mRNA expression [130, 148, 149], changes in protein
expression, secretion and endometrial surface structures [130, 149, 151] were observed after

estrogen exposure only on days 9 and 10. In the present study, the mRNA expression after
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continuous E2 exposure was analyzed and alterations in all treatment groups were found with a
dose-dependent increase in the number of differentially expressed genes (= 2-fold regulated, ad;.
p < 0.05) with 14 (ADI), 17 (NOEL) and 27 (high dose) DEGSs, respectively (Fléter et al. 2019, App.
IV, Tab. S2). Most DEGs were upregulated through the E2 exposure compared to the control
animals and only 6 DEGs were regulated in more than one treatment group (Floter et al. 2019,
App. IV, Fig. 2). Technical validation of the result was performed for 21 genes using RT-gPCR.
Most genes had similar fold changes in both analyses (Fl6ter et al. 2019, App. IV, Tab. 5) leading
to a significant linear correlation of these values (p > 0.001, R2 = 0.505). Nine of 14 DEGs (64 %)
could be validated in the high dose group, while only 2 of 7 DEGs (29 %) were significant in the
RT-gPCR analysis in the NOEL dose group and also 2 of 7 DEGs in the ADI dose group. In
comparison, the study by Ross et al. [148] administering E2-cypionate on days 9 and 10 which
have even led to embryonic degeneration later on also detected a relatively small number of
regulated transcripts (= 1.8-fold, p < 0.1) using microarray analyses with 9 DEGs on day 10, 71
DEGs on day 13 and 21 DEGs on day 15. Four DEGs were found in the high dose treatment
group in the present study that have also been shown to be regulated in the study by Ross et al.
[148], namely, retinol binding protein 4 (RBP4) on day 10, and on day 13 solute carrier family 39
member 2 (SLC39A2), sulfotransferase family 2A member 1 (SULT2A1), and vanin 2 (VNNZ2).

From the 51 DEGs with differential abundance in total in at least one of the three treatment groups
in the endometrium, 40 were used in the DAVID analysis yielding 16 functional annotation clusters.
The 10 most enriched clusters (Floter et al. 2019, App. IV, Tab. 4) contained some biological
processes that are known to have a role in the uterine preparation during early pregnancy such
as extracellular region, positive regulation of transport and of secretion, and leukocyte activation
[130, 263]. Although other studies reported most effects on days 13 and 15 and only few
overlapping DEGs were found, some functional categories were similarly affected, possibly
indicating general target categories of genes affected by the E2 treatment [148, 149]. These

include, processes related to cell death, developmental processes, cell activation, and transport.

Some general reasons that might play a role in only detecting low numbers of regulated genes
may be the higher variance through using the pig as outbred animal in addition to potentially lower
overall included numbers of animals/samples as compared to inbred mice and cell culture
experiments. Most importantly, the complete endometrial tissue was analyzed which contains
many different cell types. It has been shown for example that some changes only occur in the
epithelium [130, 148, 264].

Van der Weijden et al. [265] used tissue samples of the study at hand and analyzed 57 target

genes (cell cycle regulators, tumor suppressor genes, methylation specific enzymes) in 6 different
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tissues of the pregnant sows on day 10 of pregnancy. The number of DEGs detected upon E2
exposure was 10 in the corpus luteum, 7 in the endometrium and heart, 5 in the skeletal muscle,
4 in the spleen and 3 in the liver. While in the endometrium most changes occurred in the high
dose group in that study, in the corpus luteum, heart and skeletal muscle often the ADI and/or
NOEL dose groups were also affected. In addition, DNA methylation of 3 of these significantly
regulated genes, namely Ras Association Domain Family Member 1 (RASSF1), Phosphoserine
Aminotransferase 1 (PSAT1) and Cyclin Dependent Kinase Inhibitor 2D (CDKN2D), was
measured in the endometrium, corpus luteum and liver. Although DNA methylation changes were
small, the liver showed the most prominent alterations with many CpN dinucleotide sites affected,
most often in the NOEL and high dose group. There was no correlation of DNA methylation with
the mRNA expression. Still, these results evidence that a more global low-dose effect through the
E2 exposure took place in these sows.

In addition to the mMRNA measurements, high-throughput sequencing of small ncRNAs and gPCR
of selected, potentially E2 dependent miRNAs was performed. This is particularly interesting, as
mMiRNAs are postulated to regulate about 50 % of the protein coding genes [80], while only very
few studies have analyzed in vivo effects of EDCs on miRNA expression [101, 174-176].

Unlike human and mouse, there are so far only few porcine miRNAs annotated (n = 326 mature
mMiRNA in miRbase 20.0). Thus, as miRNAs are quite conserved between species, the sequencing
results were additionally compared to the known mature miRNA sequences of human and mouse,
as well as to the cow as a second large animal to increase the number of sequences analyzed.
Through these comparisons 212 porcine, 272 human, 235 murine and 205 bovine sequences of
mature miRNAs were detected in the endometrial samples. Deducting the identical sequences in
multiple species led to 444 different sequences of mature miRNAs (Floter et al. 2018, App. I,
Tab. S2). The additional 232 sequences most certainly represent so far unannotated porcine
miRNAs and/or variants of miRNAs. The distribution of these sequences between the species
showed that about one third of the 212 porcine sequences could be found in all four species and
about another third was specific to the pig (Floter et al. 2018, App. Ill, Fig. 4). The 20 highest
expressed known porcine miRNAs accounted for 82.7 % of the mapped reads (Floter et al. 2018,
App. lll, Fig. 3A). The expressed miRNAs were statistically analyzed for each species separately
revealing no significantly differentially expressed miRNAs between the treatment groups
compared to the control group (adjusted p > 0.05). This was substantiated by the cluster analysis
of the 30 porcine miRNAs with the highest variance depicting no clustering of the treatment groups

(Floter et al. 2018, App. lll, Fig. 3B). Furthermore, twelve miRNAs, known from the literature as
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potentially estrogen regulated miRNAs and encompassing low to high expressed miRNAs, were
validated by RT-gPCR [97, 266—274]. There was no significant difference in any of these miRNAs
(Floter et al. 2018, App. I, Tab. 2, Fig. S2).

This result contrasts existing in vitro and in vivo data depicting estrogenic substances regulating
mMiRNA expression [95, 101, 174, 176]. In the present study, the concentration one hour after the
last exposure was 3.1 ng E2/g in the endometrial tissue of the high dose group, while the control
animals had 0.1 ng E2/g endometrial tissue. In many cell culture experiments depicting miRNA
expression changes, a treatment dose of 10 nM (2.7 ng E2/ml) was used [95]. Still, the context
(tissue versus cultured cells) and exposure time, and most importantly the biological background
differs. For example, in the study by Klinge et al. [95], MCF7 human breast cancer cells were used,
which contain very high amounts of ERa. This might explain to a certain extend the higher E2
responsiveness compared to the present study. Earlier in vivo studies using microarray or similar
analyses found some regulated miRNAs [101, 174, 176]. However, even using human placentas
of malformed fetuses that had been exposed in utero to BPA revealed only 18 significantly
dysregulated miRNAs out of 1349 analyzed miRNAs [174]. Still, it is surprising to find no effect on
mMiRNA regulation in the present study (Floter et al. 2018, App. IV). Additionally, an in-depth
mMiRNA expression analyses, including miRNA variants, of male as well as female embryos from
the present study (n = 6 per treatment group and sex), where a quite large number of mRNA
transcripts were regulated in the female embryos, as outlined in the next section below, also
revealed no differentially expressed miRNAs [275], indicating a more general lack of effect of the
applied E2 doses on miRNA transcript levels. This could be due to the period of exposure, the
route of exposure, the timing of the application with feeding twice daily the half dose and
slaughtering one hours after the last regular administration of E2, or a habituation towards E2
because of the continuous treatment. The observed mRNA changes may be caused by miRNA

independent gene regulatory mechanisms.

E2 particularly affects the transcriptome of female embryos by leveling sex-specific

differences

The mechanism behind mRNA alterations in the ADI dose group remains to be elucidated, as no
alterations in estrogen concentrations were observed in this dose group, as detailed earlier
(chapter 3.1.). Furthermore, there was a dose-dependent increase in the number of genes altered
in their mMRNA expression in the endometrium, as described above (chapter 3.2.). Thus, the focus

now was set on analyzing male and female embryos from the NOEL and the high dose group.
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Microscopic pictures were taken of the embryos (n = 230), carefully flushed from the uterine horns,
prior to freezing. They were all at the same stage (hatched blastocysts), contained an embryonic
disc and displayed normal, stage-specific development. No differences (p = 0.80) were found
between the treatment groups and the control group regarding embryo size with an average of 2.2
mm = 0.1 mm. Similarly, the number of embryos did not differ between the groups (n =14.4 + 0.33
per sow; p = 0.33) (Fl6ter et al. 2018, App. Ill). Additionally, no significant association (p = 0.892)
was found between the sex of the blastocysts and the treatment dose (Floter et al. 2019, App. IV,
Tab. 3). This is in accordance with the finding that litter size, sex distribution and body weight did
not differ at birth after exposure of the sows to the same doses during the entire pregnancy [16].
Only very few studies have looked at complete gestational estrogen exposure. There is one study
in mice analyzing continuous E2 exposure during the entire pregnancy [20]. However, they found
a dose-dependent decrease in the number of pups alive at birth. This fits to other data in mice
depicting significant effects also regarding litter size and related parameters during pregnancy
already after continuous exposure as well as after only preimplantation estrogen exposure [144—
147]. Studies in pigs have so far only investigated the effect of exposure for particular days and
periods during pregnancy or included postnatal treatment. Interestingly, an exposure on days 7 to
10 [152] or days 9 and/or 10 [18, 148, 150, 151] led to embryo degeneration. The reason seems
to be that in pigs, with embryonic estrogen secretion as maternal recognition signal secreted on
days 11 to 12 [4], exposure only slightly before this point in time leads to a desynchronization of
the uterine preparation with embryonic development [130]. In contrast, treatments from day 2 to 6
[155] or at any day between days 11 to 15 [18, 150, 155-157] did not cause such drastic effects.
Similarly, the continuous exposure of the present study seems not to have been as disruptive as
exposure only slightly before the estrogen secretion of the embryos [18, 130, 148, 150-152],

indicating some kind of habituation effect even to the high dose [16].

The general sex-specific mMRNA expression differences (FDR 5%) between the two control groups
revealed 50 DEGs higher expressed in female embryos and 35 DEGs higher expressed in males
(Floter et al. 2019, App. IV, Tab. S4). This seems to be in contrast to Bermejo-Alvarez et al. [276]
who found in their microarray analysis (FDR P < 0.05) one third of their transcripts to be
differentially expressed between male and female bovine embryos (day 7). A closer look revealed
that most differences in the latter study were rather small. Thus, when selecting a cut-off fold
change of 2, they had only 55 differentially regulated transcripts. Despite general differences such
as the species and the day of analysis, this rather small number of transcripts is in line with the
data from the present study, where a cut-off fold change of 2 led to 60 remaining DEGs. In addition,

Heras et al. [277] who used RNA-Seq and the EdgeR algorithm for the statistical analyses (FDR
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corrected p-value < 0.05) but also analyzed bovine blastocysts on day 7 similarly found only
several DEGs regulated between the sexes. In in vivo produced embryos they depicted 225 DEGs
regulated and with a cut-off fold change of 2 there were 119 remaining DEGs. In the in vitro

produced embryos, they even had lower numbers.

To my knowledge, the present study is the first describing in vivo effects of an estrogenic
substance on the whole transcriptome of male and female preimplantation embryos. The analysis
of the RNA-Seq data using an FDR of 5% showed 982 and 62 DEGs in the high dose and NOEL
dose group of the female embryos, respectively, compared to the control group (Fléter et al. 2019,
App. IV, Tab. S3). In contrast, none and only 3 DEGs were detected in the male embryos of the
high dose and NOEL dose group, respectively. Similar to the endometrium, there was a dose
dependent effect in the female embryos, and in the high dose group clearly more up- than
downregulated genes. The predominant effect on the female embryos may be due to sex-specific
differences in the transcriptome, proteome, methylome and/or metabolome prevailing during early
embryo development [276, 278-280]. Similarly, it has been shown that alterations of the
embryonic environment through diet and nutrients led to sex-specific changes during the
preimplantation phase [277, 279].

A second analysis of the data was performed to avoid the bias from the algorithm calculating the
correction for multiple testing. Therefore, a cut-off was set for the p-value with p < 0.0001 and for
the fold change with = 1.5. This led to 73 and 32 DEGs in the female embryos of the high dose
and NOEL dose group, respectively. Similar to the analysis using an FDR of 5%, only few
regulated genes were detected in the male embryos with 5 and 9 DEGs in the high dose and
NOEL dose group, respectively. The resulting DEGs (Floter et al. 2019, App. IV, Tab. S5, Tab.
S6) were used for the Venn diagram (Fléter et al. 2019, App. IV, Fig. 3) and the hierarchical
clustering analysis (Floter et al. 2019, App. IV, Fig. 4a, Fig. 4b). The Venn diagram revealed only
few genes regulated in more than one group. Two hierarchical clustering pictures were generated,
one only for genes where the samples are shown grouped for their sex and dose (Fl6ter et al.
2019, App. IV, Fig. 4a), and another where samples and genes were clustered (Floter et al. 2019,
App. IV, Fig. 4b). Both figures showed female embryos dose dependently becoming more similar

to the male embryos.

In general, the masculinization may be transient and/or lasting. One argument for a transient effect
is that after exposure of sows during the entire gestation, none of the observed postnatal effects
pointed towards a masculinization of the female offspring [16, 265, 281](Pistek et al. 2013, App. I;
Floter et al. 2016, App Il). In contrast, a study in mice analyzing the offspring after preimplantation

exposure to E2, depicted changes in the anogenital distance indicating a masculinization in
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females as well as a demasculinization in the males [23, 24]. The latter aspect could also be
observed in the male piglets exposed during the entire pregnancy having an increase in body fat
percentage [16, 282]. A transient masculinization at this point in time preimplantationally may be
due to the E2 minimizing potential sex-specific differences in the velocity of embryo development
[279]. However, there is scarce data regarding this effect in vivo and no data regarding estrogenic
substances. Most studies on embryos have been performed in vitro investigating different culture
conditions such as modifications in the energy substrate [283]. They predominantly resulted in a

faster development of the male embryos [279, 283].

The underlying mechanism of the observation of the E2 leveling sex-specific differences in the
MRNA expression presumably involves changes in the uterine fluid. This may either be directly
through increasing E2 metabolites that have at least been shown to reach the endometrial tissue
(Floter et al. 2018, App. lll, Fig. 1; Floter et al. 2019, App. IV, Tab. 1) or through effects on the
endometrium altering its secretion. An indication for the latter are the above-mentioned mRNA
expression changes (chapter 3.2.). Overall, a molecular fingerprint of low-dose effects was
observed at concentrations currently presumed to have no effect. Although it is not known if these
effects may have lasting consequences for health later on, sensitive points in time and molecular
analyses should be included in the risk assessment of hormonal substances.

As during early development many epigenetic changes occur that may be affected by external
stimuli [50, 60], the question arises if there are epigenetic changes in the day 10 embryos and if
they may even last into postnatal life. In the analyzed mRNA-Seq data, DNA methyltransferases
and other genes associated with direct impact on the epigenome were not found to be altered and
also gene ontology terms involving epigenetics did not appear in the DAVID analysis (Fléter et al.
2019, App. IV, Tab. 6). However, in a separate analysis, three genes were analyzed regarding
their DNA methylation patter in the embryos [265]. As in all three genes small but significant
hypomethylation were detected, this may hint towards a more global effect. Interestingly, two
genes were also altered in the liver of the one-year-old sows that had been exposed to E2 during
the entire pregnancy [265]. In this case, a hypermethylation was observed, potentially indicating

lasting epigenetic effects through the preimplantation exposure.
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3.3. Gestational E2 exposure does not affect uterine HOXA10, but certain

bone parameters in pre- and postpubertal offspring

Assuming that an environmental exposition to low doses of estrogenic substances usually can
prevail through the entire gestation, lasting consequences in pre- and postpubertal offspring of
sows fed the same E2 doses (ADI, NOEL, high dose) daily from insemination until parturition were
subsequently investigated.

Low-dose effects on bone parameters in male and female offspring

In the prepubertal offspring, next to bone length, differing parameters were measured at three
epiphyseal bone sites (proximal tibia, proximal and distal femur) using pQCT. These included total
and trabecular BMD and CSA, respectively, as well as the SSI. In the male piglets, out of all
parameters at all sites measured, only one finding was significantly affected. The SSI, a surrogate
parameter of fracture strength in torsion, was significantly reduced in the ADI dose group (p =
0.002) at the proximal tibia (96.3 + 11.6 mm? (control), 45.0 £ 10.5 mm3 (ADI); 71.9 + 11.0 mm?
(NOEL); 55.1 £ 10.5 mm? (high dose); p = 0.008) (Floter et al. 2016, App. Il, Fig. 1). Although not
significant, a similar pattern with lowest SSI values in the animals of the ADI and the high dose
group was observed at the distal femur (p = 0.129; Fl6ter et al. 2016, App. I, Fig. 1) and the
proximal femur (p = 0.169; Floter et al. 2016, App. I, Suppl. Tab. A.2), indicating a more general
effect. However, biomechanical testing would be necessary for a more conclusive interpretation.
Still, this result is in accordance with other studies in male animals where differing parameters
were altered indicating weaker bones [107, 108, 218]. Particularly, a study that treated rhesus
monkeys with 2,3,7,8-tertacholordibenzo-p-dioxin (TCDD) had shown such an effect to specifically

occur in the low-dose group [107].

None of the parameters was affected in the female prepubertal offspring, although there was a
tendency of a lower total (p = 0.060) and trabecular BMD (p = 0.080) at the distal femur, most
obvious in the high dose group (Fl6ter et al. 2016, App. I, Tab. 2). Although not significant,
similarly to the tendency for BMD in the prepubertal piglets, the postpubertal offspring of the high
dose group depicted a slightly later onset of puberty as indicated by the first corpus luteum
formation (p = 0.180) (Fl6ter et al. 2016, App. Il, Fig. 3). This occurred around the age of 8 months,
while the difference of the high dose group to the control group was on average 22 days. In
contrast to these results, studies on EDC exposure in rodents have often shown effects on the

timing of puberty [17, 284], only few studies in large animals have analyzed puberty parameters
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after early estrogen exposure [109, 285-287]. Some showed a lack of a significant effect on the
timing of puberty [109, 286, 287]. In contrast, Lyche et al. [285] demonstrated that gestational and
lactational exposure to polychlorinated biphenyl (PCB)153 led to a 9-day delay in the onset of
puberty in goats at about 7 months of age. As there was quite a large variation regarding the age
at the first cycle in the present study, it may be necessary to increase the numbers of pigs in future
studies to unravel if there is an effect or not through gestational E2 exposure on the onset of
puberty in the pig. In humans, data in girls revealed that those who were older at menarche
exhibited a lower BMD already before the onset of puberty [220]. This interrelation and the
influence on it through developmental EDC exposure would also be an interesting aspect for

analysis.

The CT analyses at the mid-femoral diaphysis (shaft of the bone) of the one-year-old female
offspring depicted an overall significant difference for total CSA (683.1 + 18.8 mm? (control), 709.8
+ 17.8 mmz2 (ADI), 770.5 + 23.5 mmz2 (NOEL), 736.9 + 13.9 mmz? (high dose); p = 0.03), and the
pairwise comparison with the control animals showed that the NOEL dose group had a larger total
CSA (p = 0.02) (Floter et al. 2016, App. I, Fig 2). This was mainly due to the increase found for
the cortical CSA (p < 0.05), where again the NOEL dose group depicted higher values compared
to the control group (444.6 £ 14.0 mm2 and 503.1 £17.1 mm?, respectively; p = 0.03). The medullar
CSA was unaltered. The other parameters, including the femur length, volume and CT number
were unaffected (Floter et al. 2016, App. I, Tab. 3). Focusing on data from studies using large
animals, in adults [107, 217] as well as at a fetal stage of development [226], most effects
concerned changes at the diaphysis. This is similar to the results in the one-year-old offspring,
while no conclusion can be drawn regarding the prepubertal offspring as no diaphyseal measuring
point was assessed. Particularly, Hermsen et al. [107] analyzing rhesus monkeys exposed to
TCDD during gestation and lactation also depicted an inverted U-shaped response with a larger
total CSA at the mid-diaphysis of the femur in the low-dose group. In contrast, the mid-diaphysis
was unaffected in goats treated with PCB 153; however, a smaller total CSA at the diaphysis at
18 % of the total bone length was found [217]. As PCB 126, also applied during gestation and
lactation in the afore mentioned study, did not affect bone development, these differences between
the studies may be substance specific. In addition to the CSA, many more bone parameters are
important for overall bone strength [107, 288, 289]. Thus, without mechanical testing, a final
conclusion cannot be drawn on whether the observed increase in cortical CSA may increase bone

stability or not.

The finding that most of the analyzed parameters, including plasma hormone concentrations of
IGF1 and Leptin, were unaffected in the offspring (Fl6ter et al. 2016, App. Il, Tab. 1, Tab. 2, Tab.
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3, Tab. 5, Suppl. Tab. A.2) and only certain parameters were affected, is similar to other studies
in this field [106—-108, 214, 216-218]. Several studies have demonstrated long-term effects of
early EDC exposure on bone parameters in female adult offspring [106—-108, 214, 216, 217, 219].
Similarly, two parameters were significantly affected in the postpubertal female animals in the
present study, while no effect was observed in the prepubertal female offspring. The time of
analysis is highly important. More globally, this was also shown by Wuttke et al. [290] analyzing a
life-long estrogen exposure in rats. They found that estrogen exposure led to an increased
trabecular BMD before puberty, no alterations during puberty, a reduced BMD in the adult, while
again higher values appeared in the aged animals. In humans, evidence on bone development
shows that acquired properties during childhood and adolescence are associated with bone health
later on [220]. In addition, already small differences in the obtained peak bone mass might strongly
affect the risk of developing osteoporosis. However, alike most studies focusing on bone effects
from early EDC exposure [51], the present study also did not target aged animals. Overall, distinct
but rather minor changes occurred at the selected points during development; still, it would be
fascinating to see if effects would be observable in the aged sow.

Non-monotonic dose-responses are common for steroids [33] and early EDC exposure has also
been shown to exert effects on bone specifically occurring at low doses [106—-108]. Concerning
the observed effects in the one-year-old female offspring, the E2 exposure may have affected
bone cells directly. Plausible mechanisms of action may include a reduced expression of ER
through the alteration of its promoter DNA methylation [291]. Signaling through ER limits female
cortical bone growth [6], which seems to be increased in these animals. Furthermore, male ER
knock-out mice depict normal bone growth, while in the female animals an increase in radial bone
growth with larger cortical CSA was found [6, 292]. The second possibility is the alteration of the
numbers of certain bone cell types with an increase in osteoblasts and a decrease in osteoclasts
[52, 219], as it has been observed in directly exposed prepubertal piglets [52]. Indirect effects on
bone cannot be ruled out, although, so far, no effects on other parameters, such as hormone
concentrations, were detected in the NOEL dose group [16] (Pistek et al. 2013, App. ). Similarly,
no correlation of cortical CSA and total CSA, respectively, with plasma hormone concentrations
was detected (Floter et al. 2016, App. Il, Tab. 4).

The here presented results demonstrate alterations in low-dose groups, at concentrations that for
humans are claimed to be at the ADI or close to the NOEL, which is in accordance with previous
data on body composition [16] and DNA methylation [265] in these animals. Many of the before
mentioned studies in rodents [106, 108, 215, 293] or large animals [107, 217, 226, 227] have also

used concentrations at or close to human exposure levels [106-108, 215, 293] or close to
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environmental concentrations [226, 227]. Although humans are usually exposed to lower E2
concentrations than used in the present study, there are diverse environmental estrogens [14, 25],
potentially exerting additive estrogenic effects [41]. Thus, these results substantiate the high
sensitivity of developing organisms to exogenous estrogens and highlight the need to reevaluate

the current threshold values.

Analyses in female offspring focusing on HOXA10 reveals most parameters

unaltered

At slaughter, absolute and relative uterine weight did not differ between the E2 treatment groups
and the control group in the prepubertal female offspring (Pistek et al. 2013, App. I, Suppl. Tab.
Al). Similarly, in the one-year-old female offspring, body weight, age at slaughter, number of
corpora lutea and plasma hormone concentrations (E2, total estrogens, testosterone,
progesterone, IGF1, leptin) were unaltered by the treatment (Pistek et al. 2013, App. |, Suppl. Tab.
Al; Floter et al. 2016, App. Il, Tab. 5). This is in line with data published by First et al. [16] showing
that plasma E2 and testosterone concentrations, total fat and body weight at slaughter was
unaffected in the female prepubertal animals. Only at weaning, the female animals of the ADI dose

group depicted a significantly lower body weight compared to the control group.

As reproductive tissues are a major target of estrogens and several studies had shown uterine
HOXA10 as potential target of estrogenic EDCs during pregnancy or neonatally [104, 189, 190,
199, 202-204, 294, 295] this was consequently selected as major target for analyses in the female

offspring.

HOXA10 mRNA expression and promoter DNA methylation depicted two minor alterations in the
uterine tissue of prepubertal offspring (Pistek et al. 2013, App. |, Fig. 2a, Fig. 2b). The mRNA
expression showed an overall significant difference (p=0.02) whereas the comparison of each
treatment group with the control group was not significant. In addition, the analyses of 10 CpG
sites in the promoter region depicted slight but significant alterations at CpG site 4, which however
did not correlate significantly with the mRNA expression. The one-year-old sows were completely
unaffected regarding HOXA10 mRNA expression and promoter DNA methylation in the
endometrium (Pistek et al. 2013, App. |, Fig. 2c, Fig. 2d). Finding no effect is in contrast to other

studies and may potentially be explained by one of the following three reasons.

The most obvious difference is that previous studies were mainly performed in rodents. On the
one hand, there are some conserved findings regarding HOXA10 such as an increased uterine or

endometrial expression in mice, humans, pigs, canine and bonnet monkey at the time of
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implantation [194-198]. On the other hand, species specific differences prevail. In rodents,
estrogens have been shown to downregulate Hoxal0 mRNA and protein expression [104, 189]
while in pigs an upregulation was reported [201, 295]. In the present study in pigs, an average
promoter DNA methylation in the prepubertal uterus of 2.1 + 0.1% and in the caudal endometrium
of the one-year-old sows of 4.1 £ 0.1% (Pistek et al. 2013, App. |, Fig. 2b, Fig. 2d), as well as low
values in all other tissues analyzed were found (Pistek et al. 2013, App. |, Fig. 4c, Fig. 4d).
Similarly, low values prevail in tissues including the endometrium of adult humans and baboons
[254, 296, 297]. This is in contrast to prepubertal mice, where the promoter DNA methylation has
been shown to be at an average of 70% [190]. This indicates severe species differences in the
epigenetic regulation of HOXAL10 potentially explaining differences in the outcome to EDC
treatment. Furthermore, the endogenous estrogen concentrations during pregnancy, particularly
towards the end, are higher in pigs and humans due to placental estrogen synthesis, which is
absent in rodents [16, 178, 298]. This may be another reason for the pig being less sensitive to
gestational estrogenic treatment compared to mice and rats, where in utero effects on Hoxal0
have mainly been described.

Secondly, mainly other EDCs had been used such as BPA [104, 189, 190, 199], DES [202, 203,
294, 299] and methoxychlor [204], while one study applied estradiol-valerate [295]. Although in
vitro, using the human endometrial adenocarcinoma cell line Ishikawa, all these substances were
able to increase HOXA10 mRNA expression [199, 204], in vivo studies depict diverging results.
For example, early postnatal low-dose BPA exposure led to a decrease of Hoxal0 mRNA and
protein expression in pregnant adult rats [104]. Likewise, promoter DNA methylation in murine
offspring was higher when treated with DES and reduced when BPA was applied in utero [190,
294]. In addition to the substance, the dose is of importance as hon-monotonic dose-responses
are known for hormonal substances [33]. In the present study, a wide range of E2 concentrations
was used with two low doses and one high dose. Still, no substantial effect on HOXA10 mRNA

expression and promoter DNA methylation was detected.

Thirdly, the time of exposure may impact on the result as it was shown in rodents that in utero
exposure to BPA on days 9 to 16 reduced HoxalO promoter DNA methylation in the offspring
[190], whereas neonatal treatment did not exert this effect [189]. Studies in pigs had mainly
focused on exposure early postnatally as sensitive time window, linked to the lactocrine
hypothesis, as after birth differentiation processes in the uterus are mediated by ERa while having
low endogenous estrogen concentrations as its synthesis by the ovaries has not yet started [187].
Suitably, Chen et al. [295] demonstrated HOXA10 mRNA expression changes in piglets on

postnatal day 14 directly following estradiol-valerate exposure starting at birth. However, analyses
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in sows after a similar exposure neonatally did not impact on HOXA10 mRNA expression. This

demonstrates the importance of the time of analysis.

In summary, differences in the species, the substance and dose, the time of exposure and the
time of target analyses may underlie the findings of a lack of lasting effects on HOXA10 through

the E2 treatment during the entire pregnhancy in the pig.

The results in the male and female offspring after complete gestational E2 exposure depicted
more effects on the males [16](Pistek et al. 2013, App. I; Floter et al. 2016, App. Il). Consistent
with this result, a high-throughput sequencing approach by Kradolfer et al. [281] analyzing the
uteri of the prepubertal piglets showed that only one single gene in the ADI dose group, Integrin
alpha E (ITGAE), was differentially expressed. In contrast to this finding in females, 130 DEGs
were measured in the prepubertal male prostate and 3 DEGs in the testis. In addition, three genes
of the 130 DEGs were analyzed regarding DNA methylation depicting differential methylation in
the gene body of the biglycan (BGN) gene. Still, there was also another finding in the liver of the
one-year-old female offspring [265]. Targeted DNA methylation analyses depicted slight but
significant DNA hypermethylation in Cyclin Dependent Kinase Inhibitor 2D (CDKND2) and
Phosphoserine Aminotransferase 1 (PSA1) but not Ras Association Domain Family Member 1
(RASSF1). More precisely, mainly CpN dinucleotide sites in the NOEL and/or high dose group
were altered compared to the control group, namely 6 out of 12 sites in the putative promoter
region of CDKND2 and all 13 sites analyzed in the coding region of the first exon of PSAT1. Thus,
a molecular fingerprint of the gestational E2 exposure was determined in the female offspring at

the level of DNA methylation.

Promoter DNA methylation of HOXA10 is not associated with gene expression

postpubertally, but may be involved in tissue specific expression prepubertally

In order to analyze the relationship of HOXA10 mRNA expression and DNA methylation in a
broader context, pigs were studied during the estrous cycle as well as during early pregnancy,
and many different tissues were compared to each other. The former is particularly interesting as
fast and cyclic changes of DNA methylation underlying changes in mRNA expression have been
described in vitro [300, 301]. In addition, it has been demonstrated earlier that HOXA10 promoter
DNA methylation was inversely associated with its mMRNA expression in humans [254], mice [190]
and baboons [296].

The porcine estrous cycle was studied on five different days, starting with day 0 (estrus), day 3, 6,

12 and 18. HOXA10 was significantly regulated (p < 0.0001) (Pistek et al. 2013, App. |, Fig. 3a),
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whereby highest expression was measured on day 0 and thus at the time where highest E2
concentrations prevail [302]. The mRNA expression on day 0 was significantly higher than on all
other days analyzed. A 2.5-fold lower transcript abundance was detected on day 3 (p < 0.0001),
which was then 1.5-fold higher again on day 6 (p = 0.04). Days 12 and 18 had values in between
days 3 and 6 and did not differ significantly from days 3 and 6. HOXA10 mRNA expression
changes during the estrous cycle have also been shown in humans [195, 303] and dogs [196],
with humans depicting a similar range in the endometrial tissue with a difference of about 2-fold
[195]. During early pregnancy, several species have shown an increase in HOXA10 mRNA
expression [194, 196—198], which is in accordance with the data of the study at hand (Pistek et al.
2013, App. |, Fig. 3c). In pregnant sows, a significant higher HOXA10 expression on day 14
compared to day 12 (p = 0.02) was observed. On days 10 and 12, non-pregnant and pregnant
animals had similar transcript abundance, while it remained at this level in the non-pregnant
animals, the increase found in the pregnant animals led to a significant difference on day 14 (p =
0.003). In cyclic as well as pregnant and non-pregnant animals, DNA methylation analyses
revealed an overall very low methylation percentage without major changes (Pistek et al. 2013,
App. |, Fig. 3b, Fig. 3d). Only CpG site 3 was affected by the day of the estrous cycle (p = 0.04),
but did not significantly correlate with HOXA10 expression. Similarly, only one of 10 CpG sites
depicted an effect of the day in the non-pregnant animals (p=0.03), which also did not correlate
with the mRNA expression. These results are in contrast to data from other species [190, 254,
296]. Although HOX genes are conserved and important transcription factors [188], still there are
species-specific differences in uterine development, morphology and function. Thus, evolutionary

changes may have also affected HOXA10 gene regulation.

Next, as tissue specific gene expression often shows much larger differences and promoter DNA
methylation was shown to be associated with tissue specific transcription [304, 305], HOXA10 was
investigated in a large set of reproductive and non-reproductive tissues (Pistek et al. 2013, App.
I, Fig. 4). The highest expression was depicted in the uterus and endometrium of pre- and
postpubertal animals of the control group, respectively. These are the organs where HOXA10 is
mainly studied and where its functions are well described. Nevertheless, HOXA10 mRNA
expression was also detected at various levels in all other tissues with the heart showing lowest
transcript abundance in both groups of animals (Pistek et al. 2013, App. |, Fig. 4a, Fig. 4b). This
indicates that HOXAL10 is of importance in many organs, and not only essential as transcription
factor for uterine development and function. A maximum difference between tissues of 20,000-
fold in the prepubertal animals and 6,000-fold in the one-year-old offspring was determined. In

addition, some changes in the expression level were observed comparing the pre- to postpubertal
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stage. Promoter DNA methylation at the 10 CpG sites was overall low in all tissues with an average
methylation of 3% and minor differences between 1 and 13% (Pistek et al. 2013, App. I, Fig. 4c,
Fig. 4d, Suppl. Fig. A.1). The correlation analyses between mRNA expression and promoter DNA
methylation depicted a significant negative association at each of the 10 CpG sites in the
prepubertal offspring (Pistek et al. 2013, App. |, Tab. 1), which could not be observed in the
postpubertal animals. The correlation was strongest at CpG site 3 (p < 0.001, R2 = 0.551; Pistek
etal. 2013, App. |, Fig. 4e). DNA sequence analyses showed this CpG site to be a potential binding
site for a transcriptional activator and that it is conserved between humans, pigs, rats, mice and
many other mammals (Pistek et al. 2013, App. I, Suppl. Fig. B1). This is interesting, as it has been
shown that DNA methylation at a single CpG site could abrogate transcription factor binding [72].
In addition, Furst et al. [74] found DNA methylation at a single CpG site as potential underlying
cause for tissue specific mMRNA expression. Thus, these findings indicate differences in the
possibility of gene expression regulation through promoter DNA methylation being present only
during prepubertal development but not in the postpubertal offspring. Thereby, this thesis
contributes information about potential developmental tissue specific gene regulation.
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4. Conclusions and outlook

Development is regarded as a highly sensitive time for environmental stimuli to induce lasting
impacts. This may be partially due to the occurrence of large changes of epigenetic marks,
particularly during the preimplantation period, and higher cell proliferation. The study presented
here, together with further investigations using the animal trials undertaken here, substantiates
gestation as a sensitive time window for EDC exposure (Fig. 5) [16, 265, 281]. It was demonstrated
that even a low-dose E2 exposure during early development induced certain sex-specific mMRNA
expression, DNA methylation and /or morphologic alterations at different time points during
development, namely preimplantationally, prepubertally and postpubertally, respectively. Thus,
potentially indicating a priming during development for disease onset later in life [306]. The pig as
animal model was selected due to its placental estrogen synthesis that, unlike in rodents, better
resembles the human during pregnancy with particularly high estrogen concentrations towards
the end of gestation. These higher concentrations could indicate more resistance to exogenous
estrogens [178]. Indeed, the herein presented data has shown much less and less pronounced
effects as compared to rodent data. As data from large animal models bridging the gap to humans
are scarce, the current study adds a substantial amount of new results to the field. Significant
findings were made, such as that orally applied estrogens induced elevated plasma concentrations
of conjugated and unconjugated metabolites as well as a marked increase in tissue estrogen
concentrations, also present in the NOEL dose group. These estrogens, reaching the
endometrium during the preimplantation period, could provide the basis for the direct dose
dependent effects on the endometrial and embryonic transcriptome on day 10 of pregnancy, and
possibly also for the observed lasting effects. Next to species specific differences, the presented
data show that the timing of the estrogenic stimulus is highly important. In the pig, strong effects
including abortion are described through short term estrogen application slightly before
implantation [18, 130, 151]. In order to more closely mimicking the environmental exposure
situation to low doses of EDCs such as for example E2 in foods and BPA in plastic bottles of
beverages, this study at hand focused on continuous estrogen exposure throughout the entire
pregnancy. Less drastic effects were detected pointing towards a habituation effect. This might

also explain the lack of changes in the endometrial miRNA transcriptome.

Although environmental concentrations of E2 are usually below the ADI, additive effects of the
numerous estrogenic substances are possible [41]. The detection of multiple low-dose effects in
this study substantiates the need for a careful revision of the proposed threshold level for E2.

These threshold values, set in 1999 [34] relying on human data in postmenopausal women, have
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been questioned earlier [33, 36], particularly regarding developmental exposure with a much more
sensitive part of the population. This applies not only to children with their low endogenous sex
hormone concentrations, but also to the embryonic phase as depicted herein with the leveling of
the sex-specific gene expression profile in blastocysts. This molecular fingerprint in the embryos

may imply a functional perturbation and/or an effect on their developmental velocity.

In this regard, it remains to be investigated whether the observed molecular effects on day 10 of
pregnancy in the embryos are only transient or if they mirror fingerprints that lead to changes later
in time or may even be connected to the observed phenotypic outcomes in the postnatal animals.
Importantly, DNA methylation analyses need to be integrated, at best using a genome-wide high-
resolution DNA methylome approach, as first results showed gene-specific methylation
differences even at low doses in both embryos and the offspring postnatally [265]. Such findings
could help establishing epigenetics as a new and sensitive parameter for the risk assessment of
EDCs. Furthermore, in a follow-up study to confirm and increase the knowledge of the observed
gestational effects of E2, the integration of the following foci stands to reason: (a) including
biomechanical testing of the bones, (b) another sampling point in time for both a follow up of the
prepubertal bone phenotype in adult boars and the aged animals, (c) the further analyses of the
uterine flushings particularly concerning their amount of the various estrogens, as well as (d) the
therein contained extracellular vesicles (EV) loaded with small RNAs.
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Direct and long-term consequences of nutritional estrogen exposure in utero
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Fig. 5: Overview of the observed findings through direct and gestational oral estradiol-1783 (E2)

exposure. E2 was fed in concentrations corresponding to the “acceptable daily intake level” (ADI),
close to the “no observed effect level” (NOEL) and a high dose (0.05, 10 and 1000 ug/kg body
weight (bw)/day (d), respectively), as well as a carrier only as control group. The plasma E2
concentrations during pregnancy are depicted according to First et al. 2012 [16]. The main results
of the four manuscripts, appendix | (orange), Il (green), Il (blue) and IV (red) are depicted including
the following original figures (Pistek et al. 2013, App.l, Fig. 4e), (Fl6ter et al. 2016, App.ll, Fig.1
and Fig. 2), and (Fl6ter et al. 2019, App.lV, Fig. 2 and 4a), respectively. IGF1 = insulin-like growth

factor 1.

44



References

1. Karaer O, Oru¢ S, Koyuncu FM. Aromatase inhibitors: Possible future applications. Acta
Obstet. Gynecol. Scand. 2004; 83(8):699-706.

2. Siiteri PK. Review of studies on estrogen biosynthesis in the human. Cancer Res. 1982;
42(8 Suppl):3269s-3273s.

3. Lange IG, Hartel A, Meyer, Heinrich H D. Evolution of oestrogen functions in vertebrates. J.
Steroid. Biochem. Mol. Biol. 2002; 83(1-5):219-226.

4. Spencer TE, Burghardt RC, Johnson GA, Bazer FW. Conceptus signals for establishment
and maintenance of pregnancy. Anim. Reprod. Sci. 2004; 82-83:537-550.

5. Albrecht ED, Pepe GJ. Estrogen regulation of placental angiogenesis and fetal ovarian
development during primate pregnancy. Int. J. Dev. Biol. 2010; 54(2-3):397-408.

6. Callewaert F, Sinnesael M, Gielen E, Boonen S, Vanderschueren D. Skeletal sexual
dimorphism: relative contribution of sex steroids, GH-IGF1, and mechanical loading. J.
Endocrinol. 2010; 207(2):127-134.

7. Riggs BL, Khosla S, Melton LJ. Sex steroids and the construction and conservation of the
adult skeleton. Endocr. Rev. 2002; 23(3):279-302.

8. Straub RH. The complex role of estrogens in inflammation. Endocr. Rev. 2007; 28(5):521—-
574.

9. Usselman CW, Stachenfeld NS, Bender JR. The molecular actions of oestrogen in the
regulation of vascular health. Exp. Physiol. 2016; 101(3):356—361.

10. Kim JH, Cho HT, Kim YJ. The role of estrogen in adipose tissue metabolism: Insights into
glucose homeostasis regulation. Endocr. J. 2014; 61(11):1055-1067.

11. Xu Y, Lépez M. Central regulation of energy metabolism by estrogens. Mol. Metab. 2018;
15:104-115.

12. Diamanti-Kandarakis E, Bourguignon J-P, Giudice LC, Hauser R, Prins GS, Soto AM,
Zoeller RT, Gore AC. Endocrine-disrupting chemicals: an Endocrine Society scientific
statement. Endocr. Rev. 2009; 30(4):293-342.

13. Farlow DW, Xu X, Veenstra TD. Comparison of estrone and 17B-estradiol levels in
commercial goat and cow milk. J. Dairy Sci. 2012; 95(4):1699-1708.

14. Daxenberger A, Ibarreta D, Meyer HH. Possible health impact of animal oestrogens in food.
Hum. Reprod. Update 2001; 7(3):340-355.

15. Maume D, Deceuninck Y, Pouponneau K, Paris A, Le Bizec B, André F. Assessment of
estradiol and its metabolites in meat. APMIS 2001; 109(1):32-38.

16. Fiarst RW, Pistek VL, Kliem H, Skurk T, Hauner H, Meyer HH, Ulbrich SE. Maternal low-
dose estradiol-17 exposure during pregnancy impairs postnatal progeny weight
development and body composition. Toxicol. Appl. Pharmacol. 2012; 263(3):338—-344.

17. Rasier G, Toppari J, Parent A-S, Bourguignon J-P. Female sexual maturation and
reproduction after prepubertal exposure to estrogens and endocrine disrupting chemicals: a
review of rodent and human data. Mol. Cell. Endocrinol. 2006; 254-255:187-201.

18. Pope WF, Lawyer MS, Butler WR, Foote RH, First NL. Dose-response shift in the ability of
gilts to remain pregnant following exogenous estradiol-17 beta exposure. J. Anim. Sci. 1986;
63(4):1208-1210.

45



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Akbas GE, Song J, Taylor HS. A HOXA10 estrogen response element (ERE) is differentially
regulated by 17 beta-estradiol and diethylstilbestrol (DES). J. Mol. Biol. 2004; 340(5):1013—
1023.

Okada A, Kai O. Effects of estradiol-17beta and bisphenol A administered chronically to
mice throughout pregnhancy and lactation on the male pups' reproductive system. Asian J.
Androl. 2008; 10(2):271-276.

Bhan A, Hussain I, Ansari KI, Bobzean SAM, Perrotti LI, Mandal SS. Histone
methyltransferase EZH2 is transcriptionally induced by estradiol as well as estrogenic
endocrine disruptors bisphenol-A and diethylstilbestrol. J. Mol. Biol. 2014; 426(20):3426—
3441.

Bechi N, Sorda G, Spagnoletti A, Bhattacharjee J, Vieira Ferro, E A, de Freitas Barbosa, B,
Frosini M, Valoti M, Sgaragli G, Paulesu L, letta F. Toxicity assessment on trophoblast cells
for some environment polluting chemicals and 17B-estradiol. Toxicol. In Vitro 2013;
27(3):995-1000.

Amstislavsky SY, Amstislavskaya TG, Amstislavsky VS, Tibeikina MA, Osipov KV,
Eroschenko VP. Reproductive abnormalities in adult male mice following preimplantation
exposures to estradiol or pesticide methoxychlor. Reprod. Toxicol. 2006; 21(2):154-159.
Amstislavsky SY, Kizilova EA, Golubitsa AN, Vasilkova AA, Eroschenko VP. Preimplantation
exposures of murine embryos to estradiol or methoxychlor change postnatal development.
Reprod. Toxicol. 2004; 18(1):103-108.

McLachlan JA. Environmental signaling: what embryos and evolution teach us about
endocrine disrupting chemicals. Endocr. Rev. 2001; 22(3):319-341.

Ibarreta D, Daxenberger A, Meyer HH. Possible health impact of phytoestrogens and
xenoestrogens in food. APMIS 2001; 109(3):161-184.

Cao Y, Calafat AM, Doerge DR, Umbach DM, Bernbaum JC, Twaddle NC, Ye X, Rogan WJ.
Isoflavones in urine, saliva, and blood of infants: data from a pilot study on the estrogenic
activity of soy formula. J. Expo. Sci. Environ. Epidemiol. 2009; 19(2):223-234.

Vandenberg LN, Chahoud I, Heindel JJ, Padmanabhan V, Paumgartten FJ, Schonfelder G.
Urinary, circulating, and tissue biomonitoring studies indicate widespread exposure to
bisphenol A. Cien Saude Colet. 2012; 17(2):407-434.

Centers for Disease Control and Prevention. Fourth National Report on Human Exposure to
Environmental Chemicals, 2009.Atlanta, GA: U.S. Department of Health and Human
Services, Centers for Disease Control and Prevention. https://www.cdc.gov/exposurereport/.
Centers for Disease Control and Prevention. Fourth National Report on Human Exposure to
Environmental Chemicals, Updated Tables, (March 2021). Atlanta, GA: U.S. Department of
Health and Human Services, Centers for Disease Control and Prevention.
https://www.cdc.gov/exposurereport/.

Welshons WV, Nagel SC, Vom Saal FS. Large effects from small exposures. Ill. Endocrine
mechanisms mediating effects of bisphenol A at levels of human exposure. Endocrinology
2006; 147(6 Suppl):S56-69.

Skakkebaek NE, Toppari J, S6der O, Gordon CM, Divall S, Draznin M. The exposure of
fetuses and children to endocrine disrupting chemicals: a European Society for Paediatric
Endocrinology (ESPE) and Pediatric Endocrine Society (PES) call to action statement. J.
Clin. Endocrinol. Metab. 2011; 96(10):3056—3058.

46



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Vandenberg LN, Colborn T, Hayes TB, Heindel JJ, Jacobs DR, Lee D-H, Shioda T, Soto
AM, Vom Saal FS, Welshons WV, Zoeller RT, Myers JP. Hormones and endocrine-
disrupting chemicals: low-dose effects and nonmonotonic dose responses. Endocr. Rev.
2012; 33(3):378-455.

JECFA. Summary and conclusions. In: Joint FAO/WHO Expert Committee on Food
Additives, Fifty-second meeting, Rome, 2-11 February 1999.

Herrman JL, Younes M. Background to the ADI/TDI/PTWI. Regul. Toxicol. Pharmacol. 1999;
30(2 Pt 2):S109-13.

Aksglaede L, Juul A, Leffers H, Skakkebaek NE, Andersson A-M. The sensitivity of the child
to sex steroids: possible impact of exogenous estrogens. Hum. Reprod. Update 2006;
12(4):341-349.

Barle EL, Pogacnik A, Zabavnik J. Expression of oestrogen receptor alpha during
development of the skeleton in mice fetuses: immunohistochemical study. Anat. Histol.
Embryol. 2008; 37(6):408—-414.

Knapczyk K, Duda M, Szafranska B, Wolsza K, Panasiewicz G, Koziorowski M,
Slomczynska M. Immunolocalisation of oestrogen receptors alpha (ERalpha) and beta
(ERbeta) in porcine embryos and fetuses at different stages of gestation. Acta Vet. Hung
2008; 56(2):221-233.

Nilsson O, Abad V, Chrysis D, Ritzén EM, Savendahl L, Baron J. Estrogen receptor-alpha
and -beta are expressed throughout postnatal development in the rat and rabbit growth
plate. J. Endocrinol. 2002; 173(3):407-414.

Lemmen JG, Broekhof JL, Kuiper GG, Gustafsson JA, van der Saag PT, van der Burg B.
Expression of estrogen receptor alpha and beta during mouse embryogenesis. Mech. Dev.
1999; 81(1-2):163-167.

Katchy A, Pinto C, Jonsson P, Nguyen-Vu T, Pandelova M, Riu A, Schramm K-W, Samarov
D, Gustafsson J-A, Bondesson M, Williams C. Coexposure to phytoestrogens and bisphenol
a mimics estrogenic effects in an additive manner. Toxicol. Sci. 2014; 138(1):21-35.

Barker DJ. The fetal and infant origins of adult disease. BMJ 1990; 301(6761):1111.

Barker DJ. The fetal and infant origins of disease. Eur. J. Clin. Invest. 1995; 25(7):457-463.
Hochberg Z, Feil R, Constancia M, Fraga M, Junien C, Carel J-C, Boileau P, Le Bouc Y,
Deal CL, Lillycrop K, Scharfmann R, Sheppard A, et al. Child health, developmental
plasticity, and epigenetic programming. Endocr. Rev. 2011; 32(2):159-224.

Gluckman PD, Hanson MA. Living with the past: evolution, development, and patterns of
disease. Science 2004; 305(5691):1733-1736.

Gluckman PD, Hanson MA, Buklijas T, Low FM, Beedle AS. Epigenetic mechanisms that
underpin metabolic and cardiovascular diseases. Nat. Rev. Endocrinol. 2009; 5(7):401-408.
Hanson MA, Gluckman PD. Early developmental conditioning of later health and disease:
Physiology or pathophysiology?. Physiol. Rev. 2014; 94(4):1027-1076.

Mittendorf R. Teratogen update: Carcinogenesis and teratogenesis associated with
exposure to diethylstilbestrol (DES) in utero. Teratology 1995; 51(6):435-445.

Gore AC, Chappell VA, Fenton SE, Flaws JA, Nadal A, Prins GS, Toppatri J, Zoeller RT.
Executive Summary to EDC-2: The Endocrine Society's Second Scientific Statement on
Endocrine-Disrupting Chemicals. Endocr. Rev. 2015; 36(6):593-602.

Wrenzycki C, Herrmann D, Lucas-Hahn A, Gebert C, Korsawe K, Lemme E, Carnwath JW,
Niemann H. Epigenetic reprogramming throughout preimplantation development and

47



51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.
70.

consequences for assisted reproductive technologies. Birth Defects Res. C Embryo Today
2005; 75(1):1-9.

Agas D, Sabbieti MG, Marchetti L. Endocrine disruptors and bone metabolism. Arch.
Toxicol. 2013; 87(4):735-751.

Chen J-R, Lazarenko OP, Blackburn ML, Badeaux JV, Badger TM, Ronis, Martin J J. Infant
formula promotes bone growth in neonatal piglets by enhancing osteoblastogenesis through
bone morphogenic protein signaling. J. Nutr. 2009; 139(10):1839-1847.

Javaid MK, Cooper C. Prenatal and childhood influences on osteoporosis. Best Pract. Res.
Clin. Endocrinol. Metab. 2002; 16(2):349-367.

Nilsson EE, Skinner MK. Environmentally induced epigenetic transgenerational inheritance
of disease susceptibility. Transl. Res. 2015; 165(1):12-17.

Vaiserman A. Early-life Exposure to Endocrine Disrupting Chemicals and Later-life Health
Outcomes: An Epigenetic Bridge?. Aging Dis. 2014; 5(6):419-429.

Haig D. The (dual) origin of epigenetics. Cold Spring Harb. Symp. Quant. Biol. 2004; 69:67—
70.

Bird A. Perceptions of epigenetics. Nature 2007; 447(7143):396—398.

Slack JMW. Conrad Hal Waddington: The last Renaissance biologist?. Nat. Rev. Genet.
2002; 3(11):889-895.

Jamniczky HA, Boughner JC, Rolian C, Gonzalez PN, Powell CD, Schmidt EJ, Parsons TE,
Bookstein FL, Hallgrimsson B. Rediscovering Waddington in the post-genomic age:
Operationalising Waddington's epigenetics reveals new ways to investigate the generation
and modulation of phenotypic variation. Bioessays 2010; 32(7):553-558.

Reik W, Dean W, Walter J. Epigenetic reprogramming in mammalian development. Science
2001; 293(5532):1089-1093.

Reik W. Stability and flexibility of epigenetic gene regulation in mammalian development.
Nature 2007; 447(7143):425-432.

Jones PA, Liang G. Rethinking how DNA methylation patterns are maintained. Nat. Rev.
Genet. 2009; 10(11):805-811.

Law JA, Jacobsen SE. Establishing, maintaining and modifying DNA methylation patterns in
plants and animals. Nat. Rev. Genet. 2010; 11(3):204—-220.

Fraga MF, Agrelo R, Esteller M. Cross-talk between aging and cancer: The epigenetic
language. Ann. N. Y. Acad. Sci. 2007; 1100:60—74.

Jones PA, Baylin SB. The epigenomics of cancer. Cell 2007; 128(4):683-692.

Bernstein BE, Meissner A, Lander ES. The mammalian epigenome. Cell 2007; 128(4):669—
681.

He Y, Ecker JR. Non-CG Methylation in the Human Genome. Annu. Rev. Genomics Hum.
Genet. 2015; 16:55-77.

Laurent L, Wong E, Li G, Huynh T, Tsirigos A, Ong CT, Low HM, Kin Sung KW, Rigoutsos I,
Loring J, Wei C-L. Dynamic changes in the human methylome during differentiation.
Genome Res. 2010; 20(3):320-331.

lllingworth RS, Bird AP. CpG islands--'a rough guide'. FEBS Lett. 2009; 583(11):1713-1720.
lllingworth R, Kerr A, Desousa D, Jgrgensen H, Ellis P, Stalker J, Jackson D, Clee C, Plumb
R, Rogers J, Humphray S, Cox T, et al. A novel CpG island set identifies tissue-specific
methylation at developmental gene loci. PLoS Biol. 2008; 6(1):e22.

48



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Suzuki MM, Bird A. DNA methylation landscapes: Provocative insights from epigenomics.
Nat. Rev. Genet. 2008; 9(6):465—-476.

Tierney RJ, Kirby HE, Nagra JK, Desmond J, Bell Al, Rickinson AB. Methylation of
transcription factor binding sites in the Epstein-Barr virus latent cycle promoter Wp coincides
with promoter down-regulation during virus-induced B-cell transformation. J. Virol. 2000;
74(22):10468-10479.

Santoro R, Grummt I. Molecular mechanisms mediating methylation-dependent silencing of
ribosomal gene transcription. Mol. Cell 2001; 8(3):719-725.

Furst RW, Kliem H, Meyer HHD, Ulbrich SE. A differentially methylated single CpG-site is
correlated with estrogen receptor alpha transcription. J. Steroid Biochem. Mol. Biol. 2012;
130(1-2):96-104.

Klose RJ, Bird AP. Genomic DNA methylation: the mark and its mediators. Trends Biochem.
Sci. 2006; 31(2):89-97.

Elliott G, Hong C, Xing X, Zhou X, Li D, Coarfa C, Bell RJA, Maire CL, Ligon KL,
Sigaroudinia M, Gascard P, Tlsty TD, et al. Intermediate DNA methylation is a conserved
signature of genome regulation. Nat. Commun. 2015; 6:6363.

Bonasio R, Tu S, Reinberg D. Molecular signals of epigenetic states. Science 2010;
330(6004):612—-616.

Zhou H, Hu H, Lai M. Non-coding RNAs and their epigenetic regulatory mechanisms. Biol.
Cell 2010; 102(12):645-655.

Peng JC, Lin H. Beyond transposons: the epigenetic and somatic functions of the Piwi-
piRNA mechanism. Curr. Opin. Cell Biol. 2013; 25(2):190-194.

Krol J, Loedige I, Filipowicz W. The widespread regulation of microRNA biogenesis, function
and decay. Nat. Rev. Genet. 2010; 11(9):597-610.

Roberts TC. The MicroRNA Biology of the Mammalian Nucleus. Mol. Ther. Nucleic Acids
2014; 3:e188.

Bjornstrom L, Sjéberg M. Mechanisms of estrogen receptor signaling: Convergence of
genomic and nongenomic actions on target genes. Mol. Endocrinol. 2005; 19(4):833—-842.
Wierman ME. Sex steroid effects at target tissues: mechanisms of action. Adv. Physiol.
Educ. 2007; 31(1):26-33.

Marino M, Galluzzo P, Ascenzi P. Estrogen signaling multiple pathways to impact gene
transcription. Curr. Genomics 2006; 7(8):497-508.

Welboren W-J, Sweep FCGJ, Span PN, Stunnenberg HG. Genomic actions of estrogen
receptor alpha: What are the targets and how are they regulated?. Endocr. Relat. Cancer
2009; 16(4):1073-1089.

Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ, Agard DA, Greene GL. The structural
basis of estrogen receptor/coactivator recognition and the antagonism of this interaction by
tamoxifen. Cell 1998; 95(7):927-937.

McDonnell DP, Clemm DL, Hermann T, Goldman ME, Pike JW. Analysis of estrogen
receptor function in vitro reveals three distinct classes of antiestrogens. Mol. Endocrinol.
1995; 9(6):659-669.

Nilsson S, Mékeld S, Treuter E, Tujague M, Thomsen J, Andersson G, Enmark E,
Pettersson K, Warner M, Gustafsson JA. Mechanisms of estrogen action. Physiol. Rev.
2001; 81(4):1535-1565.

49



89. McKenna NJ, O'Malley BW. Combinatorial control of gene expression by nuclear receptors
and coregulators. Cell 2002; 108(4):465-474.

90. Dumasia K, Kumar A, Deshpande S, Balasinor NH. Estrogen signaling, through estrogen
receptor 3, regulates DNA methylation and its machinery in male germ line in adult rats.
Epigenetics 2017; 12(6):476—-483.

91. Yin L, Zheng L-J, Jiang X, Liu W-B, Han F, Cao J, Liu J-Y. Effects of Low-Dose
Diethylstilbestrol Exposure on DNA Methylation in Mouse Spermatocytes. PLoS ONE 2015;
10(11):e0143143.

92. Shi J-F, Li X-J, Si X-X, Li A-D, Ding H-J, Han X, Sun Y-J. ERa positively regulated DNMT1
expression by binding to the gene promoter region in human breast cancer MCF-7 cells.
Biochem. Biophys. Res. Commun. 2012; 427(1):47-53.

93. Yang Y-M, Sun D, Kandhi S, Froogh G, Zhuge J, Huang W, Hammock BD, Huang A.
Estrogen-dependent epigenetic regulation of soluble epoxide hydrolase via DNA
methylation. Proc. Natl. Acad. Sci. U.S.A. 2018; 115(3):613—-618.

94. Cicatiello L, Mutarelli M, Grober, Oli M V, Paris O, Ferraro L, Ravo M, Tarallo R, Luo S,
Schroth GP, Seifert M, Zinser C, Chiusano ML, et al. Estrogen receptor alpha controls a
gene network in luminal-like breast cancer cells comprising multiple transcription factors and
microRNAs. Am. J. Pathol. 2010; 176(5):2113-2130.

95. Klinge CM. miRNAs and estrogen action. Trends Endocrinol. Metab. 2012; 23(5):223-233.

96. Toloubeydokhti T, Pan Q, Luo X, Bukulmez O, Chegini N. The expression and ovarian
steroid regulation of endometrial micro-RNAs. Reprod. Sci. 2008; 15(10):993-1001.

97. Pan Q, Luo X, Toloubeydokhti T, Chegini N. The expression profile of micro-RNA in
endometrium and endometriosis and the influence of ovarian steroids on their expression.
Mol. Hum. Reprod. 2007; 13(11):797-806.

98. Chegini N. Uterine microRNA signature and consequence of their dysregulation in uterine
disorders. Anim. Reprod. 2010; 7(3):117-128.

99. Sha A-G, Liu J-L, Jiang X-M, Ren J-Z, Ma C-H, Lei W, Su R-W, Yang Z-M. Genome-wide
identification of micro-ribonucleic acids associated with human endometrial receptivity in
natural and stimulated cycles by deep sequencing. Fertil. Steril. 2011; 96(1):150-155.e5.

100. Krawczynski K, Bauersachs S, Reliszko ZP, Graf A, Kaczmarek MM. Expression of
microRNAs and isomiRs in the porcine endometrium: Implications for gene regulation at the
maternal-conceptus interface. BMC Genomics 2015; 16:906.

101. Nothnick WB, Healy C. Estrogen induces distinct patterns of microRNA expression within
the mouse uterus. Reprod. Sci. 2010; 17(11):987-994.

102. Sanawar R, Mohan Dan V, Santhoshkumar TR, Kumar R, Pillai MR. Estrogen receptor-a
regulation of microRNA-590 targets FAM171A1-a modifier of breast cancer invasiveness.
Oncogenesis 2019; 8(1):5.

103. Zhang Z-C, Liu Y, Xiao L-L, Li S-F, Jiang J-H, Zhao Y, Qian S-W, Tang Q-Q, Li X.
Upregulation of miR-125b by estrogen protects against non-alcoholic fatty liver in female
mice. J. Hepatol. 2015; 63(6):1466—1475.

104. Varayoud J, Ramos JG, Bosquiazzo VL, Lower M, Mufioz-de-Toro M, Luque EH.
Neonatal exposure to bisphenol A alters rat uterine implantation-associated gene expression
and reduces the number of implantation sites. Endocrinology 2011; 152(3):1101-1111.

50



105. Newbold RR, Padilla-Banks E, Jefferson WN. Adverse effects of the model
environmental estrogen diethylstilbestrol are transmitted to subsequent generations.
Endocrinology 2006; 147(6 Suppl):S11-7.

106. Rowas SA, Haddad R, Gawri R, Al Ma'awi, Abdul Aziz, Chalifour LE, Antoniou J, Mwale
F. Effect of in utero exposure to diethylstilbestrol on lumbar and femoral bone, articular
cartilage, and the intervertebral disc in male and female adult mice progeny with and without
swimming exercise. Arthritis Res. Ther. 2012; 14(1):R17.

107. Hermsen SA, Larsson S, Arima A, Muneoka A, Ihara T, Sumida H, Fukusato T, Kubota
S, Yasuda M, Lind PM. In utero and lactational exposure to 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) affects bone tissue in rhesus monkeys. Toxicology 2008; 253(1-3):147-152.

108. Pelch KE, Carleton SM, Phillips CL, Nagel SC. Developmental exposure to
xenoestrogens at low doses alters femur length and tensile strength in adult mice. Biol.
Reprod. 2012; 86(3):69.

109. Savabieasfahani M, Kannan K, Astapova O, Evans NP, Padmanabhan V. Developmental
programming: differential effects of prenatal exposure to bisphenol-A or methoxychlor on
reproductive function. Endocrinology 2006; 147(12):5956-5966.

110. Mahoney MM, Padmanabhan V. Developmental programming: Impact of fetal exposure
to endocrine-disrupting chemicals on gonadotropin-releasing hormone and estrogen
receptor mRNA in sheep hypothalamus. Toxicol. Appl. Pharmacol. 2010; 247(2):98-104.

111. Malcolm KD, Jackson LM, Bergeon C, Lee TM, Padmanabhan V, Foster DL. Long-term
exposure of female sheep to physiologic concentrations of estradiol: effects on the onset
and maintenance of reproductive function, pregnancy, and social development in female
offspring. Biol. Reprod. 2006; 75(6):844—852.

112. Plowchalk DR, Teeguarden J. Development of a physiologically based pharmacokinetic
model for estradiol in rats and humans: a biologically motivated quantitative framework for
evaluating responses to estradiol and other endocrine-active compounds. Toxicol. Sci. 2002;
69(1):60-78.

113. White CM, Ferraro-Borgida MJ, Fossati AT, McGill CC, Ahlberg AW, Feng YJ, Heller GV,
Chow MS. The pharmacokinetics of intravenous estradiol--a preliminary study.
Pharmacotherapy 1998; 18(6):1343—1346.

114. Humpel M, Nieuweboer B, Wendt H, Speck U. Investigations of pharmacokinetics of
ethinyloestradiol to specific consideration of a possible first-pass effect in women.
Contraception 1979; 19(4):421-432.

115. Bottoms GD, Coppoc GL, Monk E, Moore AB, Roesel OF, Regnier FE. Metabolic fate of
orally administered estradiol in swine. J. Anim. Sci. 1977; 45(3):674—-685.

116. Moore AB, Bottoms GD, Coppoc GL, Pohland RC, Roesel OF. Metabolism of estrogens
in the gastrointestinal tract of swine. I. Instilled estradiol. J. Anim. Sci. 1982; 55(1):124-134.

117. Ruoff WL, Dziuk PJ. Absorption and metabolism of estrogens from the stomach and
duodenum of pigs. Domest. Anim. Endocrinol. 1994; 11(2):197-208.

118. Leung BS, Pearson JR, Martin RP. Enterohepatic cycling of 3H-estrone in the bull:
identification of estrone-3-glucuronide. J. Steroid Biochem. 1975; 6(11-12):1477-1481.

119. Velle W. Endogenous anabolic agents in farm animals. Environ. Qual. Saf. Suppl.
1976(5):159-170.

51



120. Scharl A, Beckmann MW, Artwohl JE, Holt JA. Comparisons of radioiodoestradiol blood-
tissue exchange after intravenous or intraarterial injection. Int. J. Radiat. Oncol. Biol. Phys.
1995; 32(1):137-146.

121. Hanson RN, Ghoshal M, Murphy FG, Rosenthal C, Gibson RE, Ferriera N, Sood V, Ruch
J. Synthesis, receptor binding and tissue distribution of 17 alpha-E[125I]iodovinyl-11 beta-
ethyl-estradiol. Nucl. Med. Biol. 1993; 20(3):351-358.

122. Okada A, Ohta Y, Inoue S, Hiroi H, Muramatsu M, Iguchi T. Expression of estrogen,
progesterone and androgen receptors in the oviduct of developing, cycling and pre-
implantation rats. J. Mol. Endocrinol. 2003; 30(3):301-315.

123. Ortiz ME, Noe G, Bastias G, Darrigrande O, Croxatto HB. Increased sensitivity and
accumulation of estradiol in the rat oviduct during early pregnancy. Biol. Res. 1994;
27(1):57-61.

124. Pasqualini JR, Chetrite GS. Recent insight on the control of enzymes involved in
estrogen formation and transformation in human breast cancer. J. Steroid Biochem. Mol.
Biol. 2005; 93(2-5):221-236.

125. Raeside JI, Christie HL, Renaud RL. Androgen and estrogen metabolism in the
reproductive tract and accessory sex glands of the domestic boar (Sus scrofa). Biol. Reprod.
1999; 61(5):1242-1248.

126. Zhu BT, Conney AH. Functional role of estrogen metabolism in target cells: review and
perspectives. Carcinogenesis 1998; 19(1):1-27.

127. Mueller JW, Gilligan LC, Idkowiak J, Arlt W, Foster PA. The Regulation of Steroid Action
by Sulfation and Desulfation. Endocr. Rev. 2015; 36(5):526—-563.

128. Simon C, Dominguez F, Valbuena D, Pellicer A. The role of estrogen in uterine
receptivity and blastocyst implantation. Trends Endocrinol. Metab. 2003; 14(5):197-199.

129. MaW, Song H, Das SK, Paria BC, Dey SK. Estrogen is a critical determinant that
specifies the duration of the window of uterine receptivity for implantation. Proc. Natl. Acad.
Sci. U.S.A. 2003; 100(5):2963-2968.

130. Geisert RD, Ross JW, Ashworth MD, White FJ, Johnson GA, DeSilva U. Maternal
recognition of pregnancy signal or endocrine disruptor: the two faces of oestrogen during
establishment of pregnancy in the pig. Soc. Reprod. Fertil. Suppl. 2006; 62:131-145.

131. Ziegler D de, Fanchin R, Moustier B de, Bulletti C. The hormonal control of endometrial
receptivity: estrogen (E2) and progesterone. J. Reprod. Immunol. 1998; 39(1-2):149-166.

132. Hung Yu Ng E, Shu Biu Yeung W, Yee Lan Lau E, Wai Ki So W, Chung Ho P. A rapid
decline in serum oestradiol concentrations around the mid-luteal phase had no adverse
effect on outcome in 763 assisted reproduction cycles. Hum. Reprod. 2000; 15(9):1903—
1908.

133. ChaiJ, Lee K-F, Ng, Ernest HY, Yeung, William S B, Ho P-C. Ovarian stimulation
modulates steroid receptor expression and spheroid attachment in peri-implantation
endometria: studies on natural and stimulated cycles. Fertil. Steril. 2011; 96(3):764—768.

134. Stewart DR, Overstreet JW, Nakajima ST, Lasley BL. Enhanced ovarian steroid secretion
before implantation in early human pregnancy. J. Clin. Endocrinol. Metab. 1993;
76(6):1470-1476.

135. Magness RR, Christenson RK, Ford SP. Ovarian blood flow throughout the estrous cycle
and early pregnancy in sows. Biol. Reprod. 1983; 28(5):1090-1096.

52



136. Robertson HA, King GJ. Plasma concentrations of progesterone, oestrone, oestradiol-
17beta and of oestrone sulphate in the pig at implantation, during pregnancy and at
parturition. J. Reprod. Fertil. 1974; 40(1):133-141.

137. Greenlee AR, Quail CA, Berg RL. Developmental alterations in murine embryos exposed
in vitro to an estrogenic pesticide, o,p'-DDT. Reprod. Toxicol. 1999; 13(6):555-565.

138. Valbuena D, Martin J, de Pablo, J L, Remohi J, Pellicer A, Simén C. Increasing levels of
estradiol are deleterious to embryonic implantation because they directly affect the embryo.
Fertil. Steril. 2001; 76(5):962—-968.

139. Kutlu T, Ozkaya E, Ayvaci H, Devranoglu B, Sanverdi |, Sahin Y, Senol T, Karateke A.
Area under curve of temporal estradiol measurements for prediction of the detrimental effect
of estrogen exposure on implantation. Int. J. Gynaecol. Obstet. 2016; 135(2):168-171.

140. Ozkaya E, Kutlu T, Abide Yayla C, Kayatas Eser S, Sanverdi |, Devranoglu B. Area
under the curve of temporal estrogen and progesterone measurements during assisted
reproductive technology: Which hormone is the main determinant of cycle outcome?. J.
Obstet. Gynaecol. Res. 2018; 44(2):263-269.

141. Hu X-L, Feng C, Lin X-H, Zhong Z-X, Zhu Y-M, Lv P-P, Lv M, Meng Y, Zhang D, Lu X-E,
Jin F, Sheng J-Z, et al. High maternal serum estradiol environment in the first trimester is
associated with the increased risk of small-for-gestational-age birth. J. Clin. Endocrinol.
Metab. 2014; 99(6):2217-2224.

142. Royster GD, Krishnamoorthy K, Csokmay JM, Yauger BJ, Chason RJ, DeCherney AH,
Wolff EF, Hill MJ. Are intracytoplasmic sperm injection and high serum estradiol
compounding risk factors for adverse obstetric outcomes in assisted reproductive
technology?. Fertil. Steril. 2016; 106(2):363-370.e3.

143. Chen X-J, Chen F, Lv P-P, Zhang D, Ding G-L, Hu X-L, Feng C, Sheng J-Z, Huang H-F.
Maternal high estradiol exposure alters CDKN1C and IGF2 expression in human placenta.
Placenta 2018; 61:72—79.

144. Crawford BR, Decatanzaro D. Disruption of blastocyst implantation by triclosan in mice:
impacts of repeated and acute doses and combination with bisphenol-A. Reprod. Toxicol.
2012; 34(4):607-613.

145. Xiao S, Diao H, Smith MA, Song X, Ye X. Preimplantation exposure to bisphenol A (BPA)
affects embryo transport, preimplantation embryo development, and uterine receptivity in
mice. Reprod. Toxicol. 2011; 32(4):434—-441.

146. ZhaoY, Chen X, Liu X, Ding Y, Gao R, Qiu Y, Wang Y, He J. Exposure of mice to
benzo(a)pyrene impairs endometrial receptivity and reduces the number of implantation
sites during early pregnancy. Food Chem. Toxicol. 2014; 69:244—251.

147. Berger RG, Foster WG, Decatanzaro D. Bisphenol-A exposure during the period of
blastocyst implantation alters uterine morphology and perturbs measures of estrogen and
progesterone receptor expression in mice. Reprod. Toxicol. 2010; 30(3):393—-400.

148. Ross JW, Ashworth MD, White FJ, Johnson GA, Ayoubi PJ, DeSilva U, Whitworth KM,
Prather RS, Geisert RD. Premature estrogen exposure alters endometrial gene expression
to disrupt pregnancy in the pig. Endocrinology 2007; 148(10):4761-4773.

149. Ashworth MD, Ross JW, Ritchey JW, DeSilva U, Stein DR, Geisert RD, White FJ. Effects
of aberrant estrogen on the endometrial transcriptional profile in pigs. Reprod. Toxicol. 2012;
34(1):8-15.

53



150. Geisert RD, Morgan GL, Zavy MT, Blair RM, Gries LK, Cox A, Yellin T. Effect of
asynchronous transfer and oestrogen administration on survival and development of porcine
embryos. J. Reprod. Fertil. 1991; 93(2):475-481.

151. Blair RM, Geisert RD, Zavy MT, Yellin T, Fulton RW, Short EC. Endometrial surface and
secretory alterations associated with embryonic mortality in gilts administered estradiol
valerate on days 9 and 10 of gestation. Biol. Reprod. 1991; 44(6):1063—-1079.

152. Long GG, Turek J, Diekman MA, Scheidt AB. Effect of zearalenone on days 7 to 10 post-
mating on blastocyst development and endometrial morphology in sows. Vet. Pathol. 1992;
29(1):60-67.

153. Ashworth MD, Ross JW, Hu J, White FJ, Stein DR, DeSilva U, Johnson GA, Spencer TE,
Geisert RD. Expression of porcine endometrial prostaglandin synthase during the estrous
cycle and early pregnancy, and following endocrine disruption of pregnancy. Biol. Reprod.
2006; 74(6):1007-1015.

154. Kanora A, Maes D. The role of mycotoxins in pig reproduction: a review. Veterinari
Medicina 2009; 54(12):565-576.

155. Long GG, Diekman MA. Characterization of effects of zearalenone in swine during early
pregnancy. Am. J. Vet. Res. 1986; 47(1):184-187.

156. Wilson ME, Ford SP. Effect of estradiol-17beta administration during the time of
conceptus elongation on placental size at term in Meishan pigs. J. Anim. Sci. 2000;
78(4):1047-1052.

157. Vallet JL, Christenson RK. Effect of progesterone, mifepristone, and estrogen treatment
during early pregnancy on conceptus development and uterine capacity in Swine. Biol.
Reprod. 2004; 70(1):92-98.

158. Oestrup O, Hall V, Petkov SG, Wolf XA, Hyldig S, Hyttel P. From zygote to implantation:
morphological and molecular dynamics during embryo development in the pig. Reprod.
Domest. Anim. 2009; 44 Suppl 3:39-49.

159. Fulka J, Fulka H, Slavik T, Okada K. DNA methylation pattern in pig in vivo produced
embryos. Histochem. Cell Biol. 2006; 126(2):213-217.

160. Fulka H, Mrazek M, Tepla O, Fulka J. DNA methylation pattern in human zygotes and
developing embryos. Reproduction 2004; 128(6):703—708.

161. Reik W, Kelsey G. Epigenetics: Cellular memory erased in human embryos. Nature
2014; 511(7511):540-541.

162. Zhu P, Guo H, RenY, Hou Y, Dong J, Li R, Lian Y, Fan X, Hu B, Gao Y, Wang X, Wei Y,
et al. Single-cell DNA methylome sequencing of human preimplantation embryos. Nat.
Genet. 2018; 50(1):12-19.

163. Hanna CW, Demond H, Kelsey G. Epigenetic regulation in development: Is the mouse a
good model for the human?. Hum. Reprod. Update 2018; 24(5):556-576.

164. Zhang, Xiang Y, Yin Q, Du Z, Peng X, Wang Q, Fidalgo M, Xia W, Li Y, Zhao Z-A,
Zhang W, Ma J, et al. Dynamic epigenomic landscapes during early lineage specification in
mouse embryos. Nat. Genet. 2018; 50(1):96-105.

165. Hackett JA, Surani MA. DNA methylation dynamics during the mammalian life cycle.
Philos. Trans. R. Soc. Lond. ,. B,. Biol. Sci. 2013; 368(1609):20110328.

166. Borgel J, Guibert S, Li Y, Chiba H, Schubeler D, Sasaki H, Forné T, Weber M. Targets
and dynamics of promoter DNA methylation during early mouse development. Nat. Genet.
2010; 42(12):1093-1100.

54



167. Dean W, Santos F, Stojkovic M, Zakhartchenko V, Walter J, Wolf E, Reik W.
Conservation of methylation reprogramming in mammalian development: Aberrant
reprogramming in cloned embryos. Proc. Natl. Acad. Sci. U.S.A. 2001; 98(24):13734—
13738.

168. Yang C-X, Du Z-Q, Wright EC, Rothschild MF, Prather RS, Ross JW. Small RNA profile
of the cumulus-oocyte complex and early embryos in the pig. Biol. Reprod. 2012; 87(5):117.

169. Mondou E, Dufort I, Gohin M, Fournier E, Sirard M-A. Analysis of microRNAs and their
precursors in bovine early embryonic development. Mol. Hum. Reprod. 2012; 18(9):425-
434.

170. Hale BJ, Yang C-X, Ross JW. Small RNA regulation of reproductive function. Mol.
Reprod. Dev. 2014; 81(2):148-159.

171. Bidarimath M, Khalaj K, Wessels JM, Tayade C. MicroRNAs, immune cells and
pregnancy. Cell. Mol. Immunol. 2014.

172. Sul, LiuR, Cheng W, Zhu M, Li X, Zhao S, Yu M. Expression patterns of microRNAs in
porcine endometrium and their potential roles in embryo implantation and placentation.
PLoS ONE 2014, 9(2):e87867.

173. Wessels JM, Edwards AK, Khalaj K, Kridli RT, Bidarimath M, Tayade C. The
microRNAome of pregnancy: deciphering miRNA networks at the maternal-fetal interface.
PLoS ONE 2013; 8(11):e72264.

174. Felice B de, Manfellotto F, Palumbo A, Troisi J, Zullo F, Di Carlo C, Di Spiezio Sardo A,
Stefano N de, Ferbo U, Guida M, Guida M. Genome-wide microRNA expression profiling in
placentas from pregnant women exposed to BPA. BMC Med. Genomics 2015; 8:56.

175. Meunier L, Siddeek B, Vega A, Lakhdari N, Inoubli L, Bellon RP, Lemaire G, Mauduit C,
Benahmed M. Perinatal programming of adult rat germ cell death after exposure to
xenoestrogens: role of microRNA miR-29 family in the down-regulation of DNA
methyltransferases and Mcl-1. Endocrinology 2012; 153(4):1936—1947.

176. Veiga-Lopez A, Luense LJ, Christenson LK, Padmanabhan V. Developmental
programming: gestational bisphenol-A treatment alters trajectory of fetal ovarian gene
expression. Endocrinology 2013; 154(5):1873-1884.

177. Simpson ER, MacDonald PC. Endocrine physiology of the placenta. Annu. Rev. Physiol.
1981, 43:163-188.

178. Witorsch RJ. Low-dose in utero effects of xenoestrogens in mice and their relevance to
humans: an analytical review of the literature. Food Chem. Toxicol. 2002; 40(7):905-912.

179. Simpson ER, Michael MD, Agarwal VR, Hinshelwood MM, Bulun SE, Zhao Y.
Cytochromes P450 11: Expression of the CYP19 (aromatase) gene: an unusual case of
alternative promoter usage. FASEB J. 1997; 11(1):29-36.

180. Needham LL, Calafat AM, Barr DB. Assessing developmental toxicant exposures via
biomonitoring. Basic Clin. Pharmacol. Toxicol. 2008; 102(2):100-108.

181. Janesick A, Blumberg B. Endocrine disrupting chemicals and the developmental
programming of adipogenesis and obesity. Birth Defects Res. C Embryo Today 2011;
93(1):34-50.

182. Gao X, Sun L, Zhang N, Li C, Zhang J, Xiao Z, Qi D. Gestational Zearalenone Exposure
Causes Reproductive and Developmental Toxicity in Pregnant Rats and Female Offspring.
Toxins (Basel) 2017; 9(1).

55



183. Etienne M, Jemmali M. Effects of zearalenone (F2) on estrous activity and reproduction
in gilts. J. Anim. Sci. 1982; 55(1):1-10.

184. Zhang Y, Gao R, Liu M, Shi B, Shan A, Cheng B. Use of maodified halloysite nhanotubes in
the feed reduces the toxic effects of zearalenone on sow reproduction and piglet
development. Theriogenology 2015; 83(5):932-941.

185. Long GG, Diekman M, Tuite JF, Shannon GM, Vesonder RF. Effect of Fusarium roseum
corn culture containing zearalenone on early pregnancy in swine. Am. J. Vet. Res. 1982;
43(9):1599-1603.

186. Crain DA, Janssen SJ, Edwards TM, Heindel J, Ho S, Hunt P, Iguchi T, Juul A,
McLachlan JA, Schwartz J, Skakkebaek N, Soto AM, et al. Female reproductive disorders:
the roles of endocrine-disrupting compounds and developmental timing. Fertil. Steril. 2008;
90(4):911-940.

187. Bartol FF, Wiley AA, Bagnell CA. Epigenetic programming of porcine endometrial
function and the lactocrine hypothesis. Reprod. Domest. Anim. 2008; 43 Suppl 2:273-279.

188. Spencer TE, Dunlap KA, Filant J. Comparative developmental biology of the uterus:
insights into mechanisms and developmental disruption. Mol. Cell. Endocrinol. 2012; 354(1-
2):34-53.

189. Varayoud J, Ramos JG, Bosquiazzo VL, Mufioz-de-Toro M, Luque EH. Developmental
exposure to Bisphenol a impairs the uterine response to ovarian steroids in the adult.
Endocrinology 2008; 149(11):5848-5860.

190. Bromer JG, Zhou Y, Taylor MB, Doherty L, Taylor HS. Bisphenol-A exposure in utero
leads to epigenetic alterations in the developmental programming of uterine estrogen
response. FASEB J. 2010; 24(7):2273-2280.

191. Bartol FF, Wiley AA, Spencer TE, Vallet JL, Christenson R. Early uterine development in
pigs. J. Reprod. Fertil. Suppl 1993; 48:99-116.

192. Daftary GS, Taylor HS. Endocrine regulation of HOX genes. Endocr. Rev. 2006;
27(4):331-355.

193. Benson GV, Lim H, Paria BC, Satokata |, Dey SK, Maas RL. Mechanisms of reduced
fertility in Hoxa-10 mutant mice: uterine homeosis and loss of maternal Hoxa-10 expression.
Development 1996; 122(9):2687—2696.

194. Satokata I, Benson G, Maas R. Sexually dimorphic sterility phenotypes in Hoxal0-
deficient mice. Nature 1995; 374(6521):460—463.

195. Taylor HS, Arici A, Olive D, Igarashi P. HOXA10 is expressed in response to sex steroids
at the time of implantation in the human endometrium. J. Clin. Invest. 1998; 101(7):1379—
1384.

196. Guo B, Tian Z, Han B-C, Zhang X-M, Yang Z-M, Yue Z-P. Expression and hormonal
regulation of Hoxal0 in canine uterus during the peri-implantation period. Reprod. Domest.
Anim. 2009; 44(4):638—-642.

197. Godbole GB, Modi DN, Puri CP. Regulation of homeobox A10 expression in the primate
endometrium by progesterone and embryonic stimuli. Reproduction 2007; 134(3):513-523.

198. Blitek A, Morawska E, Kiewisz J, Ziecik AJ. Effect of conceptus secretions on HOXA10
and PTGS2 gene expression, and PGE2 release in co-cultured luminal epithelial and
stromal cells of the porcine endometrium at the time of early implantation. Theriogenology
2011; 76(5):954-966.

56



199. Smith CC, Taylor HS. Xenoestrogen exposure imprints expression of genes (Hoxal0)
required for normal uterine development. FASEB J. 2007; 21(1):239-246.

200. Wu D, Song D, Li X, Yu M, Li C, Zhao S. Molecular characterization and identification of
the E2/P4 response element in the porcine HOXA10 gene. Mol. Cell. Biochem 2013(374 (1-
2)):213-222.

201. Blitek A, Kiewisz J, Waclawik A, Kaczmarek MM, Ziecik AJ. Effect of steroids on
HOXA10 mRNA and protein expression and prostaglandin production in the porcine
endometrium. J. Reprod. Dev. 2010; 56(6):643—648.

202. Mal, Benson GV, Lim H, Dey SK, Maas RL. Abdominal B (AbdB) Hoxa genes:
regulation in adult uterus by estrogen and progesterone and repression in mullerian duct by
the synthetic estrogen diethylstilbestrol (DES). Dev. Biol. 1998; 197(2):141-154.

203. Suzuki A, Urushitani H, Sato T, Kobayashi T, Watanabe H, Ohta Y, Iguchi T. Gene
expression change in the Mullerian duct of the mouse fetus exposed to diethylstilbestrol in
utero. Exp. Biol. Med. (Maywood) 2007; 232(4):503-514.

204. Fei X, Chung H, Taylor HS. Methoxychlor disrupts uterine HoxalO gene expression.
Endocrinology 2005; 146(8):3445—-3451.

205. Markey CM, Wadia PR, Rubin BS, Sonnenschein C, Soto AM. Long-term effects of fetal
exposure to low doses of the xenoestrogen bisphenol-A in the female mouse genital tract.
Biol. Reprod. 2005; 72(6):1344-1351.

206. Darmani H, Al-Hiyasat AS. Reproductive toxic effect of bisphenol A dimethacrylate in
mice. J. Biomed. Mater. Res. A 2004; 69(4):637-643.

207. Al-Hiyasat AS, Darmani H, Elbetieha AM. Leached components from dental composites
and their effects on fertility of female mice. Eur. J. Oral Sci. 2004; 112(3):267-272.

208. Bagot CN, Troy PJ, Taylor HS. Alteration of maternal Hoxal0 expression by in vivo gene
transfection affects implantation. Gene Ther. 2000; 7(16):1378—-1384.

209. Bonnelye E, Aubin JE. Differential expression of estrogen receptor-related receptor alpha
and estrogen receptors alpha and beta in osteoblasts in vivo and in vitro. J. Bone Miner.
Res. 2002; 17(8):1392-1400.

210. Oreffo RO, Kusec V, Virdi AS, Flanagan AM, Grano M, Zambonin-Zallone A, Triffitt JT.
Expression of estrogen receptor-alpha in cells of the osteoclastic lineage. Histochem. Cell
Biol. 1999; 111(2):125-133.

211. Bord S, Horner A, Beavan S, Compston J. Estrogen receptors alpha and beta are
differentially expressed in developing human bone. J. Clin. Endocrinol. Metab. 2001;
86(5):2309-2314.

212. Lampit M, Golander A, Guttmann H, Hochberg Z. Estrogen mini-dose replacement during
GnRH agonist therapy in central precocious puberty: a pilot study. J. Clin. Endocrinol.
Metab. 2002; 87(2):687-690.

213. Csakvary V, Puskas T, Oroszlan G, Lakatos P, Kalman B, Kovacs GL, Toldy E.
Hormonal and biochemical parameters correlated with bone densitometric markers in
prepubertal Hungarian children. Bone 2013; 54(1):106-112.

214. Kaludjerovic J, Ward WE. Diethylstilbesterol has gender-specific effects on weight gain
and bone development in mice. J. Toxicol. Environ. Health Part A 2008; 71(15):1032-1042.

215. Kaludjerovic J, Ward WE. Neonatal exposure to daidzein, genistein, or the combination
modulates bone development in female CD-1 mice. J. Nutr. 2009; 139(3):467-473.

57



216. Piekarz AV, Ward WE. Effect of neonatal exposure to genistein on bone metabolism in
mice at adulthood. Pediatr. Res. 2007; 61(1):48-53.

217. Lundberg R, Lyche JL, Ropstad E, Aleksandersen M, Rénn M, Skaare JU, Larsson S,
Orberg J, Lind PM. Perinatal exposure to PCB 153, but not PCB 126, alters bone tissue
composition in female goat offspring. Toxicology 2006; 228(1):33—40.

218. Lind PM, Gustafsson M, Hermsen, Sanne A B, Larsson S, Kyle CE, Orberg J, Rhind SM.
Exposure to pastures fertilised with sewage sludge disrupts bone tissue homeostasis in
sheep. Sci. Total Environ. 2009; 407(7):2200-2208.

219. Migliaccio S, Newbold RR, Bullock BC, Jefferson WJ, Sutton FG, McLachlan JA, Korach
KS. Alterations of maternal estrogen levels during gestation affect the skeleton of female
offspring. Endocrinology 1996; 137(5):2118-2125.

220. Bonjour J-P, Chevalley T. Pubertal timing, bone acquisition, and risk of fracture
throughout life. Endocr. Rev. 2014; 35(5):820-847.

221. Csakvary V, Erhardt E, Vargha P, Oroszlan G, Bodecs T, Torok D, Toldy E, Kovacs GL.
Association of lean and fat body mass, bone biomarkers and gonadal steroids with bone
mass during pre- and midpuberty. Horm. Res. Paediatr. 2012; 78(4):203-211.

222. ZhuoY, Zhou D, Che L, Fang Z, Lin Y, Wu D. Feeding prepubescent gilts a high-fat diet
induces molecular changes in the hypothalamus-pituitary-gonadal axis and predicts early
timing of puberty. Nutrition 2014; 30(7-8):890-896.

223. FDA. Guidelines for preclinical and clinical evaluation of agents used in the prevention or
treatment of postmenopausal osteoporosis. U.S. Food and Drug Administration 1994.

224. Litten-Brown JC, Corson AM, Clarke L. Porcine models for the metabolic syndrome,
digestive and bone disorders: a general overview. Animal 2010; 4(6):899-920.

225. Pearce Al, Richards RG, Milz S, Schneider E, Pearce SG. Animal models for implant
biomaterial research in bone: a review. Eur. Cell. Mater. 2007; 13:1-10.

226. Gutleb AC, Arvidsson D, Orberg J, Larsson S, Skaare JU, Aleksandersen M, Ropstad E,
Lind PM. Effects on bone tissue in ewes (Ovies aries) and their foetuses exposed to PCB
118 and PCB 153. Toxicol. Lett. 2010; 192(2):126-133.

227. Lind PM, Oberg D, Larsson S, Kyle CE, Orberg J, Rhind SM. Pregnant ewes exposed to
multiple endocrine disrupting pollutants through sewage sludge-fertilized pasture show an
anti-estrogenic effect in their trabecular bone. Sci. Total Environ. 2010; 408(11):2340-2346.

228. Hankele A-K, Bauersachs S, Ulbrich SE. Conjugated estrogens in the endometrium
during the estrous cycle in pigs. Reprod. Biol. 2018; 18(4):336—343.

229. Samborski A, Graf A, Krebs S, Kessler B, Bauersachs S. Deep sequencing of the porcine
endometrial transcriptome on day 14 of pregnancy. Biol. Reprod. 2013; 88(4):84.

230. Samborski A, Graf A, Krebs S, Kessler B, Reichenbach M, Reichenbach H-D, Ulbrich
SE, Bauersachs S. Transcriptome changes in the porcine endometrium during the
preattachment phase. Biol. Reprod. 2013; 89(6):134.

231. Meyer HH, Sauerwein H, Mutayoba BM. Immunoaffinity chromatography and a biotin-
streptavidin amplified enzymeimmunoassay for sensitive and specific estimation of estradiol-
17 beta. J. Steroid Biochem. 1990; 35(2):263-269.

232. Hageleit M, Daxenberger A, Kraetzl WD, Kettler A, Meyer HH. Dose-dependent effects of
melengestrol acetate (MGA) on plasma levels of estradiol, progesterone and luteinizing
hormone in cycling heifers and influences on oestrogen residues in edible tissues. APMIS
2000; 108(12):847-854.

58



233. Blottner S, Hingst O, Meyer HH. Inverse relationship between testicular proliferation and
apoptosis in mammalian seasonal breeders. Theriogenology 1995; 44(3):321-328.

234. Prakash BS, Meyer HH, Schallenberger E, van de Wiel DF. Development of a sensitive
enzymeimmunoassay (EIA) for progesterone determination in unextracted bovine plasma
using the second antibody technique. J. Steroid Biochem. 1987; 28(6):623—-627.

235. Velazquez MA, Hadeler K-G, Herrmann D, Kues WA, Ulbrich SE, Ulbrich S, Meyer,
Heinrich H D, Rémy B, Beckers J-F, Sauerwein H, Niemann H. In vivo oocyte
developmental competence is reduced in lean but not in obese superovulated dairy cows
after intraovarian administration of IGF1. Reproduction 2011; 142(1):41-52.

236. Schwarzenberger F, Tomasova K, Holeckova D, Matern B, Méstl E. Measurement of
fecal steroids in the black rhinoceros (Diceros bicornis) using group-specific enzyme
immunoassays for 20-oxo-pregnanes. Zoo Biology 1996; 15(2):159-171.

237. Fleige S, Pfaffl MW. RNA integrity and the effect on the real-time gRT-PCR performance.
Mol. Aspects Med. 2006; 27(2-3):126—139.

238. Schroeder A, Mueller O, Stocker S, Salowsky R, Leiber M, Gassmann M, Lightfoot S,
Menzel W, Granzow M, Ragg T. The RIN: an RNA integrity number for assigning integrity
values to RNA measurements. BMC Mol. Biol. 2006; 7:3.

239. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller R, Nolan T,
Pfaffl MW, Shipley GL, Vandesompele J, Wittwer CT. The MIQE guidelines: Minimum
information for publication of quantitative real-time PCR experiments. Clin. Chem. 2009;
55(4):611-622.

240. Klein C, Bauersachs S, Ulbrich SE, Einspanier R, Meyer HHD, Schmidt SEM,
Reichenbach H-D, Vermehren M, Sinowatz F, Blum H, Wolf E. Monozygotic twin model
reveals novel embryo-induced transcriptome changes of bovine endometrium in the
preattachment period. Biol. Reprod. 2006; 74(2):253—-264.

241. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time
guantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001; 25(4):402—-408.

242. Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP. Determination of stable housekeeping
genes, differentially regulated target genes and sample integrity: BestKeeper--Excel-based
tool using pair-wise correlations. Biotechnol. Lett. 2004; 26(6):509-515.

243. Giardine B, Riemer C, Hardison RC, Burhans R, Elnitski L, Shah P, Zhang Y,
Blankenberg D, Albert I, Taylor J, Miller W, Kent WJ, et al. Galaxy: a platform for interactive
large-scale genome analysis. Genome Res. 2005; 15(10):1451-1455.

244. Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene
lists using DAVID bioinformatics resources. Nat. Protoc. 2009; 4(1):44-57.

245. Blankenberg D, Gordon A, Kuster G von, Coraor N, Taylor J, Nekrutenko A. Manipulation
of FASTQ data with Galaxy. Bioinformatics 2010; 26(14):1783—1785.

246. Zhang Z, Schwartz S, Wagner L, Miller W. A greedy algorithm for aligning DNA
sequences. J. Comput. Biol. 2000; 7(1-2):203-214.

247. Furst RW, Meyer HHD, Schweizer G, Ulbrich SE. Is DNA methylation an epigenetic
contribution to transcriptional regulation of the bovine endometrium during the estrous cycle
and early pregnancy?. Mol. Cell. Endocrinol. 2012; 348(1):67-77.

248. Wojdacz TK, Dobrovic A. Methylation-sensitive high resolution melting (MS-HRM): a new
approach for sensitive and high-throughput assessment of methylation. Nucleic Acids Res.
2007; 35(6):e41.

59



249. ShenlL, GuoY, Chen X, Ahmed S, Issa J-PJ. Optimizing annealing temperature
overcomes bias in bisulfite PCR methylation analysis. BioTechniques 2007; 42(1):48, 50, 52
passim.

250. Candiloro ILM, Mikeska T, Dobrovic A. Assessing combined methylation-sensitive high
resolution melting and pyrosequencing for the analysis of heterogeneous DNA methylation.
Epigenetics 2011; 6(4):500-507.

251. Wojdacz TK, Borgbo T, Hansen LL. Primer design versus PCR bias in methylation
independent PCR amplifications. Epigenetics 2009; 4(4):231-234.

252.  Poulin M, Zhou JY, Yan L, Shioda T. Pyrosequencing Methylation Analysis. Methods
Mol. Biol. 2018; 1856:283-296.

253. Wojdacz TK, Hansen LL, Dobrovic A. A new approach to primer design for the control of
PCR bias in methylation studies. BMC Res. Notes 2008; 1:54.

254. Wu Y, Halverson G, Basir Z, Strawn E, Yan P, Guo S-W. Aberrant methylation at
HOXA10 may be responsible for its aberrant expression in the endometrium of patients with
endometriosis. Am. J. Obstet. Gynecol. 2005; 193(2):371-380.

255. Cartharius K, Frech K, Grote K, Klocke B, Haltmeier M, Klingenhoff A, Frisch M,
Bayerlein M, Werner T. Matlnspector and beyond: promoter analysis based on transcription
factor binding sites. Bioinformatics 2005; 21(13):2933—-2942.

256. Zhou X, Lindsay H, Robinson MD. Robustly detecting differential expression in RNA
sequencing data using observation weights. Nucleic Acids Res. 2014; 42(11):e91.

257. Oliveros JC. Venny - an interactive tool for comparing lists with Venn's diagrams.
http://bioinfogpcnbcsices/tools/venny/index.html. Accessed 3 January 2016.

258. Saeed Al, Sharov V, White J, Li J, Liang W, Bhagabati N, Braisted J, Klapa M, Currier T,
Thiagarajan M, Sturn A, Snuffin M, et al. TM4: A free, open-source system for microarray
data management and analysis. BioTechniques 2003; 34(2):374-378.

259. Anders S, Huber W. Differential expression analysis for sequence count data. Genome
Biol. 2010; 11(10):R106.

260. Claus R, Haussler S, Lacorn M. Rise of testosterone, nortestosterone, and 17beta-
estradiol concentrations in peripheral blood plasma of pigs after sublingual application in
vivo. Food Chem. Toxicol. 2007; 45(2):225-228.

261. Deshpande D, Kethireddy S, Gattacceca F, Amiji M. Comparative pharmacokinetics and
tissue distribution analysis of systemically administered 17-p-estradiol and its metabolites in
vivo delivered using a cationic nanoemulsion or a peptide-modified nanoemulsion system for
targeting atherosclerosis. J. Control. Release 2014; 180:117-124.

262. Pfaffl MW, Lange IG, Daxenberger A, Meyer HH. Tissue-specific expression pattern of
estrogen receptors (ER): quantification of ER alpha and ER beta mRNA with real-time RT-
PCR. APMIS 2001; 109(5):345-355.

263. Ziecik AJ, Waclawik A, Kaczmarek MM, Blitek A, Jalali BM, Andronowska A.
Mechanisms for the establishment of pregnancy in the pig. Reprod. Domest. Anim. 2011; 46
Suppl 3:31-41.

264. Zeng S, Bick J, Ulbrich SE, Bauersachs S. Cell type-specific analysis of transcriptome
changes in the porcine endometrium on Day 12 of pregnancy. BMC Genomics 2018;
19(1):459.

60



265. van der Weijden VA, Floter VL, Ulbrich SE. Gestational oral low-dose estradiol-173
induces altered DNA methylation of CDKN2D and PSAT1 in embryos and adult offspring.
Sci. Rep. 2018; 8(1):7494.

266. Cohen A, Shmoish M, Levi L, Cheruti U, Levavi-Sivan B, Lubzens E. Alterations in micro-
ribonucleic acid expression profiles reveal a novel pathway for estrogen regulation.
Endocrinology 2008; 149(4):1687—-1696.

267. Bhat-Nakshatri P, Wang G, Collins NR, Thomson MJ, Geistlinger TR, Carroll JS, Brown
M, Hammond S, Srour EF, Liu Y, Nakshatri H. Estradiol-regulated microRNAs control
estradiol response in breast cancer cells. Nucleic Acids Res. 2009; 37(14):4850—4861.

268. Klinge CM. Estrogen Regulation of MicroRNA Expression. Curr. Genomics 2009;
10(3):169-183.

269. Maillot G, Lacroix-Triki M, Pierredon S, Gratadou L, Schmidt S, Bénés V, Roché H,
Dalenc F, Auboeuf D, Millevoi S, Vagner S. Widespread estrogen-dependent repression of
micrornas involved in breast tumor cell growth. Cancer Res. 2009; 69(21):8332—8340.

270. Wickramasinghe NS, Manavalan TT, Dougherty SM, Riggs KA, Li Y, Klinge CM.
Estradiol downregulates miR-21 expression and increases miR-21 target gene expression in
MCF-7 breast cancer cells. Nucleic Acids Res. 2009; 37(8):2584—-2595.

271. Wang G, Wang Y, Shen C, Huang Y, Huang K, Huang, Tim H M, Nephew KP, Li L, Liu Y.
RNA polymerase Il binding patterns reveal genomic regions involved in microRNA gene
regulation. PLoS ONE 2010; 5(11):e13798.

272. Katchy A, Edvardsson K, Aydogdu E, Williams C. Estradiol-activated estrogen receptor a
does not regulate mature microRNAs in T47D breast cancer cells. J. Steroid Biochem. Mol.
Biol. 2012; 128(3-5):145-153.

273. DiLeva G, Piovan C, Gasparini P, Ngankeu A, Taccioli C, Briskin D, Cheung DG, Bolon
B, Anderlucci L, Alder H, Nuovo G, Li M, et al. Estrogen mediated-activation of miR-191/425
cluster modulates tumorigenicity of breast cancer cells depending on estrogen receptor
status. PLoS Genet. 2013; 9(3):e1003311.

274. Zhao J, Imbrie GA, Baur WE, lyer LK, Aronovitz MJ, Kershaw TB, Haselmann GM, Lu Q,
Karas RH. Estrogen receptor-mediated regulation of microRNA inhibits proliferation of
vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 2013; 33(2):257—-265.

275. Bick JT, Fléter VL, Robinson MD, Bauersachs S, Ulbrich SE. Small RNA-seq analysis of
single porcine blastocysts revealed that maternal estradiol-17beta exposure does not affect
MiRNA isoform (isomiR) expression. BMC Genomics 2018; 19(1):590.

276. Bermejo-Alvarez P, Rizos D, Rath D, Lonergan P, Gutierrez-Adan A. Sex determines the
expression level of one third of the actively expressed genes in bovine blastocysts. Proc.
Natl. Acad. Sci. U.S.A. 2010; 107(8):3394—-3399.

277. Heras S, Coninck DIM de, van Poucke M, Goossens K, Bogado Pascottini O, van
Nieuwerburgh F, Deforce D, Sutter P de, Leroy JLMR, Gutierrez-Adan A, Peelman L, van
Soom A. Suboptimal culture conditions induce more deviations in gene expression in male
than female bovine blastocysts. BMC Genomics 2016; 17:72.

278. Dobbs KB, Rodriguez M, Sudano MJ, Ortega MS, Hansen PJ. Dynamics of DNA
methylation during early development of the preimplantation bovine embryo. PLoS ONE
2013; 8(6):€66230.

279. Gardner DK, Larman MG, Thouas GA. Sex-related physiology of the preimplantation
embryo. Mol. Hum. Reprod. 2010; 16(8):539-547.

61



280. Park C-H, Jeong YH, Jeong Y-I, Lee S-Y, Jeong Y-W, Shin T, Kim N-H, Jeung E-B, Hyun
S-H, Lee C-K, Lee E, Hwang WS. X-linked gene transcription patterns in female and male in
Vivo, in vitro and cloned porcine individual blastocysts. PLoS ONE 2012; 7(12):e51398.

281. Kradolfer D, Fléter VL, Bick JT, Furst RW, Rode K, Brehm R, Henning H, Waberski D,
Bauersachs S, Ulbrich SE. Epigenetic effects of prenatal estradiol-17 exposure on the
reproductive system of pigs. Mol Cell Endocrinol 2016; 430:125-137.

282. Taylor RW, Gold E, Manning P, Goulding A. Gender differences in body fat content are
present well before puberty. Int. J. Obes. Relat. Metab. Disord. 1997; 21(11):1082—-1084.
283. Torner E, Bussalleu E, Briz MD, Yeste M, Bonet S. Energy substrate influences the effect
of the timing of the first embryonic cleavage on the development of in vitro-produced porcine

embryos in a sex-related manner. Mol. Reprod. Dev. 2013; 80(11):924-935.

284. Buck Louis, Germaine M, Gray LE, Marcus M, Ojeda SR, Pescovitz OH, Witchel SF,
Sippell W, Abbott DH, Soto A, Tyl RW, Bourguignon J-P, Skakkebaek NE, et al.
Environmental factors and puberty timing: expert panel research needs. Pediatrics 2008;
121 Suppl 3:5192-207.

285. Lyche JL, Oskam IC, Skaare JU, Reksen O, Sweeney T, Dahl E, Farstad W, Ropstad E.
Effects of gestational and lactational exposure to low doses of PCBs 126 and 153 on
anterior pituitary and gonadal hormones and on puberty in female goats. Reprod. Toxicol.
2004; 19(1):87-95.

286. Green ML, Diekman MA, Malayer JR, Scheidt AB, Long GG. Effect of prepubertal
consumption of zearalenone on puberty and subsequent reproduction of gilts. J. Anim. Sci.
1990; 68(1):171-178.

287. Rainey MR, Tubbs RC, Bennett LW, Cox NM. Prepubertal exposure to dietary
zearalenone alters hypothalamo-hypophysial function but does not impair postpubertal
reproductive function of gilts. J. Anim. Sci. 1990; 68(7):2015-2022.

288. Macintyre NJ, Lorbergs AL. Imaging-Based Methods for Non-invasive Assessment of
Bone Properties Influenced by Mechanical Loading. Physiother. Can. 2012; 64(2):202—-215.

289. Licata A. Bone density vs bone quality: What's a clinician to do?. Cleve. Clin. J. Med.
2009; 76(6):331-336.

290. Seidlova-Wuttke D, Jarry H, Jager Y, Wuttke W. Bone development in female rats
maintained with soy-free or soy-containing food as determined by computer-assisted
tomography and serum bone markers. J. Bone Miner. Metab. 2008; 26(4):321-327.

291. Zama AM, Uzumcu M. Fetal and neonatal exposure to the endocrine disruptor
methoxychlor causes epigenetic alterations in adult ovarian genes. Endocrinology 2009;
150(10):4681-4691.

292. Windahl SH, Vidal O, Andersson G, Gustafsson JA, Ohlsson C. Increased cortical bone
mineral content but unchanged trabecular bone mineral density in female ERbeta(-/-) mice.
J. Clin. Invest. 1999; 104(7):895-901.

293. Hotchkiss CE, Weis C, Blaydes B, Newbold R, Delclos KB. Multigenerational exposure to
ethinyl estradiol affects bone geometry, but not bone mineral density in rats. Bone 2008;
43(1):110-118.

294. Bromer JG, Wu J, Zhou Y, Taylor HS. Hypermethylation of homeobox A10 by in utero
diethylstilbestrol exposure: an epigenetic mechanism for altered developmental
programming. Endocrinology 2009; 150(7):3376—3382.

62



295. Chen JC, Wiley AA, Ho T-Y, Frankshun A-L, Hord KM, Bartol FF, Bagnell CA. Transient
estrogen exposure from birth affects uterine expression of developmental markers in
neonatal gilts with lasting consequences in pregnant adults. Reproduction 2010;
139(3):623-630.

296. Kim JJ, Taylor HS, Lu Z, Ladhani O, Hastings JM, Jackson KS, Wu Y, Guo SW,
Fazleabas AT. Altered expression of HOXA10 in endometriosis: potential role in
decidualization. Mol. Hum. Reprod. 2007; 13(5):323-332.

297. Kang GH, Lee S, Cho N-Y, Gandamihardja T, Long TI, Weisenberger DJ, Campan M,
Laird PW. DNA methylation profiles of gastric carcinoma characterized by quantitative DNA
methylation analysis. Lab. Invest. 2008; 88(2):161-170.

298. Mahendroo MS, Cala KM, Landrum DP, Russell DW. Fetal death in mice lacking 5alpha-
reductase type 1 caused by estrogen excess. Mol. Endocrinol 1997; 11(7):917-927.

299. Block K, Kardana A, Igarashi P, Taylor HS. In utero diethylstilbestrol (DES) exposure
alters Hox gene expression in the developing mullerian system. FASEB J 2000; 14(9):1101—
1108.

300. Kangaspeska S, Stride B, Métivier R, Polycarpou-Schwarz M, Ibberson D, Carmouche
RP, Benes V, Gannon F, Reid G. Transient cyclical methylation of promoter DNA. Nature
2008; 452(7183):112-115.

301. Meétivier R, Gallais R, Tiffoche C, Le Péron C, Jurkowska RZ, Carmouche RP, Ibberson
D, Barath P, Demay F, Reid G, Benes V, Jeltsch A, et al. Cyclical DNA methylation of a
transcriptionally active promoter. Nature 2008; 452(7183):45-50.

302. Knox RV, Vatzias G, Naber CH, Zimmerman DR. Plasma gonadotropins and ovarian
hormones during the estrous cycle in high compared to low ovulation rate gilts. J. Anim. Sci.
2003; 81(1):249-260.

303. Greenspan JD, Craft RM, LeResche L, Arendt-Nielsen L, Berkley KJ, Fillingim RB, Gold
MS, Holdcroft A, Lautenbacher S, Mayer EA, Mogil JS, Murphy AZ, et al. Studying sex and
gender differences in pain and analgesia: a consensus report. Pain 2007; 132 Suppl 1:S26-
45.

304. Eckhardt F, Lewin J, Cortese R, Rakyan VK, Attwood J, Burger M, Burton J, Cox TV,
Davies R, Down TA, Haefliger C, Horton R, et al. DNA methylation profiling of human
chromosomes 6, 20 and 22. Nat. Genet. 2006; 38(12):1378-1385.

305. Schilling E, Rehli M. Global, comparative analysis of tissue-specific promoter CpG
methylation. Genomics 2007; 90(3):314-323.

306. Martos SN, Tang W-Y, Wang Z. Elusive inheritance: Transgenerational effects and
epigenetic inheritance in human environmental disease. Prog. Biophys. Mol. Biol. 2015;
118(1-2):44-54.

63



Acknowledgements

First of all, | would like to express my gratitude to the late Prof. Heinrich HD Meyer for giving me
the opportunity to conduct this thesis at the Chair of Physiology and for his demanding and
appreciative attitude.

I am deeply grateful to my supervisor Prof. Susanne E Ulbrich for everything that she has done
for me throughout these years. This includes the opportunity to a self-contained work in many
areas with constructive and target-oriented supervision, to go to various scientific meetings, to
write scientific papers, and to collaborate in various cooperations.

It is a great pleasure to thank the whole team of the Chair of Physiology for the pleasant working
atmosphere. In particular, | am very grateful to my colleague Rainer First for the good
collaborations and fruitful discussions. He was also involved in the animal trial and focused on the
male offspring, while my focus was on the female offspring and the embryos, in addition he
established the general work-flow of the DNA methylation analysis by MS-HRM at the Chair of
Physiology. | want to express my gratitude to Prof. Michael Pfaffl for his support in the miRNA
sequencing project and to Benedikt Kirchner, who assisted in the analysis and presentation of the
NGS data. For further support that | received, especially during the animal trial, | would like to
thank all participating colleagues, staff and students, particularly Dr. Heike Kliem, Rainer First,
Anna Grobner, Christine Fochtmann and Stefanie Dommel. Many thanks also go to Brigitte
Dotterbeck, Waltraud Schmid, Angela Sachsenhauser and Inge Celler for support in laboratory
matters. | appreciated the administrative assistance by Gertraud Mayer, Daniela Konigsdorf and
Elisabeth Aberl. From the students | worked with, | especially want to thank Anne-Katrin Lorenz
and Andrea Sagerer.

I would like to greatly acknowledge the excellent cooperations on the one hand with Prof. Wuttke
and Dr. D. Seidlova-Wuttke for the establishment of the pQCT measuements and for supporting
me in performing them, and on the other hand wih Dr. T. Hildebrandt and Dr. G. Galateanu for the
excellent conductance of the CT measurements. Furthermore, | am very grateful to Dr. Stefan
Bauersachs for the multiple collaborations especially regarding NGS analyses. | also want to thank
all other collaborators in the NGS projects, namely Stefan Krebs, Helmut Blum, Alexander Graf,
Jelena Kihn-Georgijevic, and Jochen Bick. Many thanks go to Prof. Martin Klingensport who
provided the Genomatix software. The assay for fecal progesterone detection was kindly provided
by Prof. Mostl. | also want to thank Prof. Skerra, Lars Friedrich and Sebastian Kuhn for enabling
and conducting FACS analyses. | want to express my gratefulness to the staff of Versuchsstation
Thalhausen, in particular Horst Laffert, Konrad Praller and Josef Reim, as well as Metzgerei
Hauslmeir for their support in animal care and slaughtering.

| also appreciated the discussions and cooperations with my colleagues of the ZIEL PhD Graduate
School “Nutritional adaptation and epigenetic mechanisms”, namely Jana Hemmerling, Kirsten
Uebel and David Lasar, as well as with Dr. S. Ulbrich and Prof. M. Klingenspor heading it.

| would like to greatly acknowledge the ZIEL, the German Ministry for Education and Research
(BMBF, FUGATO-plus, COMPENDIUM) and the Swiss National Science Foundation SNSF
(1zCOZz0_177141) for financial and the COST action EPICONCEPT (FA1201) and CellFit
(CA16119) for networking support.

I would like to express my deepest gratitude to my husband Christian who supported me
throughout all these years with his love and patience. | am also deeply thankful to my parents, my
brothers and my friends for all their encouragement and support.

64



Scientific communications

Original peer reviewed scientific publications as first author

VL Pistek, RW Furst, HS Kliem, S Bauersachs, HHD Meyer, SE Ulbrich ,HOXA10 mRNA
expression and promoter DNA methylation in female pig offspring after in utero estradiol-173
exposure”, J Steroid Biochem Mol Biol. 2013;138C:435-444

VL Floter, G Galateanu, RW First, D Seidlova-Wuttke, W Wuttke, E Mostl, TB Hildebrandt, SE
Ulbrich ,Sex-specific effects of low-dose gestational estradiol-173 exposure on bone development

in porcine offspring”, Toxicology. 2016;366-367:60-7

VL Floter, A-K. Lorenz, B Kirchner, M Pfaffl, S Bauersachs, SE Ulbrich ,Impact of
preimplantational oral low-dose estradiol-17 exposure on the endometrium: The role of miRNA”,
Mol Reprod Dev. 2018;85(5):417-426

VL Floter, S Bauersachs, RW. First, S Krebs, H Blum, M Reichenbach, SE Ulbrich , Exposure of
pregnant sows to low doses of estradiol-17beta impacts on the transcriptome of the endometrium
and the female preimplantation embryos”, Biol Reprod. 2019;100(3):624-640

Original peer reviewed scientific publications as contributing author

RW Frst, VL Pistek, HS Kliem, T Skurk, H Hauner, HHD Meyer, SE Ulbrich ,Maternal low-dose
estradiol-173 exposure during pregnancy impairs postnatal progeny weight development and
body composition”, Toxicol Appl Pharmacol. 2012;263(3):338-44

65



Kradolfer D, Fl6ter VL, Bick JT, First RW, Rode K, Brehm R, Henning H, Waberski D, Bauersachs
S, Ulbrich SE ,Epigenetic effects of prenatal estradiol-17B exposure on the reproductive system
of pigs”, Mol Cell Endocrinol. 2016;430:125-37

JT. Bick, VL Fléter, MD Robinson, S Bauersachs, SE Ulbrich ,Small RNA-seq analysis of single
porcine blastocysts revealed that maternal estradiol-17beta exposure does not affect miRNA
isoform (isomiR) expression”, BMC Genomics. 2018;19(1):590

VA van der Weijden, VL Floéter, SE Ulbrich ,Gestational oral low-dose estradiol-17 induces
altered DNA methylation of CDKN2D and PSAT1 in embryos and adult offspring”, Scientific
Reports. 2018;8(1):749

S Zeng, JT Bick, D Kradolfer, J Knubben, VL Fléter, S Bauersachs, SE Ulbrich ,Differential
transcriptome dynamics during the onset of conceptus elongation and between female and male
porcine embros”, BMC Genomics 2019;20(1):679

VA van der Weijden, M Schmidhauser, M Kurome, VL Fldter, J Knubben, E Wolf, SE Ulbrich
»1ranscriptome dynamics in early in vivo developing and in vitro produced porcine embryos”, BMC
Genomics 2021;22(1):139

Oral scientific presentation

VL Pistek, RW Frst, HS Kliem, HHD Meyer, SE Ulbrich ,Gene expression and DNA methylation
analyses of HOXA10 in the porcine uterus of prenatally estradiol-17f3 exposed female offspring”,
45. Jahrestagung Physiologie und Pathologie der Fortpflanzung (29.02. — 02.03.2012), Berlin,

Germany

66



Poster abstracts presented at scientific meetings as first author

VL Pistek, RW First, HS Kliem, HHD Meyer, SE Ulbrich ,Expression analysis of genes involved
in fluid homeostasis in the piglet epididymis”, 43 Jahrestagung Physiologie und Pathologie der
Fortpflanzung ( 24.02. — 26.02.2010), Munich, Germany

VL Pistek, RW Furst, HS Kliem, HHD Meyer, SE Ulbrich ,HOXA10 expression and DNA
methylation in the porcine uterus®, 20" Tagung der Fachgruppe Physiologie und Biochemie der
Deutschen Veterinarmedizinischen Gesellschaft (16.02. — 18.02.12), Munich, Germany

VL Pistek, RW First, D Seidlova-Wuttke, W Wuttke, H Kliem, HHD Meyer, SE Ulbrich,Prepubertal
pig offspring show sex-specific changes in bone mass density following in utero estradiol-178
exposure”, 55" Symposium der Deutschen Gesellschaft fiir Endokrinologie (07.03. — 10.03.2012),

Mannheim, Germany

VL Pistek, D Seidlova-Wuttke, RW Furst, H Kliem, W Wuttke, HHD Meyer, SE Ulbrich ,Is bone
density affected in prepubertal porcine offspring following low-dose in utero estradiol-173
exposure?”, 49" Wissenschaftlicher Kongress der Deutschen Gesellschaft fir Ernahrung e.V.
(14.03. — 16.03.2012), Freising, Germany

VL Pistek, RW First, Bauersachs S, HS Kliem, HHD Meyer, SE Ulbrich “Is HOXA10 expression
regulated through promoter DNA methylation in the pig?”, 2013 Annual Conference of the
International Embryo Transfer Society (IETS) (19.01. — 22.01.13), Hannover, Germany

VL Pistek, RW Furst, SE Ulbrich “Assessing the precision of pyrosequencing for gene-specific
DNA methylation analyses”, International Meeting of the Society for Biology of Reproduction and
2¢d Joint Polish-German Conference on Reproductive Veterinary and Human Medicine (27.02. —
01.03.13), Gdansk, Poland

67



VL Pistek, J Zecha, RW Furst, SE Ulbrich “Optimization of experiments using bisulfite
pyrosequencing for gene-specific DNA methylation analyses”, 6" International qPCR & NGS
Event (18.03. — 22.03.13), Freising, Germany

VL Pistek, RW First, SE Ulbrich “Analyzing direct and long-term effeWcts of low-dose estradiol-
17B exposure on endometrial gene expression and DNA methylation”, 15t COST Action FA1201,
EPICONCEPT, General Conference “Epigenetics and Periconception Environment” (24.4. —
25.4.2013), Antalya, Turkey

VL Pistek, RW Furst, SE Ulbrich “Effect of an oral estradiol-17 treatment on endometrial gene
expression in sows during the periconceptional period”, 9" International Conference on Pig
Reproduction (ICPR) (09.06. — 12.06.13), Olsztyn, Poland

VL Pistek, AK Lorenz, B Kirchner, S Bauersachs and SE Ulbrich “Effects of preimplantational
estradiol-17B exposure on the expression profile of miRNAs in the porcine endometrium”,
EPICONCEPT Workshop 2014 “Epigenomic Toolbox: from Methods to Models” (07.05. —
09.05.14), Las Palmas, Spain

68



Appendix

Appendix |

VL Pistek, RW First, HS Kliem, S Bauersachs, HHD Meyer, SE Ulbrich ,HOXA10 mRNA
expression and promoter DNA methylation in female pig offspring after in utero estradiol-173
exposure”, J Steroid Biochem Mol Biol. 2013;138C:435-444

Appendix I

VL Floter, G Galateanu, RW First, D Seidlova-Wuttke, W Wuttke, E Mostl, TB Hildebrandt, SE
Ulbrich ,Sex-specific effects of low-dose gestational estradiol-17(3 exposure on bone development
in porcine offspring”, Toxicology. 2016;366-367:60-7

Appendix llI

VL Floter, A-K. Lorenz, B Kirchner, M Pfaffl, S Bauersachs, SE Ulbrich ,Impact of
preimplantational oral low-dose estradiol-17 exposure on the endometrium: The role of miRNA”,
Mol Reprod Dev. 2018;85(5):417-426

Appendix IV

VL Fléter, S Bauersachs, RW. First, S Krebs, H Blum, M Reichenbach, SE Ulbrich ,, Exposure of
pregnant sows to low doses of estradiol-17beta impacts on the transcriptome of the endometrium
and the female preimplantation embryos”, Biol Reprod. 2019;100(3):624-640

70



Appendix |

VL Pistek, RW First, HS Kliem, S Bauersachs, HHD Meyer, SE Ulbrich ,HOXA10 mRNA
expression and promoter DNA methylation in female pig offspring after in utero estradiol-178
exposure”, J Steroid Biochem Mol Biol. 2013;138C:435-444

Substantial contributions by Veronika Fléter:

- Main contribution to execution of the animal trial
- Conception and execution of experiments

- Analysis and interpretation of data

- Drafting of tables and figures

- Writing the original draft of the manuscript

Veronika Floter
Susanne E. Ulbrich

2 /1
ASang £ Ul



Journal of Steroid Biochemistry & Molecular Biology 138 (2013) 435-444

Contents lists available at ScienceDirect e
Steroid
Biochemistry &
Molecular

Journal of Steroid Biochemistry and Molecular Biology |"'%

journal homepage: www.elsevier.com/locate/jsbmb )4

HOXA10 mRNA expression and promoter DNA methylation in female ()
pig offspring after in utero estradiol-173 exposure

CrossMark

Veronika L. Pistek®P, Rainer W. Fiirst?, Heike Kliem?, Stefan Bauersachs®,
Heinrich H.D. Meyer?®!, Susanne E. Ulbrich®*

2 Physiology Weihenstephan, Technische Universitdt Miinchen, Weihenstephaner Berg 3, 85354 Freising, Germany

b 7 I E L PhD Graduate School ‘Nutritional Adaptation and Epigenetic Mechanisms’, Technische Universitdt Miinchen, Freising, Germany

¢ Molecular Animal Breeding & Biotechnology and Laboratory for Functional Genome Analysis (LAFUGA), Gene Center, Ludwig-Maximilians-Universitdt
Miinchen, Feodor-Lynen-Strasse 25, 81377 Munich, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 27 May 2013

Received in revised form 20 August 2013
Accepted 9 September 2013

Early exposure to environmental estrogens may exert lasting impacts on health. In rodents, homeobox
A10 (HOXA10) was demonstrated to be a target of early endocrine disruption, as indicated by persistent
changes in uterine HOXA10 expression and promoter DNA methylation in the offspring. This study aimed
at analyzing long-term effects of estradiol-173 on porcine uterine HOXA10. Therefore, offspring were
exposed in utero to low (0.05 and 10 pg/kg body weight/day) and high (1000 p.g/kg body weight/day)

Keywords: doses, respectively. We, furthermore, investigated whether promoter DNA methylation was generally
HOXA10 . . . . . .

Endometrium involved in regulating HOXA10 expression. Unexpectedly, the maternal estrogen exposure did not dis-
Estradiol tinctly impact HOXA10 expression and promoter DNA methylation in either pre- or postpubertal offspring.

Pig Although differential HOXA10 expression was observed in endometrial tissue during the estrous cycle and
the pre-implantation period, no concurrent substantial changes occurred regarding promoter DNA meth-
ylation. However, by comparing several tissues displaying larger differences in transcriptional abundance,
HOXA10 expression correlated with promoter DNA methylation in prepubertal, but not postpubertal, gilts.
Thus, promoter DNA methylation could affect gene expression in pigs, depending on their stage of devel-
opment. Clearly, early estrogen exposure exerted other effects in pigs as known from studies in rodents.
This may be due to endocrine differences as well as to species-specific peculiarities of tissue sensitivity
to estradiol-17@ during critical windows of development.

Epigenetics
DNA methylation

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Humans are exposed to various exogenous substances that
interfere with the endogenous hormone system [1]. Among these
compounds, which are summarized as endocrine disrupting chem-
icals (EDC), there are many ubiquitous xenoestrogens like some
plasticizers, pesticides, or pharmaceuticals. In addition, natural
hormones present in food, such as phytoestrogens in plant prod-
ucts, contribute to the pool of estrogenic substances to which
humans are exposed. Nowadays, it is widely accepted that disrup-
tive stimuli during pre- and perinatal development are of concern
regarding health consequences later in life [2]. This is known as the
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E2, estradiol-173; EDC, endocrine disrupting chemicals; MS-HRM, methylation-
sensitive high resolution melting; P4, progesterone; T, testosterone.
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hypothesis of developmental origin of health and disease (DOHaD).
EDC may contribute to the observed adverse effects, as develop-
ing organisms are particularly sensitive to exogenous hormonal
influences [3,4]. This has been described in numerous studies on
experimental and wildlife animals, with epigenetic changes in
DNA methylation as a potential underlying mechanism reasoning
observed outcomes later in life [5,6].

In this regard, the female reproductive tract has been shown
to be sensitive to early EDC exposure, which affects fertility and
reproductive health later in life [1,7,8]. Uterine homeobox A10
(Hoxa10) expression and promoter DNA methylation are possible
targets of early estrogen exposure that can be involved in reduced
uterine receptivity in adult animals [9-12]. HOX genes are highly
evolutionary conserved transcription factors that are essential for
regulating the axial patterning of the body during embryogenesis
[13]. They are additionally involved in differentiation processes in
the adult. Hoxa10 is best known for its role in the uterus regarding
morphologic development and tissue patterning [14]. In the adult
organism, Hoxa10 is essential for embryo survival and implantation
as demonstrated by knockout mice, which are infertile [15]. Differ-
entially expression of endometrial HOXA10 during the estrous cycle
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Fig. 1. Design of the ‘E2 exposure study’ (a), ‘estrous cycle study’ (b), and ‘pre-
implantation study’ (c¢), respectively. Arrows (1) indicate sampling points and day
0 represents the estrus.

has been shown in humans, with highest abundance at the time
of implantation during the mid-secretory phase [16]. Additionally,
HOXA10 expression increases during early pregnancy in the peri-
implantation period in mice [15], pigs [17], canine [ 18], and bonnet
monkey [19]. Some of the changes found in Hoxa10 knockout mice
[14] and in mice with altered Hoxa10 expression using gene trans-
fection [20], can also be found in mice, rats and pigs treated with
xenoestrogens. Mice and rats showed altered uterine morphology
[21], fewer implantation sites [9], reduced pregnancy rates [22],
and increased embryo mortality [23]. A reduced embryo survival
was also demonstrated in pigs [12]. Furthermore, EDC exposure
altered HOXA10 expression directly after in utero [24,25] or early
postnatal exposure [10,26], and in adulthood after developmental
exposure [11,27], respectively. The pre-implantation phase in pigs
has been shown to be a sensitive time phase during pregnancy with
respect to disruption through exogenous estrogenic compounds,
specifically prior to the naturally occurring alterations in estrogen
concentrations [28-30]. These treatments have shown to induce
embryonic losses.

Invitro studies using the human Ishikawa cell-line have depicted
amechanism of how estrogens bound to the estrogen receptor acti-
vated HOXA10 expression through binding to estrogen response
elements in the promoter region [31-33]. In addition, porcine and
human primary endometrial cells treated with estradiol-17(3 (E2)
have shown an increase in HOXA10 expression [16,34]. Further-
more, in vitro studies of Bromer et al. [11] demonstrated that
promoter DNA methylation inhibited binding of estrogen recep-
tor alpha to the estrogen response element and prevented an E2
mediated increase of Hoxal0 promoter activity. As shown in mice,
this is a potential mechanism explaining developmental long-term
consequences of early estrogen exposure [11].

Similar to endogenous hormones, EDC are able to exert effects
at very low, environmental relevant doses and do not always act
in a linear dose dependent manner [35]. It has been shown in
rodents, pigs, sheep and humans that even low dose exposure to
estrogenic substances can have lasting consequences [9,36-39].
In female ovine offspring, in utero exposure to methoxychlor and
bisphenol A (BPA) impaired the timing and the amplitude of the
prepubertal luteinizing hormone (LH) surge, respectively [38]. In
addition, the hypothalamic mRNA expression of estrogen receptor
alpha and beta were altered, possibly being related to changes in
the LH surge [39]. Furthermore, early exposure to E2, also at low
doses, affected postnatal development. Altered body composition
after gestational oral supplementation in male porcine offspring
[37], and behavioral alterations in female ovine offspring after ges-
tational and lactational exposure [40] were demonstrated.

In the present study, distinct concentrations of E2, with two
low doses representing the acceptable daily intake (ADI) and the
no observed effect level (NOEL), as recommended for humans [41],
as well as a high dose, were applied in a pig animal model. The
high dose has already been shown to influence body composition in
the male offspring [37]. In contrast to other studies using rodents,
which is a common animal model, the pig was chosen due to its
similarities with the human regarding placental estrogen synthesis
[37,42]. We tested the hypothesis that in utero estrogen treatment
affects uterine HOXA10 expression and promoter DNA methyla-
tion in pre- and postpubertal female offspring. Additionally, to
deepen the understanding of HOXA10 expression in the pig and
its regulatory mechanisms, we analyzed if promoter DNA methyla-
tion was involved in HOXA10 expression. The endometrium during
the estrous cycle and the pre-implantation period as well as sev-
eral reproductive and non-reproductive tissues were under specific
investigation.

2. Materials and methods
2.1. Animal trials and sampling

An ‘E2 exposure study’ (Fig. 1a) was conducted as described ear-
lier [37].In brief, German Landrace sows inseminated with Pietrain
semen were fed distinct amounts of E2 during the whole length of
gestation (n=6-7/treatment). There were two low dose treatment
groups corresponding to the ADI (0.05 wg/kg bw/d) and approx-
imately the NOEL (10 pg/kg bw/d) as recommended for humans
[41], and a high dose (1000 wg/kg bw/d) as well as a control group
(ethanol carrier only) [37]. The E2 was dissolved in ethanol and
half of the daily dose (in 2 ml ethanol) was fed manually within
a bread roll (20g) in the morning and evening, respectively, just
before feeding the animals. Female offspring were slaughtered at 9
weeks of age (prepubertal, n=12/treatment) and at about 1 year of
age (postpubertal, n=8-14/treatment), respectively. Adult female
offspring had at least three estrous cycles after onset of puberty
and were slaughtered during the luteal phase (day 10-13 post-
estrus following frequent observation of estrus behavior). Samples
of prepubertal uterus and postpubertal caudal endometrium were
immediately shock-frozen in liquid nitrogen and stored at —80°C.
Blood samples collected at slaughter were stabilized with EDTA,
and plasma was separated by centrifugation at 4°C and stored at
—20°C until further analysis.

In a second study, the porcine endometrium was sampled dur-
ing the estrous cycle (‘estrous cycle study’, Fig. 1b). Cross-bred
prepubertal gilts of German Landrace and Pietrain were synchro-
nized at the age of 6 month by rehousing in the morning of day
—4 (with day 0 being the day of estrus), injection of 750 iU Interg-
onan (equine chorionic gonadotropin) at day —4, and injection of
750 iU Ovogest (human chorionic gonadotropin) at day —1. Gilts
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were slaughtered atday0, 3,6, 12 and 18 (n=6day~!), respectively.
Endometrial samples were taken from the cranial, intermediate
and caudal part of the uterine horn. The samples were immediately
placed in RNAlater (Ambion, Huntingdon, Cambridgeshire, UK) and
incubated at 4°C overnight, followed by the removal of RNAlater
and storage at —80 °C until further analysis. Plasma samples were
collected at slaughter as described above.

The third study targeted the pre-implantation period (‘pre-
implantation study’, Fig. 1c) and was partially described earlier [43].
In brief, prepubertal German Landrace gilts were synchronized sim-
ilar to the ‘estrous cycle study’ and inseminated at estrus either
with Duroc semen or with seminal plasma from the same boar for
the control groups to detect embryo-induced alterations. The gilts
were slaughtered at day 10, 12, and 14 post-estrus (n=7-10day~!
and status), respectively. Endometrium and plasma was sampled as
described above, and tissue samples were additionally taken from
implantation sites at day 14 as described earlier [43]. Only pregnant
animals where embryos were detected were considered for further
analyses.

In a fourth ‘tissue and development study’, additional sam-
ples were collected from the control animals of the ‘E2 exposure
study’ including uterus, cervix, kidney, vagina, muscle, thymus,
breast tissue, ovary, ileum, oviduct isthmus, oviduct ampulla,
adrenal gland, mesenterial lymphnode (mes. LN), lung, heart, and
liver, from prepubertal animals (9 weeks old), as well as caudal
endometrium, cranial endometrium, cranial cervix, oviduct isth-
mus, oviduct ampulla, ovary, corpus luteum (CL), heart, spleen,
and liver, from postpubertal animals (1 year old). Samples were
collected and treated as described above.

All animal treatments were approved by the local authori-
ties (Ref# 55.2-1-54-2531-68-09; District Government of Upper
Bavaria). All experiments were performed according to accepted
standards of humane animal care.

2.2. Hormone analyses

Our own competitive enzyme immuno assays (EIA) were per-
formed using plasma samples. Estradiol-17@3 (E2) was measured
after ether extraction as described earlier [44]. The protocol of Blot-
tner et al. was applied for quantification of testosterone (T) [45].
Progesterone (P4) was determined according to Prakash et al. [46].
All samples were quantified in duplicates. The lower detection limit
for T, P4, and E2 was 0.02 ng/ml, 0.35 ng/ml, and 2.0 pg/ml, respec-
tively, and all intra- and interassay CVs were <10%.

2.3. Extraction of RNA

Total RNA from the ‘E2 exposure study’ and the ‘tissue and
development study’ was isolated using the NucleoSpin RNAII Kit
(Macherey Nagel, Diiren, Germany). Extraction was performed
according to the manufacturer’s protocol with minor changes.
Namely, the amount of RA1 buffer was increased to 600 .l plus
6 wl B-mercaptoethanol, homogenization was achieved by means
of Matrix-Green beads (MP Biomedicals, Ilikirch, France) and a Mag-
naLyser (Roche, Basel, Switzerland). In order to adjust the binding
conditions, 600 wl of 70% ethanol was added. In addition, the sec-
ond washing step was performed twice to increase RNA purity. The
samples were immediately put on ice and then stored at —80°C.
Total RNA extraction from endometrial tissues of the ‘estrous cycle
study’ and the ‘pre-implantation study’ was performed by means
of TRIzol reagent (Invitrogen, Karlsruhe, Germany) according to the
manufacturer’s instructions. RNA quality and quantity was deter-
mined using the NanoDrop 1000 (peqLab, Erlangen, Germany). For
RNA integrity assessment the Bioanalyzer 2100 (Agilent Technolo-
gies, Waldbronn, Germany) was applied with the RNA 6000 Nano

Kit (Agilent) and handled according to the manufacturer’s protocol.
Only RNA samples with RIN numbers larger than 6 were used for
the analyses to ascertain good performance in qRT-PCR [47,48]. The
mean RIN value was 8.8 +0.9 (+SD).

2.4. Two step quantitative real time PCR

Reverse transcription of RNA samples was performed as
described earlier [49], using the following cycling protocol: anneal-
ing with 20min at 21°C, elongation with 120 min at 48°C,
denaturation of the enzyme for 2min at 90°C. The resulting
cDNA was stored at —20°C. The CFX384™ Real-Time PCR Detec-
tion System (Bio-Rad, Miinchen, Germany) with the MESA Blue
gPCR MasterMix Plus for SYBR® Assay No ROX (Eurogentec,
Koln, Germany) was used to conduct real time qPCR measure-
ments. The qPCR reaction was performed with a final volume
of 10!, consisting of 5ul MESA Blue MaserMix, 0.15ul of
forward (20 wM) and reverse primer (20 M), respectively, as
well as 0.7 ul RNase free water and 4l of 1:4 diluted cDNA.
Nuclease free water instead of cDNA served as a negative con-
trol. In order to amplify specific gene fragments, the following
primers were used (60 °C annealing temperature): HOXA10 (ref:
AF281156; 120bp product) (for 5-AAAGAGCGGCCGGAAGAA-3/,
rev 5-ACGCTGCGGCTGATCTCTAG-3’ [34], histone (H3F3A; ref:
BT020962; 233 bp product) (for 5-ACTGGCTACAAAAGCCGCTC-
3’, rev 5-ACTTGCCTCCTGCAAAGCAC-3’), ubiquitin (UBK3; ref:
718245, 198 bp product) (for 5'~-AGATCCAGGATAAGGAAGGCAT-3/,
rev 5-GCTCCACCTCCAGGGTGAT-3’), tyrosine 3-monooxygenase
(YWHAZ; ref: XM_001927228, 141 bp product) (for 5'- AGGCTGA-
GCGATATGATGAC-3/, rev 5-GACCCTCCAAGATGACCTAC-3’). An
amplified PCR product from each primer pair was sequenced to
assure product identity. Subsequently, the specific melting point
served to verify the product. The cycle of quantification (Cq) was
calculated after baseline subtracted curve fitting using the single
threshold method (Bio-Rad CFX Manager V1.5.534.0511 software).
Relative quantification of the qPCR products was performed as rec-
ommended by Livak and Schmittgen [50]. Reference genes were
selected using the NormFinder from the GenEx software (GenEx
Pro Ver 4.3.4 software multiD Analyses AB, Gothenburg, Sweden).
HOXA10 C4 values were normalized (ACy) using the geometric
mean of the three reference genes (H3F3A, UBK3, YWHAZ) accord-
ing to the BestKeeper method [51]. For graphical presentation, fold
changes were calculated [50].

2.5. DNA extraction and bisulfite conversion

The extraction of DNA from tissues samples and the follow-
ing bisulfite conversion were conducted as described earlier [52].
DNA purity and quantity were assessed using the NanoDrop 1000.
Muscle and liver DNA were purified before conducting the bisul-
fite conversion using the genomic DNA Clean & Concentrator Kit
(Zymo Research, Irvine, CA, USA), because the 260/230 ratio was
below 1.6.

2.6. Combined methylation-sensitive high resolution melt
(MS-HRM) and pyrosequencing

HOXA10 promoter DNA methylation analyses were performed
using PCR amplification on bisulfite converted DNA with high
resolution melt (HRM) followed by pyrosequencing as reported
recently [53]. The HOXA10 sequence of interest was derived
using the comparative genomic function with the genomic align-
ment tool at the ensemble website (http://www.ensembl.org/;
genome assembly Sscrofal0.2). Here, different species were
aligned to retrieve the sequence of interest, namely the
homologous promoter region of porcine HOXA10, where DNA
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methylation changes have been associated with alterations in
HOXA10 expression in humans [54] and rodents [11]. The
HOXA10 primer sequences used for the MS-HRM analysis
were 5-GGTAGTTTTTGTAGTTTTTGGTTTTITGGGTTGAGGTA-3' and
5'-Bio-ACCCTTTCTAACTAACATTTCTTATACAAAACATACT-3’ (58°C
annealing temperature). The primer sequence for the subsequent
pyrosequencing reaction was 5-GTTTAAGAAATTAAATTGGGAGT-
3’. The MS-HRM primers are situated in the CpG island of the 5’
promoter region, located at —204 bp to —19 bp, with +1 bp being the
transcription start site (TSS). The pyrosequencing analysis included
all 10 CpG sites from —93 bp to —19 bp.

2.7. Transcription factor binding site and sequence analysis

The retrieval of transcription factor binding sites was performed
by means of the MatInspector (Genomatix, Munich, Germany)
software algorithm [55]. The sequence analysis was conducted
using the ensemble genome browser (http://www.ensembl.org).
The comparative genomics with the genomic alignment functions
was conducted with the 12 eutherian mammals EPO alignment to
assess the degree of conservation of the sequence that was used to
conduct the DNA methylation analysis.

2.8. Statistical analyses

The SAS program package release 9.2 (2002; SAS Institute, Inc.,
Cary, NC, USA) was used for the statistical analyses. An ANOVA
mixed model was applied in order to assess differences between
groups. In the ‘E2 exposure study’, the Dunnett’s post hoc test was
carried out to evaluate the possible difference between treated
and control groups. In the ‘estrous cycle study’, we first analyzed
whether there were differences in HOXA10 expression between the
three uterine areas from which endometrial tissues were taken
at each individual day of the estrous cycle. As no differences
were apparent, the data were integrated into the mixed model as
repeated measurements, considering them as tissue replicates. In
order to compare all days of the estrous cycle that were under
investigation, the Bonferroni post hoc test was selected. For the
‘pre-implantation study’, the measurements from the three uterine
areas were also compared first, separated by the day and the status.
No differences were found and thus, the data were integrated into
the mixed model as repeated measurements, considering them as
tissue replicates. Then, a mixed model was applied to analyze the
effect of the day, separately for the control and pregnant animals,
as well as to compare the status separately at each of the three days
analyzed. The Bonferroni post hoc test was applied. Although major
changes in transcriptional abundance were apparent in the ‘tissue
and development study’, a statistical analysis was not performed
due to the limited number of different animals under investigation
(n=2). The correlation analyses were conducted by computing the
Pearson correlation coefficient with SAS, and the linear regression
analysis was performed using SigmaPlot program package release
11.0 (SPSS, Chicago, IL, USA). All analyses using DNA methylation
data were conducted for each single CpG site. Differences with a
p-value of <0.05 were considered significant. Graphs were plotted
using SigmaPlot. Data are shown as mean =+ SE.

3. Results
3.1. E2 exposure study

Neither the data presented for the prepubertal animals by
Fiirst et al. [37] nor absolute and relative uterine weight (uterine
weight/body weight) differed between all groups analyzed (Suppl.
Table A1). In the postpubertal offspring, neither body weight, age

at slaughter nor number of corpora lutea showed significant differ-
ences between the treatment groups and the control group (Suppl.
Table A1). Furthermore, free plasma E2, T, and P4 were similar
in all groups analyzed (Suppl. Table A1). The average concentra-
tion was 15.8 £0.8 pg E2/ml, 92.3 +6.0 pgT/ml, and 30.0+1.6ng
P4/ml.

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.jsbmb.2013.09.
006.

Although there was an overall significant treatment effect
on uterine HOXA10 mRNA expression in the prepubertal piglets
(p=0.02), neither group was significantly different from the control
group (Fig. 2a). HOXA10 promoter DNA methylation was generally
low (2.1+0.1% on average), and there were no treatment effects
in the prepubertal piglets, except at CpG site 4 between the con-
trol group and the highest dose group (p=0.02) (Fig. 2b). However,
promoter DNA methylation at site 4 did not correlate with HOXA10
mRNA expression (data not shown). In the postpubertal sows,
HOXA10 mRNA expression (Fig. 2c) and promoter DNA methylation
(Fig. 2d) were unaffected.

Prepubertal piglets had significantly higher HOXA10 mRNA
expression compared to the postpubertal sows in all treatment
groups (p<0.0001) with a difference of 2.6-fold on average (Fig. 2a
and c). Regarding promoter DNA methylation, the largest differ-
ences between pre- and postpubertal animals were observed at
CpG site 3 with mean values in the prepubertal animals of 3.7 £ 0.3
and 9.7 £ 0.6 in the adult sows (p <0.0001) (Fig. 2b and d).

3.2. Estrous cycle study

Plasma P4 concentration significantly changed throughout the
estrous cycle (p<0.0001). It was lowest at day 0 (0.3 +£0.1 ng/ml)
and highest at day 12 (31.2 £ 4.9 ng/ml). Intermediate levels were
found at day 3 (7.9 4+ 0.9 ng/ml), day 6 (13.4 £+ 2.2 ng/ml) and at the
end of the luteal phase, at day 18 (14.5 +6.10 ng/ml).

Endometrial HOXA10 expression significantly varied during the
estrous cycle (p<0.0001) (Fig. 3a). The transcript abundance was
highest at day 0, 2.5-fold lower at day 3 (p<0.0001), and 1.5-fold
higher again at day 6 (p=0.04). The day of the cycle significantly
affected HOXA10 promoter DNA methylation only at CpG site 3
(p=0.04) (Fig. 3b). However, this did not correlate with HOXA10
expression (data not shown).

3.3. Pre-implantation study

The plasma concentrations of P4, as well as the number of cor-
pora lutea (CL), did not vary between the control and the pregnant
group at day 10, 12 and 14 post-estrus, respectively (Suppl. Table
B1). However, day 10 control animals had significantly higher P4
concentrations compared to controls at day 12 (p=0.0171). Analog
to these findings, the number of CL was significantly higher in con-
trol animals at day 10 compared to day 12 (p=0.0438). There was
no significant difference in either P4 concentration or number of CL
in the pregnant animals at days 10, 12 and 14 post-estrus, respec-
tively. In addition, the number of CL significantly correlated with P4
concentration (p <0.0001). In contrast, HOXA10 mRNA expression
neither correlated with P4 concentration (p=0.1386) nor with the
number of CL (p=0.3786).

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.jsbmb.2013.09.
006.

Early pregnant endometrial HOXA10 transcript abundance was
significantly affected by the day of the cycle (p=0.02) (Fig. 3c), with
day 12 exhibiting a lower expression compared to day 14 (p=0.02).
In the non-pregnant control animals, there was a significant over-
all effect of the day of the cycle on HOXA10 expression (p=0.04).
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Fig. 2. HOXA10 mRNA expression and promoter DNA methylation in offspring from E2 treated sows. HOXA10 transcript abundance was unaltered compared to the control
group in the uterus of prepubertal piglets (n=12/group) (a) and in the endometrium of postpubertal sows (n=8-14/group) (c), respectively. Similar results were found for
promoter DNA methylation at almost all CpG sites analyzed in prepubertal piglets (n=4-6/group) (b) and postpubertal sows (n=5-6/group) (d), respectively. Values are
depicted as mean = SE. Different superscript letters indicate significant differences (p <0.05).

The pair-wise comparison at each day revealed significantly higher
transcript levels in the pregnant animals at day 14 (p=0.03). This
difference was even more pronounced at implantation sites (data
not shown). The HOXA10 promoter DNA methylation analysis did
not reveal any changes at nine out of the ten CpG sites. There was
a significant effect of the day of the cycle only at CpG site 2 in the
non-pregnant animals (p=0.03) (Fig. 3d). However, there was no
significant correlation of promoter DNA methylation with mRNA
expression (data not shown).

3.4. Tissue and development study

The uterus and endometrium of pre- (Fig. 4a) and post-
pubertal (Fig. 4b) pigs, respectively, showed a higher expres-
sion of HOXA10 compared to the other tissues. When com-
paring the highest with the lowest expressing organs in
pre- and postpubertal animals, the differences in HOXA10 expres-
sion were up to 20,000-fold and 6000-fold, respectively. Reproduc-
tive organs showed either high (uterus, cervix, oviduct isthmus)
or low (oviduct ampulla) HOXA10 transcript abundance. How-
ever, there were some alterations between the two developmental
groups, e.g. HOXA10 expression was lower in the isthmus but higher
in the ovary of prepubertal compared to postpubertal animals. Sim-
ilar findings were also observed regarding HOXA10 promoter DNA

methylation in prepubertal piglets (Fig. 4c) and postpubertal sows
(Fig. 4d), such as higher methylation in the isthmus of the latter.
Only CpG site 3 is shown in these figures, a graph containing all
CpG sites can be found in the supplements (Suppl. Fig. A1).

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.jsbmb.2013.09.
006.

A correlation analysis of HOXA10 gene expression and promoter
DNA methylation revealed a significant negative correlation at all
10 CpG sites in the prepubertal piglets, ranging from p=0.04 to
p<0.0001 (Table 1). As this effect was strongest at CpG site 3, a
linear regression was performed and is depicted in Fig. 4e and
f for pre- and postpubertal animals, respectively. In contrast to
prepubertal animals, no CpG site analyzed in postpubertal ani-
mals showed a significant correlation. In addition, if only taking
into account the tissues that were analyzed in both developmen-
tal groups, the regression at site 3 in prepubertal animals was still
significant (p=0.02, R”2=0.417).

The analysis of the DNA sequence at CpG site 3 showed that it is
part of the binding site for a transcription factor named “activator-
, mediator- and TBP-dependent core promoter element for RNA
polymerase II transcription from TATA-less promoters”. This site
was found to be conserved between humans, pigs and many other
mammals, however not in mice and rats (Suppl. Fig. B1).
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Fig. 3. Endometrial HOXA10 mRNA expression and promoter DNA methylation in cyclic and early pregnant gilts. HOXA10 transcript abundance was highest at estrus
(n=6/group)(a), and significantly different between early pregnant (black bars) and control (white bars) animals at day 14 (n =4/group) (c). HOXA10 promoter DNA methylation
at CpG sites 1-5 is shown. It was similar between the time points analyzed except for CpG sites 3 and 2, respectively, in the mentioned groups [(n=2/group) (b) and
(n=2-3/group) (d), respectively]. Different superscript letters indicate significant differences between groups (p <0.05). Control and pregnant animals were compared

separately regarding effects of the day of the cycle.

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.jsbmb.2013.09.
006.

4. Discussion

Exogenous E2 possesses endocrine disrupting properties
[28,29,37,40,56]. However, in contrast to our expectation, we did
not find profound effects of orally administered E2 during preg-
nancy on HOXA10 expression in neither pre- nor postpubertal
offspring. Concerning HOXA10 promoter DNA methylation, only
one CpG site was significantly altered in the prepubertal uterus,
but did not correlate with gene expression. This result is contra-
dictory to previous studies, which may be due to the following
reasons.

At first, reported effects of EDC may be substance- and dose spe-
cific. In contrast to the present study where E2 was applied, Hoxa10
mRNA and protein expression changes were mainly demonstrated
using BPA [9-11,32] or DES [24,25,57,58]. Only few studies have
used other estrogenic substances such as methoxychlor [27] or
estradiol valerate [26]. The named estrogenic substances are known
to activate HOXA10 mRNA and protein expression in vitro as shown
in human Ishikawa cells [27,32]. However, in vivo during early
development they may act in diverging ways. For instance in mice,
DES was shown to exert a long-term increase in Hoxal0 promoter
DNA methylation, while BPA led to a decrease [11,58]. Long-term
decrease of neonatal low-dose BPA exposure on HoxalO gene
expression has been demonstrated in rats [9]. As non-monotonic
dose responses are well known to occur [35], a wide range of
E2 doses were applied in the present study. These doses were

Table 1
Correlation analysis of HOXA10 mRNA expression with promoter DNA methylation at each single CpG site in the different tissues from prepubertal animals.
HOXA10 [Gq] CpG 1 CpG 2 CpG3 CpG 4 CpG5 CpG 6 CpG7 CpG 8 CpG9 CpG 10
HOXA10 [Cq] 1 0.481 0.540 0.724 0.609 0.579 0.630 0.530 0.403 0.385 0.444
p-Value 0.007 0.003 <0.0001 0.0004 0.0008 0.0002 0.003 0.03 0.04 0.02

The Pearsons correlation coefficient and the p-value of each CpG site are shown.
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Fig.4. Developmental HOXA10 expression and promoter DNA methylation. HOXA10 transcript abundance displays large differences within reproductive and non-reproductive
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methylation of all tissues analyzed at CpG site 3 is significant in prepubertal piglets (e) but not in postpubertal sows (f).

assumed to cover most of the possible effects of environmental
E2 exposure. However, as none of the doses showed substan-
tial effects, in utero application of E2 might generally not lead
to changes in porcine HOXA10 expression and promoter DNA
methylation.

Second, it is well known that reported effects of EDC depend
on the time of exposure and the time of target analysis. Regarding

the former, Bromer et al. [11] showed that in utero BPA exposure
led to a decrease in Hoxal0 promoter DNA methylation in mice,
while postnatal exposure of BPA in rats did not affect promoter
DNA methylation [9]. Most of the porcine studies applying exoge-
nous estrogens and focusing on uterine development have been
performed in the context of the lactocrine hypothesis [7]. This
hypothesis assumes that the early postnatal phase is a sensitive
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window. Postnatally, uterine differentiation occurs under control
of estrogen receptor alpha, but without endogenous ovarian estro-
gen synthesis. In respect of the time of target analysis, an increase
of HOXA10 expression was shown in piglets directly after neona-
tal exposure to estradiol valerate for 14 days [26]. However, a
long-term effect on HOXA10 expression in the adult animals was
not observed. In the present study pre- and postpubertal female
offspring were under investigation, but neither porcine HOXA10
expression nor DNA methylation was substantially affected by the
oral application of E2 during the entire length of pregnancy. Thus,
the reported long-term effects on HOXA10 may be due to speci-
ficities of sensitive windows of application and the time of target
analysis.

This leads to the third possible reason, namely species-specific
differences. Unlike in rodents, the pig is exposed to high endoge-
nous concentrations of estrogens during the prenatal period due
to the placental estrogen synthesis [37,59]. This as well holds true
for women and substantiates the hypothesis that an in utero expo-
sure to environmental relevant doses of estrogens is unlikely to
be effective [60]. However, there are studies in humans indicat-
ing effects due to low dose exposures, such as during gestation
through hormones from a twin [35]. In the present study, in
utero estrogen exposure did not affect body weight in the female
offspring, which is in contrast to results in mice [61,62]. Concern-
ing HOXA10, differences as well as similarities between species
appear. It seems to be conserved that uterine HOXA10 expression
increases during implantation [15,17-19]. This finding was further
strengthened by our result that HOXA10 expression was higher in
pregnant sows compared to cyclic animals at day 14. However,
in situ and in vivo studies indicate that estrogens are able to down-
regulate Hoxa10 mRNA and protein expression in rodents [9,10],
whereas they lead to an increase of HOXA10 in pigs [26,34]. Fur-
thermore, the murine Hoxa10 promoter was shown to possess an
average of 70% DNA methylation prepubertally [11]. We found
the HOXA10 promoter to be very low methylated in all tissues
analyzed, similar to adult humans and baboons [54,63,64]. Thus,
species-specific peculiarities need to be taken into account when
extrapolating epigenetic effects on Hoxal0 from rodents to other
species.

Next to developmental long-term consequences of early
estrogen exposure, we analyzed HOXA10 expression and DNA
methylation in pre- and postpubertal animals as HOXA10
is known to be important for female reproductive health
[15,65,66].

HOX genes are important conserved regulators [67]. However,
as uterine development, morphology and function differ between
species, the regulation of HOX genes may have equally undergone
evolutionary changes. The role of HOXA10 promoter DNA meth-
ylation regulating mRNA expression is particularly interesting, as
two recent studies have indicated the possibility of cyclic changes
in DNA methylation as an underlying regulatory mechanism of
gene expression [68,69]. An inverse relationship between HOXA10
expression and promoter DNA methylation has been observed in
mice [11], baboons [63], and humans [54]. Thus, a more general
possible involvement of DNA methylation causing transcriptional
changes of HOXA10 was studied in pigs. HOXA10 mRNA abundance
undergoes changes during the estrous cycle in human [16,70] and
dogs [18]. We demonstrated here that HOXA10 was significantly
higher at estrus than at any other day analyzed, thus at the time
where high E2 concentrations prevail [71]. In addition, HOXA10
mRNA expression increased during early pregnancy, similar to
what was shown earlier in several species [15,17-19]. Furthermore,
we observed only few changes of promoter DNA methylation and
no association with mRNA expression neither during the estrous
cycle nor during early pregnancy in the pig. The observed changes
in Hoxa10 expression in rodents after early estrogen exposure were

found most pronounced in the subepithelial stroma [9,11], rep-
resenting a large subset of cells. Concordant, HOXA10 protein is
widely expressed in the uterine epithelial and stromal cells in the
pig as well as in other species [9,11,63,72]. Thus, it may be assumed
that changes in HOXA10 promoter methylation would be detected
in DNA from endometrial homogenates, and not only from specific
cell types.

The regulation of tissue specific gene expression by DNA meth-
ylation is generally acknowledged [73,74]. The magnitude of
difference in HOXA10 expression in endometrial tissue during the
estrous cycle was about 2-fold in the present study, which is similar
towhat has been observed in humans [ 16]. To study more enhanced
expression differences, we analyzed different porcine tissues. To
date, HOXA10 expression has mainly been investigated in the uterus
of several species, while also being found in some other tissues.
Thus it seems that HOX-genes are not only essential transcription
factors for tissue development, but are also of importance in dif-
ferentiated organs. We found large differences in gene expression,
and although HOXA10 promoter DNA methylation was low, there
were still some changes from pre- to postpubertal stage. This is in
accordance with the observation that DNA methylation still under-
goes changes after birth and later in life, reflecting developmental
changes in the composition of cell types and/or cellular matura-
tion processes with changes in DNA methylation occurring [75-78].
Interestingly, there was a significant correlation of HOXA10 gene
expression and DNA methylation in prepubertal piglets. This effect
was most pronounced at CpG 3, a site that was shown to be a con-
served sequence in many mammalian species as well as a potential
target for a transcriptional activator to bind. The idea that methyl-
ation at a single CpG sites influences transcriptional regulation was
depicted by Tierney and colleagues as it abrogated transcription
factor binding [79]. While Fiirst et al. demonstrated that methyla-
tion at a single CpG site can be associated with tissue specific gene
expression [53]. A similar association could not be depicted
in the postpubertal animals, indicating potential differences in
gene regulation during development compared to the postpu-
bertal state. The large mRNA expression differences observed
between multiple tissues during adulthood may be due to
epigenetic or non-epigenetic mechanisms. For example, it
may be related to different histone modifications [80] or to
tissue specific expression of transcription factors and their
co-factors.

In summary, neither HOXA10 mRNA expression nor promoter
DNA methylation was substantially affected by the in utero E2 expo-
sure, independent of a low or high dose treatment. The analyses
were performed in the uterus and endometrium of pre- and post-
pubertal porcine offspring, respectively. This finding is in contrast
to published data in rodents where Hoxal0 has been demon-
strated as a target gene of early EDC exposure regarding mRNA and
protein expression, as well as promoter DNA methylation [9,11].
However, this result does not exclude other tissue-specific tran-
scriptome and/or methylome effects in the offspring targeted by
the E2 exposure. Rather, it emphasizes the well-known observation
that effects of EDC are substance, dose, target, window of expo-
sition and, most importantly, species-specific. Thus, it may point
toward different effects on HOXA10 in species of high estrogen
sensitivity, due to low endogenous estrogen concentration dur-
ing pregnancy, such as in rodents [59]. Notably, this is neither the
case in pigs nor in humans [37,60]. The absence of a pronounced
association between HOXA10 expression and DNA methylation
highlights that DNA methylation at this genomic loci is not gen-
erally involved in HOXA10 expression. However, HOXA10 mRNA
expression correlating to promoter DNA methylation in prepu-
bertal piglets, but not in adult sows, is a peculiar finding that
contributes to broadening the knowledge of developmental tissue
specific gene regulation.
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Estrogens are important for the bone development and health. Exposure to endocrine disrupting
chemicals during the early development has been shown to affect the bone phenotype later in life.
Several studies have been performed in rodents, while in larger animals that are important to bridge the
gap to humans there is a paucity of data. To this end, the pig as large animal model was used in the present
study to assess the influence of gestational estradiol-173 (E2) exposure on the bone development of the
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glgi enetic dose (1000 p.g E2/kg body weight), respectively, were fed to the sows every day from insemination until
Lgvg-dose delivery. In the male prepubertal offspring, the ADI dose group had a lower strength strain index
Estradiol (p=0.002) at the proximal tibia compared to controls, which was determined by peripheral quantitative

computed tomography. Prepubertal females were not significantly affected. However, there was a higher
cortical cross-sectional area (CSA) (p=0.03) and total CSA (p=0.02) at the femur midpoint in the adult
female offspring of the NOEL dose group as measured by computed tomography. These effects were
independent from plasma hormone concentrations (leptin, IGF1, estrogens), which remained unaltered.
Overall, sex-specific effects on bone development and non-monotonic dose responses were observed.
These results substantiate the high sensitivity of developing organisms to exogenous estrogens.

© 2016 Elsevier Ireland Ltd. All rights reserved.

Development

endocrine disrupting chemicals (EDCs) on various organs and body
systems (Diamanti-Kandarakis et al., 2009; McLachlan, 2001).
According to the Developmental Origin of Health and Disease
hypothesis (DOHaD), developmental plasticity allows early envi-
ronmental changes to result in epigenetic adaptations possibly
affecting the onset of diseases during adult life (Hochberg et al.,
2011). In this regard, prenatal and early postnatal phases have been
demonstrated as sensitive to exogenous influences. Developing

1. Introduction

Humans and animals are ubiquitously exposed to natural and
synthetic substances with estrogenic activity potentially acting as

Abbreviations: ADI, acceptable daily intake; BMD, bone mineral density; CT,

computed tomography; CL, corpus luteum; CSA, cross-sectional area; DES,
diethylstilbestrol; EDC, endocrine disrupting chemical; EIA, enzyme immunoassay;
E2, estradiol-17f3; ER, estrogen receptor; HU, Hounsfield units; NOEL, no observed
effect level; pQCT, peripheral quantitative computed tomography; SSI, strength
strain index.
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organisms can strongly respond to even very low doses of
estrogenic EDCs, as endogenous hormone levels are low while
their receptors are already in place (Aksglaede et al., 2006; Barle
et al., 2008; Knapczyk et al., 2008; McLachlan, 2001; Nilsson et al.,
2002). Such effects have also been shown for natural substances
such as estradiol-17[3 (E2) (Fiirst et al., 2012; Rasier et al., 2006).

Consequently, studies analyzing early EDC exposure on bone
development and metabolism, which have mainly been conducted
in rodents, demonstrated various direct and/or lasting effects (Agas
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et al.,, 2013). The outcome can depend on the time of exposure, the
substance and dosage, the species or strain, the gender, the time of
analysis, as well as the bone and bone area under investigation. For
example, in utero and neonatal EDC exposure have often shown to
result in an increased bone mineral density (BMD) in adult female
rodent offspring (Kaludjerovic and Ward, 2008, 2009; Piekarz and
Ward, 2007; Rowas et al., 2012), while the results are more
dissimilar in large animals (Hermsen et al., 2008; Lundberg et al.,
2006). Conflicting results have also been described regarding BMD
in male offspring (Hermsen et al., 2008; Kaludjerovic and Ward,
2008; Lind et al., 2009; Piekarz and Ward, 2007; Rowas et al., 2012
Lind et al., 2009; Piekarz and Ward, 2007; Rowas et al., 2012).
Furthermore, studies on female rodent offspring depicted an
increase in the peak load (Kaludjerovic and Ward, 2008; Piekarz
and Ward, 2007 Piekarz and Ward, 2007), whereas a reduction in
bone strength parameters and an increased femur length have also
been shown (Pelch et al., 2012). The latter study by Pelch and
colleagues (Pelch et al, 2012) specifically used a low-dose
diethylstilbestrol (DES) treatment, which was applied during
gestation and lactation. In contrast, Migliacchio and colleagues
(Migliaccio et al., 1996) showed that the same low-dose given only
during gestation did not alter femur length and led to an increase in
bone mass. Similar to the effects on the bone length, strength and
density, alterations have also been described concerning several
bone area parameters (Hermsen et al., 2008; Kaludjerovic and
Ward, 2008; Lundberg et al., 2006; Pelch et al., 2012 Lundberg
et al., 2006; Pelch et al., 2012; Rowas et al., 2012). In female rhesus
monkeys, an increased total cross-sectional area (CSA) at the femur
midpoint was demonstrated in a low-dose but not in a high-dose
treatment group (Hermsen et al., 2008).

Lasting alterations in the bone phenotype may be due to direct
influences of EDCs on bone cell number and activity (Agas et al.,
2013; Chen et al., 2009; Hochberg et al., 2011; Javaid and Cooper,
2002). In addition, EDCs could indirectly affect the bone
development through alterations of endocrine functions (Agas
et al., 2013; Lundberg et al., 2006; Rasier et al., 2006), the onset of
puberty (Bonjour and Chevalley, 2014; Rasier et al., 2006 Rasier
et al.,, 2006) and/or body fat content (Csakvary et al., 2012; Fiirst
et al., 2012; Zhuo et al., 2014). One mechanism causing lasting
changes is the alteration of epigenetic marks such as DNA
methylation (Hochberg et al., 2011; McLachlan, 2001; Nilsson
and Skinner, 2015). In line with this, steroid hormone receptor
complexes are able to change histone modifications (Wierman,
2007).

In addition to rodents, the use of large animal models is
important to transfer experimental results to humans. The pig has
been used in bone research, since human bones are closely
resembled (FDA, 1994; Litten-Brown et al., 2010; Pearce et al., 2007
Litten-Brown et al., 2010; Pearce et al., 2007). Consistently, the U.S.
Food and Drug Administration (FDA) has recommended to use
larger animals such as the pig next to ovariectomized rats as
second species for preclinical drug evaluation for treating
postmenopausal osteoporosis (FDA, 1994). However, there are
only a few studies using large animals to analyze the influences of
EDC exposure during gestation and/or neonatal on the bone
development (Agas et al., 2013; Gutleb et al., 2010; Hermsen et al.,
2008; Lind et al., 2009, 2010; Lundberg et al., 2006). The published
results indicate some effects, although in parts deviating from data
using rodents. A reason could be that - similar to humans - in large
animal models higher estrogen concentrations prevail during
pregnancy compared to rodents, due to placental estrogen
synthesis, which is absent in the latter (Challis and Linzell,
1971; Lange et al., 2002; Robertson and King, 1974; Witorsch,
2002).

In this study, effects of gestational E2 exposure on the bone
development and associated endocrine parameters were analyzed

in porcine offspring. Since hormones can show non-monotonic
dose responses with some effects specifically occurring at low
doses (Vandenberg et al., 2012), the focus was laid on two low
doses corresponding to the safety thresholds for humans—the
acceptable daily intake (ADI) and the no observed effect level
(NOEL) (JECFA, 1999). To our knowledge, this is the first study
addressing early estrogen exposure on long term bone outcome in
pigs.

2. Materials and methods
2.1. Animal experiment

The animal trial was conducted as described earlier (Fiirst et al.,
2012; Pistek et al., 2013). In brief, sows (n=6-7/group) were orally
exposed to E2 (1, 3, 5(10)-ESTRATRIEN-3, 173-DIOL, Steraloids,
Newport. USA) twice daily (0, 0.05, 10 and 1000 g E2 per kg body
weight (BW) per day (d), respectively) from insemination until
delivery. At birth, no significant differences of the analyzed
parameters, including the numbers of piglets, their weight and
gender distribution, were detected (Fiirst et al., 2012). Male and
female offspring (n=10-12 per group, overall n=42 and 46,
respectively) were slaughtered prepubertally at the age of 8 weeks
(d 56) and 9 weeks (d 63), respectively. A second group of females
(n=7-13/group; overall n=41) was kept until the age of about one
year. Siblings were included in the experiments; on average two
per sow. Adult boars were not assessed due to housing limitations.
Starting when these gilts were 23 weeks old, a fresh rectal feces
sample was taken each week to detect the first corpus luteum (CL)
formation as a marker of puberty. These samples were immedi-
ately put on ice and stored at —20 °C. Prior to slaughtering, estrous
cycle behavior was monitored at least once a day and the animals
were slaughtered during the luteal phase (d 10 to d 13 post estrus)
after at least three estrous cycles.

The femur and tibia from the right hind leg of all animals were
stored at —20°C, after they were separated from most of the
surrounding tissue. Plasma was obtained from EDTA (AppliChem,
Darmstadt, Germany) supplemented blood after centrifugation at
4°C and was then stored at —20°C.

The animal trial was approved by the District Government of
Upper Bavaria and performed in accordance with accepted
standards of humane animal care.

2.2. Bone measurements

Both the femur and the tibia of the prepubertal male and female
offspring were analyzed using peripheral quantitative computed
tomography (pQCT, STRATEC XCT 2000 (SA); Stratec, Pforzheim,
Germany). The remaining flesh was removed from thawed bones
and both the tibia and the femur were separated. Subsequently,
pQCT measurements were taken at three bone areas, namely
directly below the epiphyseal plate at the proximal tibia and the
distal femur, as well as directly above the epiphyseal plate at the
proximal femur. By means of a coronal computed radiography
(scout view) the scanner was positioned at the site of measure-
ment where three consecutive slices with 1 mm thickness were
scanned. Further processing of the data was performed using the
software version 5.40 with contour mode 1 and peel mode 2. A
lower threshold of 280 mg/cm?® and an upper threshold of 400 mg/
cm?® were set for the detection of trabecular bone and in order to
separate it from the cortical/subcortical region. The threshold for
the strength strain index (SSI) was set to 380 mg/cm?®. A voxel size
of 0.200 mm was used. Thus, total and trabecular BMD and CSA, as
well as the polar SSI were obtained. Cortical bone was still scarce at
the time of analysis and was therefore not analyzed. In addition,
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the length of the femur and tibia were measured using an
electronic caliper.

In the one year old female offspring, the pQCT could not be
used due to size limitations. Thus, computed tomographic data
was acquired from all bone specimens using a whole body high-
resolution, 128-slice CT scanner (Aquilion CX, Toshiba Medical
Systems Cooperation, Tochigi, Japan). The settings for the CT
helical scans were: 100 kVp; 300 mA; 1.0 s rotation time; field-of-
view (D-FOV) extra-large (LL); pitch factor 0.64; all scans were
performed at constant table height; soft tissue reconstruction
kernel (FC 03); 0.5 mm scan slice thickness. The reconstruction
algorithm “Body-standard Protocol” was used with 0.5/0.25 mm
slice thickness/slice interval for three-dimensional (3D) imaging
and two dimensional (2D) measurements. A dedicated multi-
software workstation (ViTREA Version 6.2 medical diagnostic
software, Vital Images Inc., Minnetonka, USA) provided a wide
variety of clinical viewing protocols for 2D and 3D processing and
analysis of the CT images.

Imaging analysis comprised multiple consecutive steps:

1) Each femuro-tibial specimen (“bone specimen”) was identified
and virtually isolated using both “Trim” and “Sculpt and
Exclude” functions to avoid interference of other specimens
in the same CT image during measurements.

2) Tri-dimensional (3D) rendering was performed for each bone
using the same 3D protocol (“Bone CT, Window/Level Bone:
3500/400"). Four 3D projections were then generated: antero-
posterior (AP), postero-anterior (PA), medio-lateral (ML), and
latero-medial (LM). These 3D images were produced to show
the next femoral aspects: anterior, posterior, medial and lateral
for further identification, if necessary, and for the morphologic
and pathologic, if any, assessment.

3) Sectional planes. Oblique multi-planar reconstructions
(MPRs) were established at a constant W/L: 1300/325, as
follows: (i) the mid-sagittal plane passes through the femoral
head and greater trochanter, proximally, through the dorsal
vascular nutrient foramen and intercondylar (lateral and
medial femoral condyles), distally, (ii) the mid-coronal plane
is established parallel to the long axis of the femur passing
through the caudal part of the femoral head proximally and
the intercondylar groove, distally. Consequently, the axial
plane was perpendicular to the femoral long axis. These planes
were carefully checked both in 3D and MPR images, for
accuracy.

4) Femoral length. In order to determine the femoral length, MPR
images were generated for each bone specimen by means of the
“Oblique 100 mm maximum intensity projection (MIP) Seg-
mented” algorithm, (W/L: 1300/325). Femoral length was
measured as the distance between two horizontal lines drawn
at the femoral extremities. These parameters were gauged in
two orthogonal projections (coronal and sagittal planes).

5) Femoral mid-shaft distance. Half of the femoral length was
established as the true mid-diaphysis point and the axial plane
was positioned at this level.

6) Mid-femoral diaphysis CSAs. Cortical, medular and total CSA
were quantified morphometrically (mm?) at exactly the mid-
shaft femoral diaphysis (named femur midpoint) (Kaludjerovic
and Ward, 2008). The external and internal bone cortical
contours were traced manually (MIP projections, oblique MPRs,
mid-axial images, 0.5 mm slice thickness; W/L: 1300/325) and
the areas of the respective surfaces were calculated automati-
cally by the ViTREA'’s software. Consequently, total femoral CSA
and medular CSA were measured while cortical CSA was
calculated by subtracting medular CSA from total CSA.

7) Volumetric measurements. Femoral volume (mL) and femoral
mean CT number, in Hounsfield units (HU), were automatically

generated at a slice thickness of 0.5 mm by the Vital Images 6.2
Software (“Muscoskeletal CT, 3D Analysis, Segment Anatomy,
Bone” Protocol). Three consecutive measurements of the
femoral volume (V1, V2, V3) were performed and recorded;
subsequently the mean femoral volume was calculated.

2.3. Hormone measurements

Plasma concentrations of insulin-like growth factor 1 (IGF1)
and leptin were measured using competitive enzyme immuno-
assays (EIA) (Velazquez et al., 2011). Total estrogens (estrone, E2
and estradiol-17a) were determined by EIA as described earlier
(Meyer et al., 1990). This value reflects the sum of E2 and estrone, as
the amounts of estradiol-17« are negligible in the pig (Robertson
and King, 1974). Extraction of estrogens from plasma was
performed according to Hageleit et al., 2000 (Hageleit et al.,
2000) with slight modifications. In brief, 0.5 ml plasma and 6 ml
tert-butylmethylether/petrolether 30/70v/v (AppliChem) were
agitated for two hours and were then allowed to stand for 0.5 h.
After being stored over night at —60°C, the supernatant was
decanted and the residues were dried in a speedvac and then
dissolved in 500 .l assay buffer.

The antibody for measuring immunoreactive progesterone
metabolites in feces was raised in rabbits against 5a-Pregnan-313-
0l-20-on hemisuccinate: bovine serum albumin (BSA; Serva,
Amstetten, Austria). Cross-reactivities of the assay are shown in
Supplementary Table Al. EIAs were performed as described
earlier (Schwarzenberger et al., 1996) with minor modifications.
Five ml of 80% methanol (J.T. Baker, VWR, Ismaning, Germany)
was added to 0.5 g wet feces, mixed for 10 min and centrifuged at
4°C at 2340 x g for 15 min. 10 pl of the supernatant were added to
1.99ml assay buffer (1:200 dilution). Microtiter plates coated
with own goat-anti-rabbit IgG and saturated with 0.1% BSA
were used. After two washing steps using cold Tween 20 (Sigma
Aldrich, Munich, Germany), 50 .1 from the prepared samples were
added to each well, as well as 0.25pg-250pg per well of
progesterone standard (Sigma Aldrich). Next, the biotinylated
label (1:2 Mio), and the antibody (1:200 000) were added and
incubated overnight on a rocking plate at 4-6°C. After four
washing steps, streptavidin-peroxidase reaction (1:20,000) was
performed at 4-8 °C for 45 min. After another four washing steps
the substrate was added and incubated for 45 min at 4-8 °C. The
enzymatic reaction was then stopped and the optical density was
measured.

2.4. Statistics

The statistical evaluation was performed using SAS 9.2 (SAS
Institute, Inc.,Cary, NC, USA). The mean values of the three
subsequent slices from the pQCT data were used, as well as the
mean values of CT numbers (Hounsfield units) and femural
volume. In order to account for the use of siblings, a random
intercept model was applied using the mixed procedure with the
repeated measurement function as described by Kiernan and
colleagues (Kiernan et al.,, 2012). The denominator degrees of
freedom were calculated using the residual method (Bell et al.,
2013). Differences between groups were assessed using the
Dunnett’s post hoc test. In case of data being not normally
distributed, this data were logarithmized for the statistical
analysis. Correlation analyses were conducted with the corr
procedure in SAS. For linear regression analyses and graphical
presentation SigmaPlot 11.0 (SPSS, Chicago, IL, USA) was applied.
Data are displayed as mean =+ SE. Statistical significant differences
were assumed with p-values < 0.05.
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Table 1
Bone length, BMD and CSA data of the male prepubertal offspring.

Treatment [g/kg BW/d] Control (0) ADI (0.05) NOEL (10) High-dose (1000) Overall p-Value
Mean SE Mean SE Mean SE Mean SE
Femur length (mm) 104.7 21 101.0 1.9 104.1 2.0 98.5 1.9 0.115
Tibia length (mm) 105.7 3.5 103.0 24 106.4 23 101.4 23 0.455
Distal femur
Total BMD (mg/cm?) 297.8 71 281.2 7.0 2879 71 282.1 7.0 0.311
Trabecular BMD (mg/cm?) 2829 6.2 268.7 6.1 275.7 6.2 2713 6.1 0.428
Total CSA (mm?) 7313 29.2 696.9 275 745.3 29.2 651.4 275 0.105
Trabecular CSA (mm?) 638.4 26.7 614.6 25.0 660.5 26.7 585.0 25.0 0.210
Proximal tibia
Total BMD (mg/cm?) 280.5 5.8 263.9 54 270.6 5.6 271.7 54 0.243
Trabecular BMD (mg/cm?) 277.7 5.7 262.0 5.4 267.9 5.5 269.0 5.4 0.276
Total CSA (mm?) 587.0 27.6 544.9 25.0 586.2 26.2 5234 25.0 0.234
Trabecular CSA (mm?) 531.9 28.8 488.0 26.2 525.6 274 474.9 26.2 0.388

ADI =acceptable daily intake. BMD =bone mineral density. CSA =cross-sectional area. NOEL=no observed effect level. SE=standard error.

3. Results
3.1. Bone parameters

3.1.1. Prepubertal male offspring

Bone length, BMD and CSA measurements at the distal femur
and the proximal tibia of the prepubertal male animals (n=10-11/
group) are depicted in Table 1, and for the proximal femur in
Supplementary Table A2. There were no significant alterations
concerning these parameters.

The SSI was significantly different in male prepubertal
offspring at the proximal tibia (96.3 +11.6 mm>, 45.0 +10.5 mm?>;
71.9+11.0mm?>; 55.1+10.5mm?>; p=0.008). The animals of the
ADI dose group depicted a lower SSI compared to the control
group (p=0.002) as shown in Fig. 1. Although depicting a
similar pattern, the SSI was not significantly affected at the distal
femur (243.8+32.8mm> 169.9+32.3mm> 208.0+32.8mm?>,
137.3 +32.3mm>; p=0.129; Fig. 1).

3.1.2. Prepubertal female offspring

Female prepubertal offspring (n=11-12/group) did not display
significant differences in bone parameters (Table 2 - distal femur and
proximal tibia; Supplementary Table A2 - proximal femur). Still,
there was a tendency of a lower total BMD (p =0.060) and trabecular
BMD (p=0.080) at the distal femur, which although less pronounced
was also observable at the proximal tibia. A similar pattern was
observed for the SSI at the distal femur (484.2+57.6mm>,
370.6 +55.0mm?>, 362.4+551mm> 283.8+57.6mm> p=0.121)

Male Female
3 Control
500 l = ADI
=== NOEL

. High-dose

400
300

200

100 ﬂ*
0

Dist. Femur  Tibia

Strength strain index [mm?3]

Dist. Femur  Tibia

Fig.1. Strength strain index (SSI) in prepubertal offspring after in utero E2 exposure.
Results in male (n=10-11/group) and female (n=11-12/group) offspring at the
distal femur and proximal tibia are depicted. The oral E2 doses during gestation had
been 0 (Control), 0.05 (ADI), 10 (NOEL) and 1000 (high-dose) g E2/kg BW/d,
respectively. The SSI was lower in the ADI dose group compared to the control group
in the male offspring. Values are depicted as mean 4+ SE. Asterisks indicate
significant differences (p < 0.05).

and the proximal tibia (226.9+35.6mm?> 118.3+35.8mm>
145.1 +£34.2mm?>, 100.7 +35.6 mm?>; p=0.123) that are shown in
Fig. 1.

3.1.3. Adult female offspring

Total CSA (683.1 £18.8 mm?, 709.8 + 17.8 mm?,
770.5+23.5mm?, 736.9+13.9mm? p=0.03) and cortical CSA
(444.6 +14.0 mm?, 4476 +13.3 mm?, 503.1 +17.1 mm?,
467.0+11.3mm?; p<0.05) measured at the femural midpoint
were significantly affected by the treatment in the adult female
offspring (Fig. 2). The NOEL dose group revealed a significantly
larger total CSA (p=0.02) and cortical CSA (p=0.03), whereas the
medular CSA was unaffected (242.1 +£13.5 mm?, 262.5 +12.9 mm?,
267.0+16.1 mm? 270.5+11.8mm?; p=0.44). There were no
significant differences regarding femur length, volume and CT
number (Table 3). In addition, cortical CSA was not correlated with
plasma hormone concentrations (Table 4).

3.2. Hormone concentrations

There were no significant differences in plasma concentrations
of IGF1 and leptin between the treatment groups and the control
group in neither male nor female prepubertal offspring (Table 5).

Similar results were found for the adult female offspring
(Table 5), with no significant differences between the treatment
groups regarding plasma IGF1, leptin and total estrogens (reflecting
estrone and E2 concentrations). Although not statistically signifi-
cant, the high-dose group had the first CL formation on average
three weeks later than the control animals (32.1+1.3 weeks,
31.6 £1.3 weeks, 33.6+1.6 weeks, 354413 weeks; p=0.180;
Fig. 3).

4. Discussion

In this study, we analyzed the effect of gestational oral E2
exposure on specific bone parameters and potentially related
endocrine parameters in the offspring. While no significant
alterations were detected in the high-dose group, a low-dose
effect was demonstrated in male piglets as well as in female sows.

Studies in male offspring after early EDC exposure have shown
certain alterations in bone geometry and density (Kaludjerovic and
Ward, 2008; Lind et al., 2009; Rowas et al., 2012 Lind et al., 2009;
Rowas et al., 2012) as well as in bone strength and/or respective
surrogate parameters (Hermsen et al., 2008; Lind et al., 2009; Pelch
et al,, 2012). In male rhesus monkeys, an early 2,3,7,8-tetrachlor-
odibenzop-dioxin (TCDD) treatment led to a change of two
biomechanical parameters in the low-dose group potentially
indicating a more fragile bone (Hermsen et al., 2008). Male mice
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Table 2
Bone length, BMD and CSA data of the female prepubertal offspring.

Treatment [pg/kg BW/d] Control (0) ADI (0.05) NOEL (10) High-dose (1000) Overall p-Value
Mean SE Mean SE Mean SE Mean SE
Femur length (mm) 110.7 1.8 1111 17 113.5 17 113.2 1.8 0.568
Tibia length (mm) 114.3 1.8 112.9 2.0 115.1 1.8 114.4 20 0.860
Distal femur
Total BMD (mg/cm?) 3204 7.5 303.3 71 302.7 7.2 290.6 7.5 0.060
Trabecular BMD (mg/cm?) 291.9 51 281.6 4.7 284.3 4.8 2729 5.1 0.080
Total CSA (mm?) 826.4 30.3 830.2 29.6 848.4 29.3 832.0 303 0.955
Trabecular CSA (mm?) 662.2 30.2 697.2 294 724.9 291 719.4 30.2 0.448
Proximal tibia
Total BMD (mg/cm?) 288.7 6.7 275.5 6.8 281.6 6.5 268.5 6.7 0.194
Trabecular BMD (mg/cm?) 2821 6.0 271.7 6.0 2778 5.8 264.9 6.0 0.207
Total CSA (mm?) 695.1 26.4 695.4 26.7 699.7 25.6 665.8 26.4 0.788
Trabecular CSA (mm?) 623.3 271 636.9 275 638.5 26.4 604.0 271 0.789

ADI = acceptable daily intake. BMD =bone mineral density. CSA=cross-sectional area. NOEL=no observed effect level. SE =standard error.
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Fig. 2. Cross-sectional area (CSA) in adult female offspring after in utero E2
exposure.

The CSA was measured at the femur midpoint in the adult female offspring (n=7-
13/group). The oral E2 doses during gestation had been 0 (Control), 0.05 (ADI), 10
(NOEL) and 1000 (high-dose) wg E2/kg BW/d, respectively. Cortical and total CSA
were significantly higher (p < 0.05) in the NOEL dose group compared to controls.
Values are depicted as mean + SE. Asterisks indicate significant differences.

receiving DES during early development depicted a reduction in
bone strength parameters when torsional force was applied (Pelch
et al,, 2012). In addition, the polar moment of inertia, a surrogate
parameter of the resistance to torsion, was reduced in rams
exposed to a mixture of EDC (Lind et al., 2009). Overall, weaker
bones were repeatedly reported in male offspring after early EDC
exposure. Although in contrast to the studies above mentioned we
analyzed bones of prepubertal males at the epiphysis. We found a
reduction in the polar SSI as surrogate parameter of fracture
strength in torsion. This result similarly suggests a negative effect
on bone strength. It was not only found in the ADI dose group at the
proximal tibia, but also as a similar trend of a non-monotonic dose
response at the proximal and distal femur, depicting lowest values
in the ADI and high-dose group, respectively. Therefore, the
observed effect seems to occur more globally in these animals.
At prepuberty there was no significant change in any of the
analyzed parameters in the female piglets. In contrast to the
prepubertal female piglets, significant bone alterations were found

Table 3
Femur length, volume and CT number of the female adult offspring.

in the adult offspring. This is in accordance to other studies
analyzing the long-term effects from early EDC exposures
(Hermsen et al., 2008; Kaludjerovic and Ward, 2008, 2009; Lind
et al.,, 2009; Lundberg et al., 2006; Migliaccio et al., 1996; Pelch
et al, 2012; Piekarz and Ward, 2007; Rowas et al., 2012). It may be
explained by the large changes occurring during the pubertal
growth phase in bones. Wuttke and colleagues (Seidlova-Wuttke
et al., 2008) demonstrated that a life-long phytoestrogen exposure
compared to a phytoestrogen free diet affected specific bone
parameters differently depending on the time of the analysis. They
found a higher trabecular BMD at prepuberty, no difference during
puberty, a reduction during adulthood, and again a higher density
in the aged rats.

In general, hormonal substances can exert low-dose effects and
non-monotonic dose response on exposed animals and humans
(Vandenberg et al., 2012). This has even been demonstrated for low
concentrations of endogenous hormones, such as steroid concen-
trations depending on the intrauterine positioning in terms of the
sex of the neighboring sibling(s). Studies using different EDCs early
during development have depicted effects on specific bone
parameters particularly occurring at low doses, while the
underlying mechanisms are still unknown (Hermsen et al,
2008; Pelch et al., 2012; Rowas et al., 2012). Similarly, in the
adult female offspring we found an increase in the total and
cortical CSA in the NOEL dose group. All other parameters that have
been analyzed earlier, including plasma steroid hormone concen-
trations, were not significantly altered in these animals (Fiirst et al.,
2012; Pistek et al., 2013). As additionally neither cortical nor total
CSA correlated with plasma hormone concentrations, a potential
underlying mechanism of the maternal treatment on the cortical
and total CSA could involve direct effects on bone cells. The larger
cortical CSA at the femur midpoint accounted for the major part of
the increase found in the total CSA. It has been demonstrated that
ERPB knockout-mice depict a gender specific phenotype (Call-
ewaert et al., 2010; Windahl et al., 1999). While it had no effect on
male mice, cortical bone growth and thus CSA was increased in
female mice. Although speculative, as signalling through ER(
limits female cortical bone growth (Callewaert et al., 2010), the

Treatment [pg/kg BW/d] Control (0) ADI (0.05) NOEL (10) High-dose (1000) Overall p-Value
Mean SE Mean SE Mean SE Mean SE

Femur length (mm) 237.7 2.5 245.8 2.4 244.5 3.0 2429 24 0.13

Mean femur volume (ml) 4414 11.2 4723 10.8 473.3 134 449.3 10.2 0.13

Mean CT number (HU) 360.1 171 368.6 16.5 407.0 203 374.8 15.9 0.35

HU = Hounsfield units. SE = standard error.
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Table 4
Correlations of mid-femoral CSA values with hormone concentrations of the adult
female offspring.

E2 Total estrogens T P4 IGF1 Leptin

Medular CSA

R 0.24 0.05 0.20 0.18 -0.01 013

p-value 0125 0.774 0216 0260 0930 0.432
Cortical CSA

R 0.11 0.09 0.01 -0.08 015 0.15

p-value 0.498 0.576 0933 0.620 0354 0.362
Total CSA

R 0.22 0.09 0.12 0.05 0.10 0.18

p-value 0173 0577 0440 0.763 0.552  0.273

CSA=cross-sectional area. E2 =estradiol-17[3. IGF1 =insulin-like growth factor 1.
P4 = progesterone. T = testosterone. R = Pearsons correlation coefficient. Significance
was assumed with p < 0.05.

expression of ER[3 might be reduced in the offspring on the NOEL
dose group through promoter DNA methylation. This mechanism
has been observed in adult rodent ovary after perinatal EDC
treatment (Zama and Uzumcu, 2009) and might as well account for
the observations made here.

Similar to the data collected from adult large animals (Hermsen
et al., 2008; Lundberg et al., 2006), most alterations in exposed
fetal sheep concerned diaphyseal points of measurement (Gutleb
et al., 2010). Gestational and lactational exposure of goats to
polychlorinated biphenyl (PCB) 153 led to a lower total CSA and
marrow cavity area at the diaphysis at 18% of the total bone length,
while the mid-diaphyseal part was unaffected (Lundberg et al.,
2006). In contrast, after gestational and lactational exposure of
rhesus monkeys to TCDD, there was a higher total CSA at the mid-
diaphysis in the low-dose group but not in the high-dose group
revealing an inverted U-shaped dose response (Hermsen et al.,
2008). The result of the latter is similar to the presented data in the
adult female offspring, where the group receiving a NOEL dose was
affected. Hermsen and colleagues (Hermsen et al., 2008) addition-
ally performed biomechanical analyses at the mid-diaphysis of the
right femur by using a three-point bending test. They did not
observe changes through this radial load application. In contrast,
theoretically, if compression would be applied, bones with a larger
CSA would be more certainly stiffer and stronger (Macintyre and
Lorbergs, 2012). However, the quality of the bone is also highly
important, including parameters such as microarchitecture, bone
turnover and size of mineral crystals, which also affect bone
strength (Licata, 2009). Therefore, bone strength cannot be
predicted from the present data.

The adult female offspring of the high-dose group tended to
have their first corpus luteum formation later. Studies in large
animals have demonstrated differing results (Green et al., 1990;

Table 5
Plasma hormone concentrations of the male and the female animals.

40 - Treatmentp > 0.05
38
36 A
34 1
2l [
30
28 -
26

Age at first CL formation [weeks]

0 0.05 10 1000
Estradiol treatment [ug/kg BW/d]

Fig. 3. Age at the first corpus luteum (CL) formation after in utero E2 exposure.
The overall mean age of this first estrous cycle was 33.3 weeks in the female
offspring. Although not significantly different (p>0.05), the high-dose group had
the first estrous cycle on average three weeks later than the control animals. Values
are depicted as mean =+ SE.

Lyche et al., 2004; Rainey et al., 1990; Savabieasfahani et al., 2006),
while alterations in the timing of puberty through early exposure
to EDC was repeatedly demonstrated in rodents (Buck Louiset al.,
2008; Rasier et al.,, 2006). Bonjour and Chevalley summarized
evidence in humans depicting that bone mass and maybe also
biomechanical and structural properties that have been acquired
until young adulthood can be associated with fracture risk later in
life (Bonjour and Chevalley, 2014). Later age at menarche has been
linked to a lower BMD already before puberty. In the present study,
there was a tendency of a reduced BMD in the female siblings of the
high-dose group slaughtered at 9 weeks of age. Due to the high
variance regarding the age of the first corpus luteum formation in
the present study, it would be highly interesting to increase the
numbers of pigs in future studies to verify the observed trend.
Thorough investigations were performed with two different CT
methods for the respective age dependent bone size strengthened
by the inclusion of plasma hormone analyses and the onset of
puberty. Distinct but rather small differences were detected
regarding bone parameters. Thus, the biological significance is
difficult to foresee. We would like to emphasize that possible long-
term consequences cannot be ruled out because of the indications
given at an earlier stage of development. Time point dependent
effects may change during development making it hard to predict
the outcome (Connelly et al., 2015; Seidlova-Wuttke et al., 2008). In
addition, the effect may also depend on the time phase of the
exposure (Hotchkiss et al.,, 2008). However, by including two
distinct time points during development, namely before and at

Treatment [g/kg BW/d] Control (0) ADI (0.05) NOEL (10) High-dose (1000) Overall p-Value
Mean SE Mean SE Mean SE Mean SE

Male prepubertal offspring

IGF1 (ng/ml) 1214 11.8 994 111 102.6 11.8 971 111 0.494

Leptin (ng/ml) 34 0.5 32 0.5 34 0.5 3.0 0.5 0.910

Female prepubertal offspring

IGF1 (ng/ml) 170.0 18.0 128.0 18.0 118.6 18.2 148.7 18.0 0.220

Leptin (ng/ml) 35 0.3 32 03 3.9 0.3 3.1 03 0.236

Female adult offspring

IGF1 (ng/ml) 1234 10.2 1274 10.0 118.5 12.2 1219 9.8 0.952

Leptin (ng/ml) 124 2.7 10.2 2.7 104 33 5.2 2.6 0.251

Total estrogens (pg/ml) 47.5 73 37.8 7.2 43.5 8.9 40.6 7.2 0.695

ADI =acceptable daily intake. IGF1 =insulin-like growth factor 1. NOEL=no observed effect level. SE =standard error.
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puberty, we aimed at focusing on important set-points of
development. Similar to many other studies analyzing EDC effects
on bone development (Hermsen et al., 2008; Kaludjerovic and
Ward, 2008, 2009; Lind et al., 2009; Lundberg et al., 2006; Pelch
et al., 2012; Piekarz and Ward, 2007; Rowas et al., 2012), we also
did not analyze aged animals, which may have given further
substantiation on the occurrence of a long-term imprint. In
humans relatively small differences in peak bone mass are
calculated to result in a substantial reduction in the risk of
developing osteoporosis (Bonjour et al., 2009). Therefore, with
increasing age, the observed differences might gain more
significance.

To our knowledge, this is the first study using the pig as an
animal model to analyze lasting consequences of low-dose early
estrogen treatment on bone development. Similar to other studies
in male (Hermsen et al., 2008; Kaludjerovic and Ward, 2008; Lind
etal.,2009; Pelch et al., 2012; Piekarz and Ward, 2007; Rowas et al.,
2012 Lind et al., 2009; Pelch et al., 2012; Piekarz and Ward, 2007;
Rowas et al., 2012) and female (Hermsen et al., 2008; Lundberg
et al., 2006) animals, many parameters were unaffected by the
estrogen exposure, while others, namely the SSI and the CSA,
showed particular alterations. The observed gender specific effects
appeared at concentrations presently considered to be at the ADI
and the NOEL dose. Our study therefore adds further evidence to
previous studies that have demonstrated long-term effects on the
bone development from concentrations at or close to human
exposure levels, or close to environmental concentrations (Gutleb
et al,, 2010; Hermsen et al., 2008; Kaludjerovic and Ward, 2009;
Lind et al., 2010; Lundberg et al., 2006; Pelch et al., 2012). Using E2
as model estrogen, our results substantiate the high sensitivity to
low-doses of exogenous estrogens during embryonic and fetal
development.
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1 | INTRODUCTION

Endocrine disrupting chemicals (EDCs) are a class of exogenous
substances affecting endogenous hormonal systems, reproduction and

Abbreviations: ADI, acceptable daily intake; EDCs, endocrine disrupting chemicals; E2,
estradiol-17; ER, estrogen receptor; miRNAs, microRNAs; ncRNAs, non-coding RNAs;

NOEL, no-observed-effect level.
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Porcine conceptuses synthesize estrogens between Day 11 and 12 as signal for
maternal recognition of pregnancy. A preimplantational estrogen exposure to pregnant
gilts has been associated with embryonic losses and changes in endometrial mRNA
expression. MicroRNAs (miRNAs) play a key role in the mRNA regulation by modulating
the expression. Effects of estrogens on endometrial miRNAs have not been
investigated in this context so far. Thus, we studied the endometrial expression
profile of miRNAs in the pig at gestational Day 10 after daily estradiol-17B (E2)
application starting at fertilization using either 0, 0.05 (ADI—acceptable daily intake),
10 (NOEL—no-observed-effect level) and 1,000 (high dose) ug E2/kg body weight/
day, respectively. In endometrial homogenates, E2 (p <0.001) and total estrogen
concentrations (p < 0.001) were significantly increased, namely 28- and 160-fold,
respectively, in the high dose group as compared to the control. Additionally, total
estrogens were sixfold elevated in the NOEL group. Interestingly, high-throughput
sequencing of small non-coding RNA libraries did not indicate any differentially
expressed miRNAs between the treatment groups and the control group. The
expression of 12 potential E2 target miRNAs investigated by RT-qPCR were equally
unaffected. Thus, preimplantational E2 exposure resulted in significantly higher
endometrial estrogen concentrations, but did not perturb the expression profile of

endometrial miRNAs.

KEYWORDS
deep sequencing, endocrine disrupting chemicals, estrogen, pig, pregnancy

health (Diamanti-Kandarakis et al., 2009). Estradiol-178 (E2) can
exhibit properties of an EDC (Geisert et al., 1991; Malcolm et al., 2006;
Pope, Lawyer, Butler, Foote, & First, 1986; Rasier, Toppari, Parent, &
Bourguignon, 2006). Suitably, the Joint FAO/WHO Expert Committee
on Food Additives (JECFA) announced an acceptable daily intake (ADI)
of 0.05 pg E2/kg body weight (bw) for humans in 1999 (JECFA, 1999).
Only recently, we demonstrated that orally administered low doses of
E2 to pigs during the entire period of pregnancy affected body
composition in male offspring (Furst et al., 2012), bone parameters in

Reproduction Medicine, Genetics and Functional Genomics, University of Zurich, Lindau,

Switzerland.

male and female offspring (Fl6ter et al., 2016), as well as gene
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expression in the prostate (Kradolfer et al., 2016). Especially prenatal
development, starting as early as the preimplantation phase, has been
demonstrated to be a sensitive period, when disruptive stimuli may
induce long-term consequences (Amstislavsky et al., 2006; Amstislav-
sky, Kizilova, Golubitsa, Vasilkova, & Eroschenko, 2004; Diamanti-
Kandarakis et al., 2009; Hochberg et al., 2011; Ma, Song, Das, Paria, &
Dey, 2003). Particularly in the pig, effects as strong as embryonic
losses have been observed (Geisert et al., 1991; Pope et al., 1986).
Such effects may arise through changes in the endometrial gene
expression and secretion (Geisert et al., 2006). Evidence is increasing
that small non-coding RNAs (ncRNAs), especially microRNAs (miR-
NAs), are important gene regulatory molecules in the endometrium
(Bidarimath, Khalaj, Wessels, & Tayade, 2014; Chegini, 2010). In
addition, the mechanisms of miRNAs altering mRNA expression are
well studied and it has been predicted that miRNAs regulate about 50%
of all mammalian protein-coding genes (Krol, Loedige, & Filipowicz,
2010; Roberts, 2014; Zhou, Hu, & Lai, 2010). Still, there is especially
little knowledge about effects on miRNA expression through EDCs
during the early stages of development (Felice et al., 2015; Meunier
et al, 2012; Nothnick & Healy, 2010; Veiga-Lopez, Luense,
Christenson, & Padmanabhan, 2013).

MicroRNAs are involved in the regulation of various processes
such as apoptosis, cell proliferation, and development (Bartel, 2004).
Expression profiling has identified a large number of miRNAs in
reproductive tissues, including the ovary and the endometrium
(Chegini, 2010; Su et al., 2014). Endometrial miRNAs have been
associated with the regulation of genes that are important for
differentiation, proliferations, receptivity, extracellular matrix factors,
angiogenesis, and immunological response processes, which are crucial
in preparation of the endometrium for implantation (Bidarimath et al.,
2014; Krawczynski, Bauersachs, Reliszko, Graf, & Kaczmarek, 2015;
Wessels et al., 2013). Steroid hormones and their respective receptors
such as estrogen receptors (ER) a and B largely control these processes
(Chegini, 2010). Information about estrogen regulated expression of
miRNAs comes primarily from research in breast cancer cell lines
treated with E2 (Cicatiello et al., 2010; Klinge, 2012). Moreover, the
potential regulation of endometrial miRNAs by ovarian steroids was
indicated through their different expression during the menstrual cycle
(Chegini, 2010; Sha et al, 2011), as well as through treatment
experiments (Nothnick & Healy, 2010). Alterations in miRNA
expression were observed after E2 treatment of human endometrial
stromal and glandular epithelial cells (Toloubeydokhti, Pan, Luo,
Bukulmez, & Chegini, 2008). Nothnick and Healy (2010) demonstrated
the involvement of the classical pathway of estrogens acting through
ERGq, as after pretreatment with the ERa specific inhibitor ICl 182,780,
E2 did not alter the miRNA expression.

In the present study, we aimed at elucidating if continuous
preimplantational E2 exposure affects the expression of endometrial
miRNAs. Therefore, we analyzed the influence of three distinct
concentrations of E2-the dose corresponding to the ADI, a dose close
to the no-observed-effect level (NOEL) and a high dose—on the
endometrial expression profile of miRNAs in sows at day 10 of
pregnancy.

2 | RESULTS

2.1 | Evaluation of the embryos

All recovered embryos (n = 230) were hatched blastocysts and showed
normal, stage-specific development and displayed an embryonic disc.
Neither earlier stages (2-, 4-, 6-, or 8-cell-stage embryos) nor elongated
embryos were observed. There was neither significant difference
between the treatment groups and the control group in the number
of embryos (p=0.33) nor in the size of the embryos (p=0.80)
with 1.89mm+048mm (n=61), 248 mm=0.55mm (n=54),
1.91mm+0.43mm (n=61), and 2.27 mm+0.48 mm (n =54) in the
control, ADI, NOEL, and the high dose group, respectively.

2.2 | Abundance of estrogens in endometrial samples

The concentration of endometrial E2 was significantly affected by the
oral E2 treatment (overall p <0.001; Figure 1). E2 depicted higher
amounts in the high dose group compared to the control group
(3056 + 830 pg/gand 111 + 4 pg/g, respectively). E2 in neither the ADI
(82 +22 pg/g) nor the NOEL group (195 + 57 pg/g) was significantly
different from the control group. The abundance of total endometrial
estrogens (estrone, E2, estradiol-17a), which in the pig is the sum of E2
and estrone (E1) due to negligible amounts of estradiol-17a, was also
significantly affected (overall p < 0.001; Figure 1). Total estrogens were
unaltered in the ADI group (156 + 22 pg/g), but higher in the NOEL
(881 +252 pg/g) and the high dose group (24,657 + 9,557 pg/g) in
comparison to the control group (154 + 12 pg/g).

2.3 | Measurement of miRNA expression with
high-throughput sequencing

Small ncRNA sequencing of porcine endometrium was performed. The
number of raw reads per library and the number of discarded reads as

yielded in the following quality control steps are detailed in Table S1.

3 E2;p<0.001

40000 { mmm Total estrogens; p < 0.001

30000 -

20000 *

3000 -
2000 -
1000 H

Endometrial estrogens [pg/g]

0 0.05 10 1000
Estradiol treatment [ug/kg BW/d]

FIGURE 1 Abundance of estradiol-17B (E2) and total estrogens in
the porcine endometrium after E2 exposure. The three treatment
groups corresponding to the acceptable daily intake (ADI), close to
the NOEL (no-observed-effect level,) and a high dose (0.05, 10, and
1,000 ug E2/kg body weight/day, respectively) were compared to the
control animals. Significant differences are indicated by an asterisk

(p < 0.05). Values are depicted as mean + SEM (n = 4-6 per group)
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FIGURE 2 Reads during quality assessment. (a) Proportion of reads. The 16 samples (n = 4 per treatment group) are depicted on the x-axis.
Each biological replicate is indicated by a different number following the treatment information (control, acceptable daily intake (ADI), no-
observed-effect level (NOEL) and high dose corresponding to 0, 0.05, 10, and 1,000 pg E2/kg bw/d). The raw reads correspond to 100%.
Reads were stepwise discarded. First, reads were discarded by trimming. Next, adaptor only reads, reads without the 3’ adaptor, reads with
unknown bases (N) and sequences shorter than 17 nucleotides were discarded depicted as “discarded reads by adaptor clipping.” Then, reads
containing bases with a Phred score below 25 were discarded “due to low quality.” (b) The mean Phred score per sequence (x-axis) of the
“total reads kept” is shown for the four treatment groups with the respective number of sequences (y-axis). Most reads had a mean Phred
score of 38, irrespective of the treatment group. (c) Read length distribution of the “total reads kept” with mean values of all 16 samples. A

peak can be observed at 21-23 nucleotides

The relative frequencies are shown in Figure 2a. The number of raw
reads as well as the number of total reads kept were similar between
the treatment groups (p>0.05). There was an average of 13.0
million £ 1.2 million raw reads (mean + SEM; n = 16). The selection of
good quality reads from the raw reads resulted in an average of 9.2
million £ 0.8 million reads (mean + SEM; n = 16) corresponding to 71%
of the total reads (Figure 2a and Table S1).

The quality of the kept reads was comparable in all 16 libraries as
indicated by the analysis with FastQC. The good quality of the reads
was shown by a mean Phred score of mainly 38 (Figure 2b). The
majority of the reads, derived from the FastQC report, had a length of
21-23 nucleotides (Figure 2c). This indicates that the samples mainly
contained miRNAs.

After the sequences were counted and filtered to remove very low
abundant transcripts, there were in total 41,503 different sequences
left, assumingly containing various kinds of small ncRNAs. In the
database, there were 326 annotated mature miRNAs in the pig
(miRBase 20.0). As miRNAs are conserved between species, the data
were also compared to the miRNA sequences from miRBase of human
(2,578 annotated miRNAs), cow (783 annotated miRNAs), and mouse

(1,908 annotated miRNAs). In the endometrial samples, 212 porcine,
272 human, 205 bovine, and 235 murine known mature miRNAs were
detected. These detected mature miRNAs were analyzed per species
with the DESeq algorithm. The expression of these mature miRNAs did
not differ significantly (adjusted p >0.05) between the treatment
groups and the control group in any of the species analyzed. The 20
highest expressed miRNAs representing 82.7% of all reads of the 326
porcine mature miRNAs are shown in Figure 3a. The miR-21 was
highest expressed with 12.6% and the remaining 192 porcine miRNAs
accounted for 17.3% of the reads. The cluster analysis for the 30
porcine miRNAs with the highest variance revealed that the individual
samples did not cluster related to the treatment group (Figure 3b). The
lack of clustering emphasizes that there was no effect of the treatment
on the miRNA expression.

miRNAs are quite conserved across species, therefore, many
miRNA sequences found in the endometrial samples are annotated in
more than one species (Figure 4). As shown in Figure 4, about one third
of the known 212 porcine miRNAs are only found in the pig (n = 62),
while about another third (n = 63) matched to known miRNAs from all
four species. Overall, the detected 212 porcine, 272 human, 205
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bovine, and 235 murine sequences resulted without this overlap in a
total of 444 expressed mature miRNA sequences in the porcine
endometrium. Thus, in addition to the 212 porcine sequences (47.7%),
a further 232 sequences were found matching 100% to known
miRNAs from the human, cow and/or mouse (Figure S1) most likely
corresponding to not yet annotated porcine miRNAs and miRNA
variants. A table of these sequences including the matching miRNA
information from the four species can be found in Table S2.

2.4 | Measurement of miRNA expression with
RT-gPCR

Twelve potentially E2 regulated miRNAs were selected for the miRNA
expression analysis using RT-gPCR. All of these miRNAs have been
described in the literature in the context of altered expression due to
an E2 exposition (Bhat-Nakshatri et al., 2009; Cohen et al., 2008; Di
Leva et al., 2013; Katchy, Edvardsson, Aydogdu, & Williams, 2012;
Klinge, 2009; Maillot et al., 2009; Pan, Luo, Toloubeydokhti, & Chegini,
2007; Wang et al., 2010; Wickramasinghe et al., 2009; Zhao et al.,
2013). The miR-20a and miR-21 have been repeatedly shown to be
altered upon E2 treatment (Klinge, 2009, 2012; Pan et al., 2007; Wang
et al, 2010; Wickramasinghe et al., 2009). The other candidate
miRNAs were selected related to different absolute expression
abundance, namely from about 100 reads (miR15a, miR-29c, miR-
130a), about 1,000 reads (miR-16, miR-20a, miR-146, miR-195, miR-
205), about 10,000 reads (miR-27b, miR103a, miR-191) up to about
100,000 reads (miR-21). Particularly, in the breast cancer cells MCF-7
and T47D, miR-15a, miR-16, miR-20a, miR-21, miR-27b, miR-29c,

ssc-miR-
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FIGURE 3 Annotated porcine endometrial miRNAs. (a) The top 20 expressed porcine miRNAs with the percentage of read counts in
addition to the sum of all remaining miRNAs are depicted. (b) The heatmap of the 30 porcine miRNAs with the highest variance using rlog
transformed data are shown, displaying similar expression in the samples and consequently no clustering according to the four treatment
groups. Each biological replicate is indicated by a different number following the treatment information (Control, acceptable daily intake [ADI],
close to the no-observed-effect level [NOEL] and a high dose group [0, 0.05, 10 and 1,000 pg/kg bw/d, respectively]). ssc, sus scrofa

miR-103, miR-146b, miR-191, and miR-195 have been shown to be
influenced after E2 treatment (Bhat-Nakshatri et al., 2009; Di Leva
et al., 2013; Katchy et al., 2012; Klinge, 2009). miR-20a and miR-21
have been additionally differentially expressed in human endometrial
stroma and glandular cells, respectively, as well as in cancerous
endometrium and endometriosis (Pan et al., 2007; Wang et al., 2010;
Wickramasinghe et al., 2009). Furthermore, miR-205 has been
upreguated by ex vivo E2 treatment of mouse aorta (Zhao et al.,
2013) while miR-130a has been downregulated after E2 exposure in
whole-body homogenates of zebrafish (Cohen et al., 2008). The
expression of RNU6B, RNU5A, and SNORA73A was used for the
normalization, as determined with the GeNorm and Normfinder
algorithm. In all three E2 treatment groups, the endometrial expression
of none of the 12 target miRNAs displayed significant difference
(p >0.05) to the respective control group as shown in Table 1 and
Figure S2. Most often, very similar expression values were observed.
Only miR-146b showed a larger variance, but similarly no significant
difference (p = 0.62).

3 | DISCUSSION

The oral application of a high dose of E2 over the first 10 days of
pregnancy lead to a 28-fold increase in endometrial E2 concentrations
compared to the control group. In addition, endometrial total
estrogens were not only pronouncedly elevated in the high dose
group (160-fold), but also in the animals receiving the NOEL dose
(6-fold). Fiirst et al. (2012) demonstrated that the two low doses of E2,
corresponding to the ADI and close to the NOEL, administered during
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the entire length of gestation, affected body weight development and
body composition, respectively, in the offspring. Further low-dose
effects in the offspring were observed by analyzing the bone (Floter
et al., 2016) and prostate (Kradolfer et al., 2016). These lasting effects
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may be due to the altered endocrine environment during pregnancy,
particularly due to exposure effects already occurring during the time
of preimplantation when still low endogenous estrogen concentrations
prevail. For this reason, the present in vivo study focused on analyzing
Day 10 after fertilization, shortly prior to the endogenous estrogen
signal secreted by the porcine embryo. The high dose group depicted a
mean concentration of 3.1 ng E2/g endometrial tissue compared to
0.1 ng E2/g in the control animals, resulting from accumulated and/or
remaining E2 over 10 days through feeding of 500 ug E2/kg bw twice
per day (Furst et al., 2012) and through timing of the slaughtering 1 hr
after feeding the regular dose of 500 pg E2/kg bw. This is a time, where
still high concentrations of E2 can be observed in the peripheral blood
(Furst et al., 2012). Using high-throughput ncRNA sequencing, 444
sequences of mature miRNAs were detected, however, not differen-
tially expressed between the treatment groups and the control. This
was further confirmed by RT-gPCR of 12 selected, potentially E2
dependent miRNAs (Bhat-Nakshatri et al., 2009; Cohen et al., 2008; Di
Leva et al., 2013; Katchy et al., 2012; Klinge, 2009; Maillot et al., 2009;
Pan et al., 2007; Wang et al., 2010; Wickramasinghe et al., 2009; Zhao
etal., 2013). In many cell culture experiments, most often using MCF-7
human breast cancer cells, 10 nM E2 (2.7 ng E2/ml) was applied as
treatment dose (Klinge, 2012). This lead to alterations in the expression
of miRNAs as reviewed by Klinge (2012) including miR-15a, miR-16,
miR20a, miR21, miR-27b, miR-103, miR146b, miR191, and miR-195
(Bhat-Nakshatri et al., 2009; Di Leva et al., 2013; Klinge, 2009; Maillot
et al., 2009), which were also determined in the present study using
RT-gPCR. The difference in E2 responsiveness in the latter studies
compared to the study at hand may have its origin in the biological
background, as breast cancer cell lines are out of the biological context
and characterized by exceptional high concentrations of ERa (Klinge,
2012).

In contrast to miRNAs, differential endometrial gene expression
has been observed on the mRNA level in the same samples in all three
treatment groups (Floter et al., under review). There were 14 (ADI), 17
(NOEL), and 27 (high dose) differentially expressed genes (DEG) in the

TABLE 1 Normalized expression of 12 endometrial miRNAs at day 10 of pregnancy after E2 exposure

Control group ADI dose group

miRNA (Mean 40 + ACq + SEM) (Mean 40 + ACq + SEM)
miR-15a 29.3+0.7 29.1+£0.6
miR-16 35.7+0.3 35.1+0.3
miR-20a 31.0+0.5 31.0+£0.6
miR-21 38.2+0.5 37.8+0.5
miR-27b 33.7+04 33.8+0.1
miR-29¢ 344+0.6 34.3+04
miR-103 32.3+04 32.2+0.2
miR-130a 30.3+0.3 30.4+0.3
miR-146b 258+1.4 25.8+1.6
miR-191 34.2+0.2 33.8+0.3
miR-195 35.1+0.3 34.2+£0.5
miR-205 31.7+0.7 32.5+0.6

NOEL dose group High dose group Overall
(Mean 40 + ACq + SEM) (Mean 40 + ACq + SEM) p-value
29.7+0.3 29.5+0.7 0.67
35.6+0.1 34.8+0.3 0.10
31.0+0.3 31.0+0.6 1.00
38.6+0.2 37.9+0.5 0.55
34.0+0.4 33.8+0.4 0.96
34.3+0.3 34.6+0.5 0.96
32.5+0.2 38.3+0.4 0.54
30.2+0.2 30.5+0.4 0.94
23418 25.2+0.9 0.62
33.7+0.2 33.8+0.3 0.53
35.2+0.1 348+0.4 0.24
32.1+0.3 32.1+0.5 0.77
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endometrium with at least a twofold regulation. An earlier study by
Ross et al. (2007) injected intramuscularly estradiol cypionate to sows
only at days 9 and 10 of pregnancy and observed 9 (day 10), 71 (day 13)
and 21 (day 15) DEG with at least 1.8-fold regulation. Interestingly,
some DEG were upregulated in both studies. In the high dose group
RBP4 (retinol binding protein 4), which was also altered at Day 10 (Ross
et al, 2007), and SULT2A1 (sulfotransferase family, cytosolic, 2A,
dehydroepiandrosterone [DHEA]-preferring, member 1), VNN2 (vanin
2) as well as SLC39A2 (solute carrier family 39 [zinc transporter],
member 2), which were altered at Day 13 (Ross et al., 2007), were
elevated. Thus, it is even more surprising that miRNAs in our study
were unaffected, as they are known important regulators of mRNA
expression.

The most important aspect seems to be the timing of the estrogen
exposure, which is different in the study at hand compared to most
studies available in the pig. Not only altered endometrial expression of
genes had been observed after exposure at days 9 and/or 10 of
pregnancy, but also degeneration of the uterine glycocalyx (Ross et al.,
2007) and even embryonic losses (Geisert et al., 1991; Pope et al.,
1986). Thus, estrogen exposure shortly before the embryo starts
secreting estrogens as embryonic signal for maternal pregnancy
recognition which occurs at days 11-12 (Spencer, Burghardt, Johnson,
& Bazer, 2004) can exert major impact. In contrast, neither estrogen
exposure at days 12 and 13 (Pope et al., 1986) nor only at Day 12
(Geisert et al., 1991) induced embryonic losses. Thus, there is a strong
time-point dependent component regarding effects through estrogens
during the periimplantational phase. Molecular analyses indicate that
exogenous estrogen may lead to a desynchronization of endometrial
receptivity and embryo development resulting in embryonic loss
(Geisert et al., 2006). There are scarce reports about studies which
administered estrogens already starting at insemination. Evidence
exists in “imprinting control region” (ICR) mice, a multipurpose research
mouse model strain (Okada & Kai, 2008). Female ICR mice were
implanted with an E2-containing tube prior to mating, which was
maintained during pregnancy and lactation. Interestingly, most of the
animals maintained their pregnancy and had a birth rate of 70%. Our
continuous treatment neither lead to a change in the number of
embryos at Day 10 (this study) nor in litter size (First et al., 2012). Thus,
we might observe a habituation or programming with subtle, but not
detrimental effects toward the presence of estrogens. Certain
alterations were observed in the pre- and postpubertal offspring
(Floter et al., 2016; First et al., 2012; Kradolfer et al., 2016), which
might also result from exposure during this very early time of
development. Additionally, this leads to the possibility that adminis-
tering estrogens on days 9 and 10 of pregnancy, might lead to changes
in miRNA expression particularly at days 12-15 possibly involved in
the drastic outcome of abortion (Geisert et al., 1991; Pope et al., 1986).

Many studies have demonstrated effects of an exposure to EDCs
during embryo development directly on mothers and offspring as well
as long-term effects in the latter (Amstislavsky et al., 2004, 2006;
Geisert etal., 2006; Gore et al., 2015; Ma et al., 2003; Ross et al., 2007).
Little is known about EDCs affecting miRNAs (Felice et al., 2015;
Meunier et al., 2012; Nothnick & Healy, 2010; Veiga-Lopez et al.,

2013). A former study has demonstrated direct in utero effects of
bisphenol A altering fetal ovarian miRNA expression in sheep (Veiga-
Lopez et al., 2013). A further study showed lasting changes after
neonatal exposure to estradiol benzoate on adult rat testes including
alterations in miRNA expression (Meunier et al., 2012). In contrast,
there was no E2 effect on the miRNA profile in the present study,
although endometrial as well as embryonic mRNA changes showed
E2-dependent differentially expressed transcripts (Fl6ter et al., under
review). Several reasons can account for this striking finding: the
window of exposure, the route of administration, the substance-
specific elimination kinetics, the continuous treatment that could have
induced a habituation toward estrogens, as well as the timing of the
analysis 1 hr after the last dose was fed. Other mechanisms of gene
expression regulation than differential miRNA expression may as well
account for the observed differential mRNA expression. Further
functional studies need to be undertaken.

In summary, continuously applied E2 to pregnant pigs by oral
ingestion increased endometrial estrogen concentrations even at a low
dose that is close to the announced NOEL for humans (JECFA, 1999).
Although local estrogen concentrations increased pronouncedly and
lead to a perturbed mRNA expression (Floter et al., under review),
there was no E2 treatment effect on the expression profile of miRNAs
in the endometrium during the blastocyst stage of pregnancy. As
miRNAs can be found in extracellular vesicles (EV) from uterine
flushings (Krawczynski, Najmula, Bauersachs, & Kaczmarek, 2015), the
miRNA load of EV remains an important target for future analyses of

periconceptional effects of EDCs.

4 | MATERIALS AND METHODS

4.1 | Animal studies and collection of tissue samples

In order to investigate effects of E2 on the expression profile of
miRNAs in the pregnant endometrium, the present study was
undertaken according to our previous study applying E2 during the
entire pregnancy (Pistek et al., 2013). In brief, the estrous cycles of
the German Landrace sows were synchronized prior to the start of the
treatment. The sows were inseminated with the sperm of one Pietrain
boar. For the E2 exposure, the sows were randomly assigned to a
treatment group (n=5-6 per group). One group received 0.05 g
E2/kg bw/day, corresponding to the announced ADI for humans, while
another group obtained 10 ug E2/kg bw/day, related to the NOEL
(JECFA, 1999). In addition, a high dose of 1,000 ug E2/kg bw/day and
ethanol carrier only for the control group were used, respectively. Half
of the E2 dose, dissolved in 2 ml ethanol, was fed via bread rolls (20 g)
in the morning and the other half in the evening. The E2 was applied
continuously for a period of 10 days, beginning with insemination until
slaughter at Day 10 of pregnancy. The last dose was fed 1 hr before
slaughter. The uterus was flushed with 10 ml and another 50 ml of
phosphate-buffered saline (PBS, autoclaved, pH 7.4) to retrieve the
embryos. All embryos were collected in a petri-dish with PBS.
Subsequent, pictures of the embryos were taken. After carefully
opening the uterus, endometrial samples were collected, shock frozen
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in liquid nitrogen and stored at -80 °C. Plasma samples were retrieved
after centrifugation of EDTA supplemented blood at 4 °C and stored at
-20 °C. For the small ncRNA sequencing analyses, only animals with
embryos at the blastocyst stage (n = 3-5 per group) were considered.
Three sows did not conceive, as only unfertilized oocytes were found
(one animal each in the control, ADI and high dose group, respectively).
In addition, two animals of the ADI dose group were excluded from the
study due to illnesses at slaughtering. Both animals had pus and clinical
signs of inflammation in the uterus and had not been pregnant. The
experiments were conducted with permission from the local veterinary
authorities and were performed in accordance with the accepted
standards of humane animal care.

4.2 | Hormone analyses

Analyses of estradiol-178 (E2) and total estrogen (estrone, E2,
estradiol-17a) concentrations in endometrial tissue were performed
using an in-house competitive enzyme immuno assays (EIA) (Hageleit,
Daxenberger, Kraetzl, Kettler, & Meyer, 2000; Meyer, Sauerwein, &
Mutayoba, 1990). Endometrial tissue was homogenized in liquid
nitrogen using a mortar and pestle. Saline (0.5 ml) was added to 100 mg
of the grounded tissue. For the extraction, the tissue was at first
incubated in 6.5ml tert. butylmethylether/petrolether 30/70v/v
overnight. After phase separation at room temperature within two
days, it was frozen at -60 °C for 48 hr. The liquid ether phase was
decanted and the ether was vaporized. After adding of 500 pl assay
puffer, abundance of E2 and total estrogens was determined as
described earlier (Hageleit et al., 2000).

4.3 | Extraction and quality of RNA

For further analyses, isolation of total endometrial RNA from the
collected samples was performed by means of TRIzol reagent
(Invitrogen, Karlsruhe, Germany) according to the manufacturefs
protocol (n = 4 per group, except for the ADI group, where a repeated
tissue extraction was done because of only n = 3 available animals). For
determining the purity and the quantity of the obtained RNA, the
NanoDrop 1,000 (peqLab, Erlangen, Germany) was applied. The RNA
integrity was measured with a Bioanalyzer 2100 (Agilent Technologies,
Waldbronn, Germany). The mean RNA integrity number (RIN) was
9.4 +0.4 (£SD).

4.4 | Small ncRNA sequencing of endometrial
samples

Total RNA was used for high-throughput sequencing, which was kindly
performed by the Genomics Core Facility of the EMBL Heidelberg
(EMBL Heidelberg, Genomics Core Facility, Heidelberg, Germany). For
preparation of the small RNA-Seq libraries, the NEBNext© Small RNA
Sample Prep Set 1 (New England Biolabs, Frankfurt-Héchst, Germany)
was utilized according to the manufacturers instructions. The
sequencing was conducted on an Illlumina HiSeq 2000 (lllumina, San
Diego, CA) with single-read mode and a read length of 50 bases.
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4.5 | Analysis of the illumina sequence data with
Galaxy

The Fastq files were analyzed with a locally installed version of Galaxy
(Giardine et al., 2005) (www.usegalaxy.org, hosted by Gene Center
Munich, AG Blum). The reads were trimmed from the 5’ and 3’ end
with “Fastq quality trimmer” (Blankenberg et al., 2010) (window size: 3,
step size: 1, quality score 230.0, aggregate action for window: mean of
scores), the adapter sequence was clipped (min. sequence length: 17,
discard sequences with unknown (N) bases: yes) and reads filtered with
“filter by quality” (quality cut-off value: 25, percentage of bases in the
sequence that must have a quality of at least the cut-off value: 100).
Retrained reads were used for the quality report with FastQC.
Subsequently, the abundance of each unique sequence was deter-
mined, the table of the read counts from all samples was then filtered
to remove very low abundant sequences and to keep potential
transcripts that are turned on or off by the E2 treatment (condition: at
least 10 reads of each miRNA must be present in three to four samples
of at least one group). As miRNAs are quite conserved between
species, our data were also compared to the miRNA sequences of
human, cow and mouse. Therefore, databases of mature miRNAs for
pig (326 annotated miRNAs), human (2578 annotated miRNAs), mouse
(1908 annotated miRNAs), and cow (783 annotated miRNAs) were
obtained from miRBase (www.miRBase.org, release 20.0) and used to
generate a BLAST database in the Galaxy platform utilizing “make blast
database” (http://www.ncbi.nlm.nih.gov/books/NBK1763/) (mole-
cule type of input: nucleotide, hash-index: true). Reads were mapped
against these databases with “blastn” (Zhang, Schwartz, Wagner, &
Miller, 2000) (blastn-short, expectation value: 1.0, word size: 5),
followed by filtering of the blast output (condition: length of query
sequence = length of target sequence = alignment length and number
of identical bases within the alignment) in order to selected only
miRNAs which aligned 100% with the database sequence.

NGS experiments have been deposited in NCBI's Gene Expression
Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) repository with
accession number GSE89343.

4.6 | Quantitative real-time qPCR

The RNA samples were reverse transcribed into cDNA using miScript |1
RT kit (Qiagen, Hilden, Germany) according to the recommendations of
the manufacturer. Defined cDNA fragments were amplified by
quantitative real-time PCR (RT-gPCR) with specific forward primers
(miScript Primer Assay, Qiagen) (Table 2). All primers are specific for
the pig. If the porcine (ssc) miRNA sequence was identical with the
mouse (mmu) or human (hsa) sequence, these existing primers were
used. Twelve potential E2 regulated miRNAs were selected for
RT-gPCR validation (Bhat-Nakshatri et al., 2009; Cohen et al., 2008; Di
Leva et al., 2013; Katchy et al., 2012; Klinge, 2009; Maillot et al., 2009;
Pan et al., 2007; Wang et al., 2010; Wickramasinghe et al., 2009; Zhao
et al., 2013). As potential reference genes the human miScript Control
Assays (Qiagen) for small nuclear RNAs (snRNA) RNU6B (NR
002752.2) and RNU5A (NR 002756.2), and the small nucleolar
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TABLE 2 miScript primer assays for 12 selected porcine miRNAs

miRNA name Mature miRNA sequence 5’ - 3’ MIMAT*
hsa-miR-15a-5p UAGCAGCACAUAAUGGUUUGUG 68
hsa-miR-16-5p UAGCAGCACGUAAAUAUUGGCG 69

mmu-miR-20a-5p UAAAGUGCUUAUAGUGCAGGUAG 529

hsa-miR-21-5p UAGCUUAUCAGACUGAUGUUGA 76
hsa-miR-27b-3p UUCACAGUGGCUAAGUUCUGC 419
hsa-miR-29¢c-3p UAGCACCAUUUGAAAUCGGUUA 681
hsa-miR-103a-3p CAGUGCAAUGUUAAAAGGGCAU 425
hsa-miR-130a-3p CAGUGCAAUGUUAAAAGGGCAU 425
ssc-miR-146b UGAGAACUGAAUUCCAUAGGC 10190

hsa-miR-191-5p CAACGGAAUCCCAAAAGCAGCUG 440

hsa-miR-195-5p UAGCAGCACAGAAAUAUUGGC 461

hsa-miR-205-5p UCCUUCAUUCCACCGGAGUCUG 266

*Accession number (MIMAT) from miRBase.

RNAs (snoRNA) SNORA73A (NR 002907.2), SNORA25 (NR 003028.1)
and SCARNA17 (NR 003003.2) were additionally determined.

The RT-gPCR reaction was performed with the Rotor-Gene
(Qiagen) using the QuantiTect SYBR Green PCR kit (Qiagen). The
master mix had a final volume of 10 ul consisting of 1 ul miScript
Primer Assay, 1 ul miScript Universal Primer, 5 ul QuantiTect SYBR
Green PCR Master Mix, and 3pul of 1:4 diluted cDNA. For the
negative control, nuclease free water instead of cDNA was used. In
all assays, standard cycling conditions were as followed: 95 °C for
15 min, then 40 cycles of 94 °C for 15s, 55 °C for 30 s and 70 °C for
30s, and a melting curve. The cycle of quantification (Cq) was
calculated by the Rotor-Gene software (Rotor-Gene® Q Series 1.7;
Qiagen). The selection of appropriate reference genes was based on
the calculations from the GeNorm and Normfinder algorithm (GenEx
software 3.4.3 (Gothenburg, Sweden). For the normalization process
RNU6B, RNU5A, SNORA73A were utilized. The resulting ACg-
values were further analyzed with the AACq method (Livak &
Schmittgen, 2001).

4.7 | Statistical analyses

For statistical analyses, regarding the RT-gPCR experiments the
ACqg-values were used. The logarithmized data of the hormone
concentrations were taken for statistical analyses. The miRNA
expression data, obtained by RT-gqPCR, the endometrial hormone
concentrations, measured by EIA, as well as the read counts and the
number of embryos per sow were analyzed with one-way ANOVA
followed by a Dunnettss post hoc test to evaluate potential
differences of the treatment groups compared to the control group
using the SigmaPlot program 11.0 (SPSS, Chicago, IL). Embryo size
was analyzed using SAS 9.2 (SAS Institute, Inc., Cary, NC) in order to
account for the nested study design of multiple embryos belonging
to the same exposed sow. A mixed model including the repeated
measurement function for the embryos and a random intercept for

the mother sows was applied as described by Kiernan et al. Kiernan,
Tao, and Gibbs (2012). The residual method was used to calculate
the denominator degrees of freedom (Bell, Smiley, Ene, Sherlock, &
Blue, 2013). The Dunnett's post hoc test was applied. The results
from SAS are presented as mean * SE. Regarding the data from the
small ncRNA sequencing experiment, analysis of differential miRNA
expression in a treatment group versus the control group was
performed with DESeq 2.11 (Anders & Huber, 2010) (www.
bioconductor.org) in R 2.15.3. Differences were considered signifi-
cant at an adjusted p-value from the snRNA sequencing <0.05 and in
all other experiments at p < 0.05. Mean values + SEM were used for
graphical presentation of the statistical results.
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Abstract

Maternal exposure to estrogens can induce long-term adverse effects in the offspring. The epige-
netic programming may start as early as the period of preimplantation development. We analyzed
the effects of gestational estradiol-178 (E2) exposure with two distinct low doses, corresponding to
the acceptable daily intake “ADI” and close to the no-observed-effect level “NOEL; and a high dose
(0.05, 10, and 1000 ng E2/kg body weight daily, respectively). The E2 doses were orally applied
to sows from insemination until sampling at day 10 of pregnancy and compared to carrier-treated
controls leading to a significant increase in E2 in plasma, bile and selected somatic tissues includ-
ing the endometrium in the high-dose group. Conjugated and unconjugated E2 metabolites were
as well elevated in the NOEL group. Although RNA-sequencing revealed a dose-dependent effect
of 14, 17, and 27 differentially expressed genes (DEG) in the endometrium, single embryos were
much more affected with 982 DEG in female blastocysts of the high-dose group, while none were
present in the corresponding male embryos. Moreover, the NOEL treatment caused 62 and 3 DEG
in female and male embryos, respectively. Thus, we detected a perturbed sex-specific gene expres-
sion profile leading to a leveling of the transcriptome profiles of female and male embryos. The
preimplantation period therefore demonstrates a vulnerable time window for estrogen exposure,
potentially constituting the cause for lasting consequences. The molecular fingerprint of low-dose
estrogen exposure on developing embryos warrants a careful revisit of effect level thresholds.
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Summary Sentence

Maternal oral low-dose estrogen exposure during the preimplantation period specifically targeted
female embryos by inducing a male-like gene expression profile.

Key words: preimplantation embryo, endometrium, pig, estradiol, gene expression, endocrine disruptors.

Introduction

Estrogens are important mediators for the preparation of the uterus
toward implantation [1-4]. During the early embryonic cleavages,
maternal plasma estrogen concentrations are low [3, 6]. This is fol-
lowed by an increase of estrogens around implantation (in mice
at day 4) [4]. The role of mid-luteal estrogens is not as clear in
primates, although human data indicate that slightly higher estro-
gen concentration might favor implantation [3-5]. Sows depict in-
creasing peripheral plasma estrogen concentration after implantation
[6, 7], whereas a first local rise through secretion from the elongating
preimplantation embryo occurs at day 11 to 12 after fertilization [1].
Estrogens hereby function as maternal pregnancy recognition signal
to inhibit luteolytic signals.

Humans are exposed to various estrogenic substances with the
potential to affect the endogenous hormone systems [8, 9]. These
may be natural as well as synthetic substances, so-called endocrine
disrupting chemicals (EDC), which can adversely impact on devel-
oping organisms. As this has also been shown for estradiol-178 (E2)
[10, 11], the latter is regarded as an EDC [9]. Especially prenatal de-
velopment, starting as early as the preimplantation phase, has been
demonstrated a sensitive period, when disruptive stimuli may in-
duce long-term consequences [8, 12-14]. A preimplantation estrogen
treatment has been shown to impact on the uterus, leading to an ab-
normal endometrial function, a perturbed intrauterine environment,
and a disturbed embryo-maternal communication. Various effects,
ranging from subtle changes in endometrial gene expression to preg-
nancy losses, have been described in mice [15-18] and pigs [19-25].
The observed alterations in the endometrium involved mRNA [15,
17,19, 20] and protein [26, 27] expression changes, as well as dif-
ferences in its secretory activity [23, 24, 28] and morphology [135,
17, 23]. In addition, estrogens reaching the embryo may also exert
direct effects as indicated by in vitro studies [29-31].

The timing of the estrogen exposure seems to be highly impor-
tant. In pigs, a short treatment on days 9-10 or 7-10 had strong
disrupting capacity [19-25], whereas treatment after day 10 of preg-
nancy demonstrated none or only minor alterations [21, 32, 33].
Estrogen treatment only during the preimplantation period resulted
in sex-specific changes on sexual development in murine offspring
[13, 14]. This may be attributed to differences between the sexes
prevailing during the preimplantation period including changes in
the methylome and the metabolome [34-38]. Additionally, gesta-
tional low-dose E2 treatment in pigs has been shown to alter body
composition in the male offspring [10], while bone development was
affected in females [39].

The pharmacokinetic behavior of estrogens differs depending on
the route of exposure and contributes to possible direct mechanisms
involved in early EDC effects on tissues such as the uterus [40-43].
In the pig, the gut wall largely metabolizes orally ingested E2, while
further rapid transformation occurs in the liver [43-45]. Estrogens
are transported to the bile and subjected to an enterohepatic cycling
[45,46]. Thus, no [43, 45] or only low [10] concentrations of E2 are
detected in the circulation following oral administration. In pigs, the
predominant metabolite is estrone-glucuronide (E1G), while lower
concentrations of E2-glucoronide, El-sulfate, E1, and other minor

metabolites prevail [43-45]. The main route of excretion of estrogens
in the pig is the urine [47]. E1G and other glucuronides together with
sulfates of E1 and E2 account for more than 90% of the metabolized
E2 [43, 44].

In pigs, the circulating unconjugated estrogens are mainly bound
to albumin [48, 49] and are distributed throughout the body and
its tissues. Both retention and accumulation depend, at least in part,
on the cellular status, such as the estrogen receptor content, which
also determines potential cell-specific effects [40, 50-53]. The uterus
is a major target organ where estrogens accumulate. In contrast to
unconjugated estrogens, the conjugated forms possess little or no di-
rect estrogenic activity; however, they also appear in tissues [54-56].
Although the liver is the main organ of estrogen metabolism, other
tissues are able to conjugate and deconjugate estrogens likewise [54,
56, 57]. This has been particularly established for breast cancer cells
converting sulfated estrogen, a major circulating conjugated form of
estrogens in humans [54], into its free form, thus increasing their
local amount of active estrogens [57].

In the present study, the main and most potent naturally occur-
ring estrogen in females, namely E2, was used as potential EDC. As
its pharmacokinetic behavior and mode of action through its clas-
sical and nonclassical receptors is thoroughly described [58, 59], it
qualifies as model substance for estrogenic environmental low-dose
exposures effects. Interestingly, the pig placenta produces consider-
able amounts of E2 during late gestation, and thus displays an en-
vironment likely comparable to the women [10, 60-62]. In rodents,
circulating estrogens are lower during pregnancy.

We investigated the plasma elimination kinetics and tissue con-
centrations of E2 and its metabolites after oral intake of three dis-
tinct doses. We elucidated direct E2 effects on sows and sex-specific
effects on blastocysts at day 10 of gestation by introducing a next-
generation sequencing approach. To our knowledge, this is the first
study, investigating in vivo effects of estrogens on the embryonic
transcriptome.

Materials and methods

Animals and sampling

Study 1: E2 elimination kinetics

Male castrated piglets (approximately 20 weeks old) were used as
most sensitive model because of lowest concentrations of endoge-
nous E2 in order to being able to even detect small elevations in
plasma estrogen concentrations. This was performed as described
earlier [10]. They were fed a defined amount of E2 once to deter-
mine kinetics of plasma estrogen concentrations. In brief, the animals
received a single oral E2 dose, either 0.025 (n = 3), § (n = 2), or
500 pug E2/kg body weight (bw) (n = 3), respectively, or an ethanol
carrier only (n = 2). Blood samples were taken at 1 h or 15 min inter-
val, centrifuged and ethylenediaminetetraacetic acid (EDTA) plasma
was stored at —20°C.

Study 2: Direct maternal E2 exposure
This is the second part of a long-term large animal trial. In the first
part, the sows had been exposed to E2 over the entire length of
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gestation [10]. Due to management reasons, the sows underwent
further breeding until this second part started, where the same sows
were again allocated to the same treatment group as in the first
part. All details about the complete study design have been pub-
lished by van der Weijden et al. [63] in the supplementary infor-
mation. The second part (here named “study 2”) was conducted
as follows. German Landrace sows (n = 4—6/treatment) were cy-
cle synchronized using Altrenogest ReguMate®) for 12 days, then
Intergonan® (PMSG) at 750 iU was applied once the following
evening, and Ovogest® (human chorion gonadotropin) at 750 iU
was applied once 3.5 days later. The next day (day 0), all animals
were inseminated with sperm of the same single Pietrain boar twice,
in the morning and in the evening. From insemination until day
10, sows were orally exposed to different doses of E2 (1, 3, 5(10)-
ESTRATRIEN-3, 178-DIOL, Steraloids, Newport, USA), namely
with 0.05, 10, and 1000 ug E2/kg bw daily, respectively, or with
ethanol carrier only (control group). The E2 concentrations were
selected according to reference values for humans [58] and have
been reported earlier [10, 39]. The lowest dose corresponds to the
“acceptable daily intake” (ADI), and the second low dose is close
to the “no-observed-effect level” (NOEL). The high dose was inte-
grated as positive control possibly reflecting e.g., a mistaken use of
oral contraceptives during early pregnancy. Half the dose was fed
in the morning and the other half in the evening. One hour after
ingestion of the last dose, sows were slaughtered at day 10 of preg-
nancy. The uterus was removed and embryos were flushed from the
uterus using 10 ml phosphate-buffered saline (PBS, autoclaved, pH
7.4) per horn. These first flushings were collected, centrifuged, and
stored at —20°C. Each horn was again flushed using 50 ml to ensure
that all embryos were recovered. All embryos were transferred into
a petri dish containing PBS. Single embryos as well as tissue samples
(from endometrium, skeletal muscle, and heart) were shock frozen
in liquid nitrogen and stored at —80°C. As published earlier [64],
all embryos were hatched spherical blastocysts according to the ex-
pected stage and contained an embryonic disc. There was neither
significant difference in number (overall n = 230, P = 0.33) nor in
size (2.2 mm + 0.1 mm (mean £+ SEM); P = 0.08) of the embryos.
EDTA plasma was obtained from blood samples after centrifugation
at 4°C. Bile were collected and stored along with the plasma sam-
ples at —20°C. Animals were only included in the RNA sequencing
(RNA-Seq) analyses if embryos were at the blastocyst stage. Three
sows of different treatment groups were excluded depicting only
unfertilized oocytes.

The experiments were performed in accordance with the accepted
standards of humane animal care and were approved by the District
Government of Upper Bavaria, reference # 55.2-1-54-2531-68-09.

Hormone analyses

Plasma concentrations of E2, total estrogens (estrone (E1), E2,
and estradiol-17«), testosterone, and progesterone were analyzed
by enzyme immunoassay (EIA) as described recently [39]. Total
estrogens were measured to estimate E1, the main unconjugated
metabolite in pigs, as well as to approximate the amount of con-
jugated estrogen metabolites, as there was no E1 antibody avail-
able at our institute. In order to analyze conjugated steroid hor-
mones, an additional step was added to the protocol. During the
steroid extraction process after phase separation, the frozen phase
including the conjugated steroids was defrosted at room tempera-
ture and further processed. Two milliliter hydrolysis buffer (50 mM
Na-acetate-buffer), containing 16 ul of the enzyme mixture

B-glucuronidase/arylsulfatase (Merck KGaA, Darmstadt, Germany),
was added. After an incubation step overnight at room tempera-
ture, 6 ml tert-butylmethylether/petrolether 30/70 v/v was added.
The samples were agitated for 2 h at room temperature, rested for
half an hour at room temperature, and were then frozen overnight
at —60°C. The decanted supernatant was then dried in a vacuum
concentrator and 500 ul assay buffer was added to the residues.
Subsequently, the EIAs were performed.

In order to analyze hormone concentrations in endometrial, mus-
cle, and heart tissue, frozen tissue aliquots were grounded using a
pestle and a mortar on dry ice. One hundred milligram were trans-
ferred into an extraction tube, 500 ul of physiologic salt solution
was added, and samples were stored at —20°C. Next, an ether ex-
traction was performed. Tert-butylmethylether/petrolether 30/70 v/v
(6.5 ml) was added to each sample and agitated overnight. After
phase separation, they were frozen over the weekend at —60°C.
The decanted supernatant was then dried in a vacuum concentrator,
500 wl assay buffer were added, and the EIAs were performed. In
addition, after the phase separation, the frozen part was used to ob-
tain the conjugated steroids as described above. Minor modifications
were integrated for bile. The hydrolysis buffer was used at 500 mM
and with twice the amount of enzyme mixture. After the incubation
overnight at room temperature and for another 2 h at 37°C, 6.5 ml
tert-butylmethylether/petrolether 30/70 v/v was added.

RNA and DNA extraction

Total RNA from endometrial samples of pregnant sows was ex-
tracted according to the manufacturer’s recommendations using
TRIzol (Invitrogen, Karlsruhe, Germany) (n = 4 per treatment group,
except for the ADI dose group (n = 3), where a repeated tissue ex-
traction was performed). Next, total RNA and DNA from single
embryos were extracted using the AllPrep RNA/DNA Micro Kit
(Qiagen, Hilden, Germany) following the manufacturer’s protocol
for cells with slight modifications. In brief, 700 ul of Buffer RLT Plus
supplemented with 1% B-mercaptoethanol was added to the frozen
embryo. Disruption was achieved by pipetting up and down and
by a single brief vortexing. Homogenization was performed using a
syringe and needle. After centrifugation of the lysate using a DNA
spin column, the column was stored at 4°C, while the flowthrough
was processed following the protocol for “purification of total RNA
containing small RNAs from cells.” In order to improve RNA pu-
rity, the column was incubated with Buffer RPE at step D3 and D4
before centrifugation for 4 and 2 min, respectively. RNA elution was
repeated using the first eluate to increase the final concentration. The
DNA was purified subsequently. Samples were immediately put on
ice. RNA and DNA samples were stored at —80°C and —20°C, re-
spectively. Purity and quantity were assessed spectrophotometrically
using the NanoDrop 1000 (peqLab, Erlangen, Germany). Addition-
ally, RNA quantity of embryos was determined using the Qubit
(Invitrogen) with the Qubit™ RNA BR Assay. RNA integrity was
measured by means of the Bioanalyzer 2100 (Agilent Technologies,
Waldbronn, Germany) with the RNA 6000 Nano Kit (Agilent). The
mean RNA Integrity Number of the endometrial samples and the
embryos were at 9.3 £ 0.3 (SD) and 9.7 + 0.3 (£SD), respectively.

Sex determination of embryos

At least four embryos per sow from four sows per treatment group
(control, NOEL, high dose) were used for the concurrent RNA
and DNA extraction (n = 65). Unfortunately, the number of em-
bryos of an appropriate quality for analysis was limited in the ADI
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group. Therefore, these needed to be excluded from the analysis.
The sex of the embryos was determined by means of a quantita-
tive real-time polymerase chain reaction (qQPCR) using the DNA
with primers specific for the y- chromosomal gene sex determin-
ing region Y (SRY) in addition to primers for the autosomal hi-
stone gene H3 histone family member 3A (H3F3A) (Supplemen-
tal Table S1). Primers were designed using NCBI primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/), and their speci-
ficity was checked using gel electrophoresis. The SuperScript® III
Platinum® SYBR® Green One-Step qRT-PCR Kit (Invitrogen) was
used on the LightCycler 2.0 (Roche Diagnostics GmbH, Mannheim,
Germany). One microliter of DNA was added to 9 ul of the mas-
termix (5 ul of 2x SYBR®) Green Reaction Mix (includes 0.4 mM
of each dNTP and 6 mM MgSQOy), 2.4 ul of nuclease free water,
1 ul of 20x Bovine Serum Albumin (ultrapure, non-acetylated) (1
mg/ml), 0.2 ul of forward primer [20 uM], 0.2 ul of reverse primer
[20 uM], and 0.2 ul of SuperScript® III RT/Platinum® Taq Mix
(includes RNaseOUT™ Ribonuclease Inhibitor)). The program—
reverse transcription at 50°C for 10 min, then 95°C for 2 min, fol-
lowed by 50 amplification cycles with 5 s at 95°C, 10 s at 60°C,
and 15 s at 72°C; the melting curve was performed from 55 to 95°C
with 0.1°C/s, then samples were cooled to 40°C—was run with each
sample in duplicate. A positive control DNA was included in each
run. In the beginning, each primer pair was checked for its specificity
by sequencing of the amplification product. Then, the melting point
was used to identify the product. The following RNA-Seq analysis
(n = 36) demonstrated that with exception of one embryo the gender
had been correctly assigned.

RNA-Sequencing and data analyses of endometrium
and embryos
The library preparation starting from 125 ng total RNA of each en-
dometrial sample was performed with the Encore Complete RNA-
Seq Multiplex System IB (NuGEN, AC Leek, The Netherlands)
following the manufacturer’s protocol. Quality and quantity were
assessed with Qubit (Invitrogen) and the Bioanalyzer 2100 (Agi-
lent). The libraries were sequenced on a Genome Analyzer [Ix system
(Ilumina). The cBot single Read Cluster Generation kit (Illumina)
and 36 Cycle Sequencing Kit v4 (Illumina) were applied to generate
single-end reads (74 bp). A multiplex of the 16 samples was analyzed
on four lanes. Demultiplexing was conducted by using the barcode
sequence consisting of four nucleotides at the beginning of each read.

Regarding the RNA-Seq of single embryos, six embryos were
selected per sex and treatment group (control, NOEL, high dose;
n = 36) as well as at least one male and one female embryo per sow
(n = 4 per treatment group). However, as one suspected male em-
bryo turned out to be female in the NOEL dose group, one sow had
three female and no male embryo. Thus, the NOEL group consists
of five male embryos from three different sows and seven female em-
bryos from four different sows, while all other groups comprise six
embryos from four different sows. Library preparation with 100 ng
RNA per sample was performed using the TruSeq Stranded mRNA
Sample Prep Kit (Illumina, Inc, CA, USA) according to the manufac-
turer’s protocol. The RNA quality and quantity were assessed with
Qubit and the Bioanalyzer 2100. The pooled libraries were used for
cluster generation with the TruSeq SR Cluster Kit v3-cBot-HS (Illu-
mina). Single-end 100 bp reads were produced on an Illumina HiSeq
2000 with the TruSeq SBS Kit v3-HS (Illumina).

The RNA-Seq data were analyzed using Genomatix (Genomatix
Software GmbH, Munich, Germany). Mapping was performed on

the Genomatix Mining Station (Sus scrofa, Genome Library, NCBI
build 4, EIDorado Version 12-2012, mapping type “fast”, alignment
minimum quality 92%).

The mapped reads of the endometrium were analyzed for differ-
ential expression on the Genomatix Genome Analyzer using edgeR
with default settings (P-value threshold 0.05, with adjusted P-value,
and log2 fold change of > = or < = 1). Further handling of the sig-
nificantly regulated transcripts was done with Galaxy [65] installed
at the Gene Center (LMU Munich, Germany, AG Blum). The cut-off
for defining a gene as being transcribed in a sample was set to having
at least 10 reads. At least three out of four samples of one treatment
group had to have more than nine reads for not being discarded in
order to allow genes to be turned on or off by the treatment.

The mapped reads of the blastocysts were analyzed differently,
as due to the higher number of samples per treatment group (n > 5).
Thus, analysis of differential gene expression was performed with the
BioConductor package EdgeR using the “estimateGLMRobustDisp”
[66]. A false discovery rate (FDR) of 5% was used as threshold
for significance of differential gene expression. Venn diagrams were
generated for genes from all four comparisons with P-values smaller
than 0.0001 (P < 0.0001) including a fold change cut-off of 1.5
using the webtool Venny 2.1 [67]. Hierarchical clustering (HCL)
was performed by the use of MeV_4_8 v10.2 [68] for the same genes
used for the Venn diagrams.

RNA-sequencing data from both experiments have been de-
posited in the ArrayExpress database at EMBL-EBI under the acces-
sion number E-MTAB-6242 (https://www.ebi.ac.uk/arrayexpress/
experiments/E-MTAB-6242) for the endometrium and E-MTAB-
6263  (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-
6263) for the embryos.

A functional annotation clustering was computed using the
database for annotation, visualization, and integrated discovery
(DAVID 6.8) (https://david.nciferf.gov) [69] in order to visualize
biological motifs. Homo sapiens was used as reference species. A
gene list containing the gene symbols of differentially expressed
genes (DEG) were clustered based on the assignment of the genes
to the gene ontology (GO) FAT terms of biological process, cellular
component, and molecular function. Some of the default options
were adjusted, amongst others due to the relatively small num-
ber of DEG (similarity threshold = 0.6, initial and final group
membership = 2, EASE score = 0.2). Only DEG where gene
symbols were available and annotated in the database could be
analyzed.

Technical validation of the endometrial
RNA-sequencing data

A subset of genes that were differentially expressed according to the
RNA-Seq analysis was additionally technically validated by a two-
step reverse transcription JPCR (RT-qPCR). In many cases, more
than one transcript of a single gene was shown to be regulated in the
RNA-Seq analysis. If possible, primers were designed for each tran-
script. However, often this was not possible. Therefore, one gPCR
primer pair may fit to more than one transcript determined in the
RNA-Seq analysis. This is indicated in the list of all primers (Sup-
plemental Table S1) in a separate column containing the accession
number of each transcript fitting to the respective primer pair. The
identical RNA samples were used. They were reverse transcribed
into ¢cDNA as described by Klein and colleagues [70]. Quantita-
tive real-time PCR was conducted using the SsoFast™ EvaGreen®
Supermix (Bio-Rad, Munich, Germany) along with 384 well plates
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and a final volume of 10 ul per sample. The master mix consisted of
5 ul SsoFast™ EvaGreen® Supermix, 0.2 ul of the forward primer
[20 uM], 0.2 ul of the reverse primer [20 «M], 0.07 pl Visi-Blue™
(TATAA Biocenter AB, Goteborg, Sweden), and 3.53 ul RNase-free
water. One microliter of cDNA was added into each well contain-
ing the master mix, while 1 ul of nuclease-free water and 1 ul of
an endometrial cDNA mixture served as negative and positive con-
trol, respectively. Quantitative real-time PCR runs were performed
on the CFX384™ Real-Time PCR Detection System (Bio-Rad) with
the following settings of 30 s at 95°C, 40 cycles with 5 s at 95°C,
and 10 s at 60°C to 64°C depending on the primers annealing tem-
perature (Supplemental Table S1); the melting curve was performed
from 65°C to 95°C with steps of 0.5°C and 5 s per increment;
finally, the plate was cooled to 4°C. A qPCR product from each
set of primers was sequenced to confirm product identity. Subse-
quently, the melting curve analysis with the specific melting point of
each product was used. Data analysis using the obtained Cq values
was performed as previously described [71]. For relative quantifica-
tion, four reference genes were selected using NormFinder (GenEx
Pro Ver 4.3.4 software multiD Analyses AB, Gothenburg, Sweden),
namely H3F3A, ubiquitin B (UBB), glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), and tyrosine 3-monooxygenase/tryptophan
S-monooxygenase activation protein zeta (YWHAZ) (Supplemental

Table S1).

Statistics

The SigmaPlot program package release 11.0 (SPSS, Chicago, IL,
USA) was used for all statistical analyses and graphical presenta-
tions except for the statistic evaluation of the RNA-Seq data. The
logarithmic values of steroid hormone concentrations from plasma,
bile, endometrium, skeletal muscle, and heart tissue samples were
analyzed using ANOVA with the Dunnett post hoc test for compar-
ison of the three treatment groups with the control group. In order
to compare the number of male and female embryos between the
treatment groups, a contingency table was made and subsequently
a x? test was applied. The RNA-Seq data from the endometrium as
well as from the embryos were statistically analyzed using the edgeR
algorithm of the Genomatix Genome Analyzer. Thus, the treatment
groups were compared with the control group and the male and
female data sets from the same treatment group were tested for dif-
ferential gene expression, respectively. For the statistical analyses of
the normalized qPCR data t-tests were applied between the treatment
group that had been found significantly regulated in the RNA-Seq
experiment and the control group. Regarding the linear regression
analysis and its graphical presentation between the fold changes of
the qPCR results and the respective fold changes from the RNA-Seq
experiment, if values for more than one transcript were available
from the RNA-Seq data that were simultaneously amplified with one
primer pair, the mean was used. Thus, for each qPCR fold change
value there was one corresponding value from the RNA-Seq experi-
ment. The data are depicted as mean 4+ SEM. Significant difference
was assumed with P < 0.05.

Results

Elimination kinetics in male castrated pigs

The blood plasma concentrations before and after feeding the respec-
tive dose of E2 (0, 0.025, 5, and 500 ug/kg bw, respectively) were
determined. E2 concentrations were measured and published earlier
[10]. In brief, the two low doses did not lead to any notable increase

in plasma E2 concentrations with average values of 5.6 & 1.3 pg/ml
(mean + SEM) and 5.5 &+ 1.9 pg/ml, respectively. The control an-
imals depicted an average concentration of 5.3 + 2.5 pg/ml. The
high dose showed a peak after 15 min with an average of 77.3 £
23.9 pg/ml. Plasma E2 concentrations did not decline to basic levels
but remained elevated from 6 to 12 h at 23.5 + 4.0 pg/ml. Yet un-
published data showed that even after 21 to 24 h, there was still an
average plasma concentration of 22.2 £ 7.5 pg/ml.

The animals receiving the high dose showed an increase in plasma
concentration of total estrogens with a first maximum at 15 min
with 115.3 &+ 26.6 pg/ml, and a second maximum at 2 h and 45 min
with 115.8 £ 70.4 pg/ml (Figure 1A). The concentration remained
elevated over 24 h with a plateau phase at about 46 pg/ml. The
other treatment groups did not show an increase after feeding and
revealed average concentrations of 21 £+ 5 pg/ml (control), 10 +
1 pg/ml (ADI), and 11 + 2 pg/ml (NOEL), respectively.

The pattern for conjugated E2 is shown in Figure 1B. The high-
dose group reached a first maximum of 9523.9 + 5318.7 pg/ml
at half an hour, a second maximum at 2 h and 45 min with
10 232.3 + 7213.9 pg/ml, and decreased then to a plateau phase
at about 4200 pg/ml. In NOEL gilts, there was also an increase
reaching a maximum at 45 min with 335.1 &+ 207.1 pg/ml, then
it declined to almost basal levels at 3 h. The ADI group depicted
64 + 28 pg/ml, and the control group had mean concentrations of
40 + 12 pg/ml.

The conjugated total estrogens showed a similar pattern
(Figure 1C). The high-dose group depicted a first maximum of 65
128.7 + 27 963.6 pg/ml at 30 min and a second maximum at
2 h and 45 min with 91 262.3 4 64 961.1 pg/ml. Again, the plateau
phase lasted for at least 24 h at about 33 000 pg/ml. Neither the
ADI nor the control animals depicted an increase. Average concen-
trations were 49.3 & 8.7 and 51.6 £ 9.0 pg/ml, respectively. The
NOEL animals showed a maximum of 2509.9 + 1456.3 pg/ml after
45 min. In addition, there was a plateau phase at about 500 pg/ml.

Steroid hormones at day 10 of pregnancy

One hour after feeding one half of the daily dose, all analyzed free
and conjugated estrogens showed significantly elevated estrogen con-
centrations in the high-dose group (Table 1). Selected ones also had
significantly elevated total estrogens in the NOEL group.

The plasma concentrations of E2 were 3-fold higher in the high-
dose group compared to the controls (P = 0.003). The respective fold
change differences of significantly altered estrogen concentrations
compared to the control animals are shown in Table 2. The amounts
of total estrogens were also significantly altered (P < 0.001) with
3-fold and 17-fold higher concentrations in the NOEL dose group
and the high-dose group, respectively.

Concurrently, high concentrations of E2 (P < 0.001) and total es-
trogens (P < 0.001) were determined in the bile after feeding the high
dose (Table 1). The concentration was about 2500-fold and about
3100-fold higher for E2 and total estrogens, respectively (Table 2).
Similar to plasma, total estrogens were also significantly higher in the
bile from the NOEL dose group with 49-fold higher concentrations
compared to the control animals (Table 2). Thus, large quantities
of unconjugated estrogens appeared in the bile, either as E2 or after
conversion as E1.

In the endometrium, heart, and skeletal muscle, E2 and to-
tal estrogens were significantly higher in the high-dose group,
with increases of about 15-fold and about 150-fold, respectively
(Table 2). Additionally, in the NOEL dose group, total estrogens
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Figure 1. Plasma kinetics of distinct oral doses of E2 in male castrated pigs. There were four treatment groups (0, 0.025, 5, and 500 g E2/kg bw, respectively);
the two low E2 doses represent half of the daily dose of the ADI (acceptable daily intake) and close to the NOEL (no-observed-effect level) as announced for
humans; similarly, half of the daily dose of the high-dose group as applied in the study 2 was fed. Plasma total estrogen (A), conjugated E2 (B), and conjugated
total estrogen (C) concentrations are depicted as mean & SEM (n = 2-3/treatment group).

were significantly 6- and 5- fold higher in the endometrium and the
heart, respectively.

In the bile, where the concentrations of conjugated estrogens ex-
ceeded the unconjugated forms, the relative increase (Table 2) was
much more pronounced for the unconjugated forms. The conjugated
forms had only about 800-fold and about 400-fold higher conju-
gated E2 and conjugated total estrogens, respectively, in the high-
dose group compared to the controls. In contrast, in the plasma, the
increase of conjugated E2 and conjugated total estrogens with 361-
fold and about 2300-fold, respectively, was much more pronounced
compared to the unconjugated forms (Table 2).

Elevated concentrations of conjugated estrogens were detected
in the tissue samples (Table 1). The increase in the high-dose
group compared to the control group was in a similar range in
all three tissues with about 10-fold and about 100-fold for conju-
gated E2 and conjugated total estrogens, respectively, thus showing
a slightly lower increase compared to the unconjugated estrogens
(Table 2).

Opverall, there were marked increases in the high-dose group re-
garding all analytes and considerable changes occurred in the NOEL
dose group while no effects were found in the animals fed the ADI
dose.

Progesterone and testosterone were similarly analyzed. There
were no significant differences of progesterone (P > 0.5) in plasma,
bile, and tissues (endometrium, skeletal muscle, heart). The average
concentrations were 14.1 + 1.7 ng/ml in the plasma, 33 474.3 +

13 042.4 ng/ml in the bile, 28.1 £+ 1.8 ng/g in the endometrium,
46.5 £ 3.0 ng/g, in the skeletal muscle, and 94.3 + 9.4 ng/g in the
heart. Testosterone showed an overall significant difference in the
plasma samples (41.1 £+ 7.1 pg/g (control), 65.8 + 7.1 pg/g (ADI),
36.6 £+ 6.4 pg/g (NOEL), and 29.8 £ 4.7 pg/g (high dose); P = 0.03),
and significantly higher values in the high-dose group compared to
the control animals in skeletal muscle tissue (82.5 + 10.3 pg/g (con-
trol), 88.6 + 10.0 pg/g (ADI), 104.8 + 21.1 pg/g (NOEL), and
181.5 4 29.1 pg/g (high); P = 0.02). Testosterone was neither dif-
ferent in the bile (1805.8 + 464.8 pg/ml, P = 0.6) nor in the heart
(281.0 =+ 86.7 pg/g, P = 0.5).

Embryo sexing

The number of embryos per sex and treatment group is shown in the
contingency table (Table 3). The x? test depicted that the propor-
tion of male and female embryos was not statistically significantly
associated with treatment dose (P = 0.892).

Effects on gene expression in endometrium

Differentially expressed genes (P < 0.05) were determined in the
endometrium of all treatment groups resulting in 14, 17, and 27 DEG
in the ADI, NOEL, and the high-dose group compared to the control,
respectively. Thus, the highest dose revealed the highest number of
regulated genes. Most of the genes were upregulated, and only few
overlapping genes between the different E2 treatment groups were
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Table 1. Hormone concentrations after continous E2 treatment and feeding of the last dose 1 h before slaughter at day 10 of pregnancy.

Control ADI NOEL High dose Overall P-value
Plasma
E2 [pg/ml] 19.5 + 3.2 219 + 5.4 25.5 + 14.8 67.2 £ 7.3* 0.003
Total E [pg/ml] 253 + 2.8 304 £ 5.0 71.9 £ 23.9* 419.5 + 80.8* <0.001
Conj. E2 [pg/ml] 499 + 5.1 511 £ 1.7 367.7 £ 35.7* 18 005.8 £ 4706.2* <0.001
Conj. total E [pg/ml] 95.5 £ 33.5 109.6 + 24.9 3503.3 £ 449.2* 222 798.4 + 51803.5* <0.001
Bile
E2 [ng/ml] 0.2 + 0.08 0.2 + 0.1 2.6 +£2.1 488.6 + 431.9* <0.001
Total E [ng/ml] 0.7 £ 0.3 1.3 £ 0.8 34.1 £ 30.5* 2188.5 £+ 1400.4* <0.001
Conj. E2 [ng/ml] 2.5 +£0.7 2.8 £ 0.7 27.0 + 9.9* 1992.8 + 1083.4* <0.001
Conj. total E [ng/ml] 20.4 + 8.0 17.3 £ 3.6 453.0 + 160.1* 8432.0 £ 1568.0* <0.001
Endometrium
Conj. E2 [pg/g] 135.8 + 16.0 98 + 14.0 2144 + 53.5 2951.2 + 1149.2* <0.001
Conj. total E [pg/g]| 90.5 £ 14.7 73.5 £ 16.8 834.6 £ 168.2* 9497.6 £ 2178.1* <0.001
Skeletal muscle
E2 [pg/g] 144 + 3.2 131.5 + 110.6 298 + 4.4 302.6 £ 164.0* 0.007
Total E [pg/g] 14.5 + 3.3 86.5 £ 74.0 36.1 + 3.4 1449.7 + 663.7* <0.001
Conj. E2 [pg/g] 93.5 £ 124 176.4 + 31.3 158.5 + 23.1 849.6 + 315.9* <0.001
Conj. total E [pg/g] 56.4 + 2.3 108.0 + 24.6 122.7 £+ 16.8 5654.9 + 2844.3* <0.001
Heart muscle
E2 [pg/g] 129.8 + 93.8 244 + 3.4 50.2 + 10.3 664.5 + 343.7* 0.002
Total E [pg/g] 20.1 + 9.8 28.7 £ 16.0 100.8 + 23.1* 4586.7 £ 1774.2* <0.001
Conj. E2 [pg/g] 274.4 + 128.3 147.0 + 51.7 2949 + 71.6 1431.1 + 475.9* 0.001
Conj. total E [pg/g] 105.9 + 19.8 130.5 + 36.5 310.4 £ 56.7* 9567.4 £ 3449.5* <0.001

E2 = estradiol-178, conj. = conjugated, E = estroge