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HIGHLIGHT

« BPA alters ovarian steroidogenensis in adult females via aromatase reduction

« BPA fetal exposure is associated to altered estrous cyclicity

« BPA fetal exposure alters neuroendocrine functions critical for female
reproduction

ABSTRACT (150 words)

Proper cyclicity is essential to reach successful optimal fertility. In rat and mice, BPA
exposure is repeatedly and reliably reported to show an adverse effect on the estrous
cycle after exposures at different life stages. In humans, a possible association between
modifications of menstrual cycle characteristics (e.g. length of the cycle, duration of
menstrual bleeding) and sub-fecundity or spontaneous abortion has been observed.
Alterations of ovarian cyclicity can therefore be definitely considered as an adverse
health outcome. As a prerequisite for the EU REACH regulation to identify a substance as
an endocrine disruptor and thus a SVHC: the proof has to be established that the
substance can have deleterious health effects resulting from an endocrine mode of
action. This review provides an overview of the currently available data allowing to
conclude that the adverse effects of BPA exposure on ovarian cyclicity is mediated by an
endocrine mode of action.

2 Substance of Very High Concern; make the substance eligible to the limitation of its uses to the obtention of
conditional and temporary authorisations.



1. Context of the review

Substances having endocrine disrupting (ED) properties may fulfil the definition of a
Substance of Very High Concern (SVHC) under the European REACH regulation (EU
Regulation N° 1907/2006). Identifying a substance as an SVHC is a first step that opens
the possibility for a stringent risk management measure that conditions its uses to the
obtention of temporary authorisations and strongly encourages its substitution. The
European Commission’s Endocrine Disrupters Expert Advisory group agreed in 2013 on
the elements for identification of an endocrine disruptor, in line with the WHO definition
(JRC, 2013). To be identified as an endocrine disruptor a substance has to show
endocrine mode of action, adverse health effects in individuals and/or their offspring and
most importantly the link between the adverse effects and the endocrine mode of actions
(MoA) has to be clearly established. In the aim of evaluating how the extensive database
available on BPA fulfills the regulatory requirements for its identification as an endocrine
disruptor, its effects on the female reproductive system have been reviewed and
evaluated in relation to the evidence of an ED-mediated MoA.

Several experimental studies have investigated the effects of BPA on the reproductive
system and reported a broad range of effects. In particular in females BPA has been
consistently reported to induce ovarian toxicity. Although the effects of BPA on the
follicular dynamic and/or oocyte maturation, two intimately linked physiological
processes, might differ according to the period and mode of exposure, period of
observation and specie, they are quite frequently reported in several animal species
including sheep (Rivera et al., 2011; Veiga-Lopez et al., 2014), rats (Li et al., 2014;
Gamez et al., 2015; Santamaria et al., 2016), and monkeys (Hunt et al., 2012). In mice
and rats, exposure to BPA increases the incidence of cystic ovaries (Newbold et al.,
2009; Signorile et al., 2010; Delclos et al., 2014; Newbold et al., 2007; Adewale et al.,
2009; Fernandez et al., 2009). Reduced ovarian weight or small ovaries, depletion of
corpora lutea (Nikaido et al., 2004; Takagi et al., 2004; Newbold et al., 2007; Adewale
et al., 2009; Nikaido et al., 2005) and of antral follicles (Delclos et al., 2014; Fernandez
et al., 2009) as well as decreases of the number of primordial follicles (Wang et al.,
2014a; Rodriguez et al., 2010) are often, although not systematically, observed
following developmental exposure to BPA. Concerning the oocytes development, meiotic
abnormalities leading to aneuploidy were shown in several studies using different
exposure scenarios. BPA can be associated to modifications of endocrine profiles and/or
ovarian histology (Fernandez et al., 2010; Newbold et al. 2007, 2009) very similar to the
one encountered in Polycystic Ovarian Syndrom (PCOS) in women.

BPA exposure was also associated to changes in the reproductive tract morphology in
several studies. Benign lesions like endometrial hyperplasia or atypical hyperplasia,
which is a precursor lesion of adenocarcinoma, were reported in several studies in mice
(Newbold et al., 2009 and 2007; Signorile et al., 2010; Hiyama et al., 2011). In some
studies investigating the reproductive tract in older animals, more severe lesions were
also found, including progressive proliferative lesions of the oviduct (Newbold et al.,
2009). Malignant invasions (squamous metaplasia or polyps) were also described in 18-
month-old mice (Newbold et al., 2009 and 2007). An increased thickness of uterine
epithelium and stroma and an increased incidence in cystic, hyperplastic and metaplastic
endometrium are also reported in some studies in rats (Mendoza-Rodriguez et al., 2011;
Delclos et al., 2014). A decline in reproductive capacity, i.e. a decrease in the number of
pregnancies and/or a decrease in the number of pups born (decreased litter size), was
observed in several studies when exposure of dams occurs in utero or during the first
days of life in mice and rats (Wang et al., 2014a; Cabaton et al., 2011; Fernandez et al.,
2009; Varayoud et al., 2011). Exposure to BPA during adulthood consistently results in a
decrease in the number of pregnancies and implantations in several studies (Moore-
Ambritz et al., 2015; Berger et al., 2008 and 2010; Al Hiyasat et al., 2004; NTP, 1985).

Some of the parameters related to the female reproductive function potentially linked to



estrous cyclicity were also investigated in epidemiological studies in human. Highest
levels of BPA were associated with implantation failures in women undergoing medically-
assisted procreation (Ehrlich et al., 2012). Decreased ovarian function as part of an in
vitro fertilisation (IVF) was also reported with higher BPA exposure in two studies
(Fujimoto et al., 2011; Mok-Lin et al., 2010). In a cohort of women undergoing infertility
treatments, a decreasing number of antral follicles was observed in association with
increasing BPA exposure (Souter et al., 2013). An association of shorter luteal phases
with the concurrent BPA exposure was observed among women with no known fertility
problems (Jukic et al., 2015).

The aim of the present paper was not to provide one more review on the effect of BPA
on the female reproductive system. There are already several very good reviews on that
topic. Our specific goal was to assess whether WOE approach along with AOP could be
used to show that BPA could fulfill the EU criteria for the identification as an ED. It was
thus decided to focus on adverse effects acknowledged by a harmonised classification
according to the CLP Regulations, i.e. BPA effects on female reproductive system and
fertility (ECHA, 2014). More precisely, it was decided to focus on the recognized adverse
effect of BPA on estrous cyclicity since it is a reproductive process with a well known
physiological scheme of regulation proceeding from undiscutable endocrine determinism.

2. Method for literature screening and working database constitution

As a prerequisite for a WOE approach, an extensive literature database was built. It first
included all references anterior to 2012 at the time when the bibliography review for the
classification proposal stops. Then, all studies from academic and/or private scientific
research as well as reports from regulatory bodies published on BPA effect on female
reproductive function from 2012 to may 2016 have been gathered using PubMed-NCBI
and/or Web Of Science™ core collection. The search strategy was based on different
combinations of the following truncated key-words: BPA, female, reproducti*, ovar¥*,
neuroendocrine, endocrine disrupt*, estrous cycle, estrus. Toxicological studies
presenting major biases as listed thereafter were excluded from the list: absence of
negative control, too low number of animals, improper statistical analysis, data not
shown, poor monitoring of estrous cyclicity. For epidemiological studies, the major biases
leading to exclusion were based on the size of the population together with scheme of
the study. Neither the absence of positive controls nor using a non phyto-estrogen free
diet was considered as major biases.

This database was merged with the first one, and the total database was scrutinized for
studies including characterisation of estrous cyclicity (table 1). This subset of studies was
used to determine if there were some concerns that the effect of BPA on estrous cyclicity
might be challenged or a matter of debate at the sight of the new data. The percentage
of studies with positive results was determined for each period of exposure all species
confounded. Interestingly, in agreement with the evaluation of BPA by the French
agency ANSES in 2013 (in its annexe), the effects of BPA on the estrous cycle appeared
to be the most obvious following exposure during or after the postnatal period. Indeed,
about 80% of the studies with such exposures showed positive results. When considering
any window of exposure more than 50% of all the studies showed positive results and it
was thus assumed that there was no serious reason to dismiss the effect of BPA on the
estrous cycle. During the course of its evaluation in 2008, the NTP considered that there
was not enough evidence to recognize the effect of BPA on estrous cyclicity. It is
noteworthy that since then, studies such as Ziv-Gal et al. (2015) and European bodies

3 Regulation (EC) No 1272/2008 of the European Parliament and of the Council of 16
December 2008 on classification, labelling and packaging of substances and mixtures



such as RAC (opinion published in March 2014 (ECHA, 2014)), have concluded "that BPA
exerts its toxic effects on the ovaries, either due to direct effects on the ovaries or
indirectly via effects on the HPO-axis. [...] The guideline studies did not report any
significant effects on the oestrous cyclicity. However, in the NCTR (2013) study [referred
as Delclos et al., 2014 in the present article] and in most of the studies using
subcutaneous dosing, BPA induced irregularities in the oestrus cycle (Mendoza-Rodriguez
et al., 2011, Kato et al., 2003, Fernandez et al., 2009).”

In a second step, this same subset of studies was used to identify those studies in which
evidence(s) for endocrine mode of action was reported together with estrous cycle
impairement (tables 3 and 5). The total data base was then scrutinized for other studies
including in vitro experimentations that could confort those hypothetical modes of action
thus reinforcing our Adverse Outcome pathway analysis.

In relation to the WHO definition of an endocrine disruptor, the following aspects are
successively discussed in this review: evidence of an adverse health effects, evidence of
an endocrine mode of action (MoA), discussion of the plausible link between adverse
effect and endocrine MoA, and finally human relevance. More details on the rating and
weight of evidence is available in the introduction paper of this review.

3. Evidences supporting the identification of the alteration of estrous
cyclicity as an adverse effect of BPA

3.1. Non-human information

Experimental studies investigating the effects of exposure to BPA on estrous cyclicity are
summarised in Table 1. Reliable results were reported in several experimental studies
showing an adverse effect of BPA on the estrous cycle, including irregular and prolonged
cycles. One should look at these results bearing in mind the current toxicological
reference values recommended at the EU level. Following a reassessment of the
database in 2015, EFSA proposed a new health-based guidance value for BPA (EFSA,
2015). A t-TDI of 4 pg BPA/kg bw based on a BMD L10 ((Benchmark Dose 10% Lower
Confidence Limit) of 8.96 mg/kg bw (body weight) per day in mice.

Table 1: Summary table of studies investigating the effects of BPA on the estrous cycle
in female animals

Reference Species Routes Dose Effect on estrous cycle
Exposure period
Gestational exposure
Mouse studies
Honma et al., 2002 ICR Icl Subcutaneous | 0, 2, 20 ug/kg bw/d 7 length of the estrous cycle of 1
mouse GD11- GD17 day at both doses (p < 0.05).
Nikaido et al., 2004 CD-1 Subcutaneous | 0, 0.5, 10 mg/kg bw/d Increased cycle length of 3 days
mouse GD15 - GD19 in both groups with increased
time of diestrus (p<0.01)
Wang et al., 2014a FvVB Oral (gavage) 0, 0.5, 20 or 50 pg/kg 7 time in diestrus and metestrus
mouse bw/d and N in proestrus and estrus at
GD11-PNDO 0.5 pg/kg




N in estrus at 20 ug/kg

No significant effect at 50 ug/kg
(7 time in metestrus and N in
proestrus with DES)

Rat studies

Tinwell et al., 2002 Sprague Oral (gavage) 0, 0.02, 0.1 or 50 mg/kg/d | No difference in the stage of the
Dawley GD6-GD21 estrous cycles at PND90.
and
Alderley
park
(derived
from
Wistar)
rat

Sheep studies

Savabieasfahani et al., | Suffolk Subcuta- 0 or 5 mg/kg bw/d No effect on the length of

2006 sheep neous GD30 - GD90 progestogenic cycles | of the

amplitude of the LH preovulatory
surge following PGF2a-induced
luteolysis.

Veiga-Lopez et al., Suffolk subcutaneous 0.05, 0.5, or In 19 months old offspring:| time

2014 sheep 5mg/kgBW/day GD30 - intervall between E2 and LH

GD90 surges (vehicle vs BPA, all groups
confounded).
Perinatal exposure

Mouse study

Naulé et al., 2014 C57BL/6] | Oral (gavage) 0, 0.05 or 5 mg/kg/d Normal cycle analysed after
mouse GD15 to PND21 PND60

Rat studies

Kwon et al., 2000 Sprague Oral (gavage) 0, 3.2, 32 or 320 mg/kg/d | No effect in 4-month F1
Dawley GD 11 - PND 20 (irregular estrous cycle with DES)
rat

Rubin et al., 2001 Sprague Oral (drinking 0,0.1,1.2 Irregular cycles in 79% (4-week
Dawley water) mg/kg bw/d old) and 77% (6-month old) F1
rat GD6 - end of lactation at the high dose (significant). No

period significant effect at low dose.
Intermittent extended period of
diestrus, or extended period of
proestrus and/or estrus.

Takagi et al., 2004 Sprague Oral 0, 7, 70 or 300 mg/kg No effect on estrous cyclicity
Dawley bw/d (approx.) (some animals with extended
rat GD15 - PND10 diestrus in the low dose group

but not significant)

Yoshida et al., 2004 Donryu Oral gavage 0, 0.006 or 6 mg/kg bw/d | No effect on estrous cyclicity
rat GD2 - PND21

Mendoza- Rodriguez et | Wistar Oral (drinking 1.2 mg/kg bw/d Observations in 3-month old

al., 2011 rat water) GD6 - PND21 females : 79% with irregular

cycles vs 6% in controls
(determined on 4 consecutive
weeks) characterised mainly by
several continuous estrus days
and in few animals persistent
diestrus.

Delclos et al., 2014 Sprague- | Oral gavage 2.5, 8, 25, 80, 260, 840, Observation between PND 69 to
Dawley (aqueous 2700 pg/kg bw/d and 100 | 90:
rat solution) and 300 mg/kg bw/d At 300 mg/kg, 7 incidence of

GD6- PND90 animals with abnormal cycles
primarily due to extended estrus
and extended estrus/diestrus.
Between PND150 and 170, 7
incidence of abnormal cycles
from 100 mg/kg.

Effect similar to EE,.

Ferguson et al., 2014 Sprague Oral (gavage) 0, 2.5 or 25 pg/kg/d No effect on the proportion of
Dawley GD6 to PND21 days spent in each phase (lower
rat proportion of days in diestrus

with EE,, extended estrus
transitions)

Postnatal exposure




Mouse study

Nah et al., 2011 ICR Subcutaneous | 0, 0.1, 1, 10, 100 mg/kg N number of estrus days at the

mouse bw high dose (examined during 9
PND8 days from PND20)

Rat studies

Kato et al., 2003 Sprague- | Subcutaneous | 0, 0.25, 1 or 4 mg/pups Observation from PND 61 to 94:
Dawley PNDO - PND9 irregular estrous cycles in 4/6
rats females and persistent estrus in

2/6 at 4 mg/kg; (similar effects
with 10 pg/kg Ez)

Adewale et al., 2009 Long- Subcutaneous | 0, 50 pg/kg bw/d or 50 At 50 pg/kg: 14% of females
Evans rat mg/kg bw/d were not cycling anymore by 15

PND1- PND3 weeks after vaginal opening.
At 50 mg/kg: 67% of females
were not cycling anymore by 15
weeks after vaginal opening.
(100% in controls)

Fernandez et al., 2009 Sprague Subcutaneous | 0, 6,2/2,5, 62.5/25 mg/kg | Irregular estrus cycle in adult F1
Dawley bw/d at high dose with high prevalence
rat PND1- PND10 of estrus after PND90 (p<0.05)

Monje et al., 2010 Wistar Subcutaneous | 0, 0.05 or 20 mg/kg bw/d Observations of females for 2
rats PND1-PND7 weeks from PND85:

7 in proestrous/estrous time
(p<0.001) at 0.05 mg/kg (high
dose not examined for cyclicity)

Franssen et al., 2016 Wistar Subcutaneous | 0, 25 ng/kg or 5 mg/kg bw | Observations from VO to PND
rats PND1 - PND5 or PND15 80: no effect on estrous cyclicity

Prepubertal exposure

Mouse study

Nikaido et al., 2005 ICR Subcuta- 0 or 10 mg/kg bw/d No effect on the estrus cycle
mouse neous PND 15 to 18 during 5-8, 9-12 and 21-24

weeks of age.

Rat study

Zaid et al., 2014 Sprague- | Oral (gavage) 0 or 10 mg/kg/d Only 3/8 rats with normal cycles
Dawley For 42 days from PND28 (p<0.05) and 5/8 rats with
rats persistent diestrous (p<0.05)

Adult exposure

Mouse study

Moore-Ambritz et al., C57BL/6 Oral (gavage) 0 or 50 pg/kg/d No effect on duration of each

2015 mouse For 12-15 days from day estrous stage during the dosing

of 1% estrus (approx. period (lengthened cycle with
PND39) DES).

Rat studies

Laws et al., 2000 Long Oral (gavage) 0 or 100 mg/kg for 25 Jdnumber of 4-5 day cycles
Evans rat days in cycling animals (p<0.05). Extended diestrus in 6

animals, extended estrus in 2
animals, normal cycles in 7
animals.

(similar effects but more
pronounced with E)

Lee et al., 2013 Sprague- | Oral (gavage) 0, 0.001 or 0.1 mg/kg Observations of female for 30
Dawley bw/d days after the 90-day exposure:
rat 8-week animals exposed 7 in duration of the estrus

for 90 days phase: p<0.001 at 0.001 mg/kg,
p<0.01 at 0.1 mg/kg and p<0.05
with EB
No animal in a persistent estrus
phase.
Multi-generation studies

Mouse studies

NTP, 1985 CD-1 Oral 0, 300/350, 600/650 or No effect on estrous cycle
mouse (diet) 1200/1300 mg/kg/d (M/F)

1 week before mating until
sacrifice
(continuous breeding; 2 G)

Tyl et al., 2008 CD-1 Oral (gavage) | 0.003, 0.03, 0.3, 5, 50 or FO treated females were twice

mouse 600 mg/kg/d more in estrus as compared to

8 weeks before mating to

controls at 600 mg/kg




adulthood
(2G)
Rat studies
Ema et al., 2001 Sprague- Oral (gavage | 0, 0.2, 2, 20 or 200 No effect
Dawley until weaning Ma/kg/d
rat (2G) 10 (M) or 2 (F) weeks
premating
Tyl et al., 2002 Sprague- | Oral 0.001, 0.02, 0.3, 5, 50 or No effect on estrous cycle length.
Dawley (diet) 500 mg/kg/d
rat
10 weeks before mating
until PND21
(36G)

It is important to note that the effects of BPA exposure on the estrous cycle were
analyzed, in the majority of rodent studies, in relatively young adult females (less than
six months of age). A previous study showed that deleterious effects of BPA exposure on
reproductive functions may be more significant at advanced ages (Cabaton et al., 2011).
This, together, with differences between studies in terms of experimental conditions,
strain, period of exposure as explained above.. may explain the variability of BPA
effects.

In its opinion of March 2014 (ECHA, 2014) in support of classification of BPA as Repr 1B
- H360F, the Risk Assessment Committee (RAC) produced the following conclusions on
estrous cycle disturbances in experimental studies:

“"Three of the guideline studies (NTP, 1985, Tyl et al., 2002, 2008, Ema et al., 2001) did
not report any significant effects on the oestrous cyclicity. However, in Tyl et al., 2008, a
higher percentage of the high-dose females were in oestrus as compared to controls.
Furthermore, in the [Delclos et al. (2014)] study, in which SD rats were exposed during
GD6-PND90, 63% of the animals in the high-dose group had an asynchronous oestrous
cyclicity versus 12% in the vehicle control. It was noted by RAC that the control vehicle
group was also affected as compared to the naive controls (0% asynchronous estrous
cyclicity). Based on vaginal cytology, disruption of the oestrous cycle at the highest BPA
dose was reported on PND69-90 and at the two highest doses on PND150-170 in a
similar manner as for the positive control (EE,). The increase of the proportion of
animals showing asynchronous estrous cycle on PND150-170 was statistically significant
at 100 mg/kg bw/day (n=14), but not at 300 mg/kg bw/day (n=7). Maternal toxicity in
this study included a significant reduction in body weight gain (6-13% with an average
at 10%) at PND4 and beyond in the two BPA high dose groups. No effect on body weight
gain was observed in low dose groups.

Several of the remaining non-guideline studies reported BPA-induced irregularities in the
oestrus cycle (Mendoza-Rodriguez et al., 2011, Kato et al., 2003, Fernandez et al.,
2009).

In contrast, in the study by Kwon et al. (2000), in which SD rats were exposed via oral
gavage to 3.2, 32 or 320 mg BPA/kg bw/day between GD11 and PNDZ20, no effects were
reported on the oestrous cycle.

RAC concluded that BPA-treated FO females were twice more in estrus as compared to
controls at 600 mg/kg in Tyl et al. (2008), and that BPA induced irregularities in the
oestrus cycle also in the [Delclos et al. (2014)] study and in most of the studies using
subcutaneous dosing (Mendoza-Rodriguez 2011, Kato et al. 2003; Fernandez et al.
2009).”

3.2. Human information

The link between BPA, human exposure and cycle parameters in women has been
studied in a single recent study.




In the mid-80’s, 221 women with no fertility disorders were enrolled at the time they
stopped contraceptive method to become pregnant and followed for up to 6 months as a
population-based cohort (Jukic et al. 2015). Daily first-void morning urine samples were
collected for hormonal measurements, the ovulation day recorded; the plausible
conception day and early pregnancy loss were calculated. BPA was measured in weekly
samples pooled over one cycle.

Total BPA urinary concentration of a given cycle was negatively correlated with the
duration of the luteal phase comtemporary of the BPA measurement. When looking for
associations with BPA concentration of the previous cycle, no association was found with
the length of the follicular or luteal phases.

The study and its design are considered as of overall good quality although it should be
noted that it is common that women experience instability in the first cycles after
cessation of contraception.

Based on this single epidemiological study, no robust conclusion can be drawn on the
effect of BPA on the estrous cycle in women.

3.3. Summary and discussion of alteration of estrous cyclicity as an
adverse effect

An alteration of estrous cycles by BPA is identified in many experimental studies in rats
and mice after exposure at different life stages.

This effect was recognised by RAC in its opinion in support of classification of BPA as
Repr. 1B - H360F as summarised in the RAC opinion on restriction of BPA (ECHA 2015):
“RAC’s opinion (RAC 2014) was based on adverse effects, such as disturbances in the
oestrous cycle, at a dose of 600 mg/kg bw/day (Tyl et al., 2008) and at a dose of 100
mg/kg bw/day (Delclos et al., 2014).”

Proper cyclicity is considered essential to reach successful ovulation. An alteration of
cyclicity may therefore directly induce at least subfertility through disturbed (delayed or
absent) ovulation. The hormonal regulation of the cycle also influences the recruitment
and maturation processes of the ovarian follicles. Different studies have linked
modification of estrous cyclicity with impaired follicle dynamic. For example, Zaid et al.
(2014) showed an increase of the occurrence of persistent diestrous (5/8 animals) in
BPA-treated animals, jointly to an increase of the number of large antral-like follicles
that did not reach ovulation, an increase of atretic cystic-like follicles and a decrease in
the number of preantral follicles and corpus luteum. These data show that BPA alters the
development of preovulatory follicles and their ovulation. Modifications in the length
and/or hormonal environment of the different phases of the estrous cycle might likely
impact the quality of oocytes and the quality of embryos. Therefore, the effect on
cyclicity needs to be considered in relation to the alteration of fertility observed.

In humans there is several indications that estrous cycle disturbances are associated one
way or the other to fertility issues. As synthetised by Kortenkamp et al. (2012), an
association between menstrual cycle characteristics (e.g. length of the cycle, duration of
menstrual bleeding) and sub-fecundity and spontaneous abortion has been observed in
humans and menstrual patterns have been associated with chronic diseases, including
breast and ovarian cancer, uterine fibroids, diabetes and cardiovascular disease.
However, the causal link behind this association remains to be elucidated. Chronic
anovulation is among the most common causes of female infertility. In women, shorter
cycles are less likely to be followed by conception, and both shorter and longer cycles
are more likely to be followed by spontaneous abortion. Cycles with up to 4 days
menstrual bleeding had lower fecundity, and spontaneous abortion is less likely after
cycles with more than 5 days of menstrual bleeding (Small et al., 2006). Alteration of
cyclicity is therefore fully considered as an adverse effect in humans.



4. Endocrine disruption in relation to the alteration of the estrous
cyclicity

The specific pathways involved in the alteration of estrous cyclicity further to BPA
exposure during development or in adulthood are very likely to be largely mediated
through modifications of the hormonal regulation of the cycle, although with specificities
depending on the period of exposure.

4.1. Adult exposure
4.1.1. Background on the regulation of the estrous cycle in rodents

It is well known that the estrous cycle is a process basically controlled by sequential
endocrine/paracrine and autocrine regulations (Figure 1) (Richards, 2006). The key
event is the endocrine dialogue between the hypothalamo-pituitary system and the
ovarian follicles via the levels of estrogens that trigger the ovulatory surge of LH from
the pituitary. The central event of this sequence is the positive feed back exerted by the
estrogen surge occurring at the end of the follicular growth. At the end of the follicular
growth, when plasma estrogens reach a threshold, they act positively on the
hypothalamo-pituitary system to provoke the ovulatory peak of LH and FSH.

Aromatase is an enzyme responsible of the production of estradiol from testosterone. It
is expressed in multiple organs such as gonads, placenta, brain, adipose tissue, blood
vessels, skin, bones and uterine mucosa (Simpson et al., 1994). In the non-pregnant
female, ovaries are by far the major source of circulating estrogens in vertebrates.
Estrogen production results from a collaborative work inside the ovary: the theca-
interstitial cells synthetise androgens from cholesterol and the granulosa cells, convert
the androgens produced by theca-interstitial cells into estrogens as they specifically
express cypP450arom (also called cyp19al) encoding the aromatase, catalysing this
conversion. Consequently, the proestrous rise in plasma estrogen concentrations is
related to an increase in ovarian aromatase activity. The diestrus 1, diestrous 2 and
proestrus before 15h00 correspond to the ovarian phase during which the pool of
recruited preantral and antral follicles are growing and produce more and more
estrogens.

From the beginning of diestrus 1 onwards, the follicles growth and estrogens production
are stimulated by both FSH (stimulating granulosa cells) and LH (mainly stimulating
theca-interstitial cells, and granulosa cells incidentally). Importantly, the preovulatory
surge of estrogens is also largely due to the self-stimulation as the rise in estrogens
further stimulates their own production (Figure 2). The estrogens stimulate follicle
growth and protect the follicle from atresia, and consequently more and more cells
produce estrogens. Furthermore, in theca-interstitial cells, estrogens act in a paracrine
mode to up-regulate the stimulatory effect of LH on androgen production. Lastly, in
granulosa cells, estrogens up-regulate in an autocrine fashion, via binding to ERB, the
stimulatory effect of FSH and of LH on the expression of the cypP450arom.
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Figure 1: Temporal sequence of the main endocrine controls of the final follicle growth

and ovulation in the rat

Step 1: From late Diestrus-1 (DiE-1) until proestrus (PE) 15h00 LH stimulates the production of androgens by
theca cells and FSH (and incidentally LH) stimulates the conversion of these androgens into estrogens.

Step 2: Concomitantly, estrogens stimulate their own production via a self-stimulated loop detailed in Fig 2.
Thus the estrogen production increases.

Step 3: High levels of estrogens act positively on the hypothalamo-hypophysis system and trigger a surge of
LH and FSH from PE 15:00hrs (step 4) that induces ovulation at the estrous stage (step 5).

The side insert into fig 1 represents the level of estradiol-1783 in the peripheral plasma during the estrous
cycle (from Smith et al., 1975).

The self-amplifying feedback mechanism of estrogens on their own production is
mediated by intra-follicular factors. Among them, IGF-1 produced by theca-interstitial
cells and granulosa cells plays an important role by enhancing the action of
gonadotrophins. IGF-2, SF-1, BMP-15, GDF-9 and GATA4 are also involved. Lastly, in the
granulosa cells of the preovulatory follicle, transcription factors such as PPAR-y inhibit
CYP450arom transcription, whereas others such as LRH-1, SF-1, CREB and GATA4
activate this transcription. The ovary-specific proximal promoter II (PII) of CYP450arom
contains response elements for these transcription factors.
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Figure 2: Main mechanisms of the self-stimulated estrogen synthesis in the
preovulatory follicle. Estrogens (estrone and estradiol-178) stimulate the proliferation of the granulosa
cells, and the secretion and action of IGF-I in the granulosa cells (autocrine action), and in thecal cells
(paracrine action). In each cell type, IGF-I potentiates the positive effect of the gonadotrophins (LH in theca
cells, and FSH (incidentally LH) in the granulosa cells) on specific steps in the steroid hormone biosynthetic
pathway. STAR, steroid acute regulatory protein; CYP450scc : P450 cholesterol side chain cleavage enzyme
(also named CYP11A1l); CYP45017a: 17a-hydroxylase-17,20-desmolase (also named CYP17A1);
CYP450arom : cytochrome P450 aromatase (also named CYP19A1); HSD3B: 3B-hydroxysteroid
dehydrogenase; HSD178 : 17B8-hydroxysteroid dehydrogenase; IGF-I : insulin-like growth factor I.

More precisely, the ovarian estradiol acts in the hypothalamic preoptic area to trigger
GnRH liberation, which in turn stimulates LH increase in the pituitary (Figure 3). This
gonadal feedback does not act directly on GnRH neurons but involves a neuronal cell
type expressing kisspeptin. This hypothalamic neuropeptide coded by Kiss1 gene acts
upstream of GnRH. Kisspeptin neurons located in the rostral periventricular area of the
third ventricle (RP3V; including the anteroventral periventricular, caudal and rostral
periventricular nuclei) of the preoptic area send projections to GhRH soma cells, which
express the kisspeptin receptor (Kiss1R). Kisspeptin is a crucial regulator of the onset of
puberty, sex hormone-mediated secretion of gonadotrophins, and control of fertility.
During the proestrous phase, estradiol targets kisspeptin neurons, which express ERa
and therefore integrate the positive signal of estradiol necessary to trigger the ovulatory
surge of LH, through GnRH liberation.
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Figure 3. Kisspeptin neurons are located in two hypothalamic regions, the rostral periventricular area of the
third ventricle (RP3V) and arcuate (ARC) nuclei. Kisspeptin neurons of the RP3V nucleus integrate the positive
feedback (green arrow) exerted by estradiol (E;) to trigger the ovulatory surge of LH through GnRH liberation
during the proestrous phase. The arcuate nucleus integrates the negative feedback (red line) exerted by
estradiol during the other phases of the estrous cycle.

Furthermore, in rodents, the anteroventral periventricular nucleus (AVPV), where
kisspeptin neurones are involved in the positive feedback of estradiol, receives afferent
fibers from the suprachiasmatic nucleus. The circadian clock located in the latter nucleus
coordinates and provides precise timing for the LH surge which starts at 15h00.

It may be noted that, in rodents, the ovulatory surge of LH triggers progesterone surge
(peak following estradiol surge (Figure 1), which is required for female receptivity.
During this stage, progesterone acts in hypothalamic areas through progesterone
receptors, which are up-regulated by estradiol, thereby leading to the induction of
female sexual behaviour.

In conclusion, the estrous cycle appears as a process basically controlled by sequential
endocrine/paracrine and autocrine regulations. The key event is the endocrine dialogue
between the hypothalamo-pituitary system and the ovarian follicles via the levels of
estrogens that trigger the ovulatory surge of LH.

Importantly, this mechanism is common to all cycling mammals.
4.1.2. In vitro information indicative of endocrine activity of BPA

A number of in vitro studies show that BPA can alter the activity of ovarian cells. This is
very likely to result in the disturbance of the estrous cycle, in particular when the
steroidogenic activity of the ovaries is concerned (see above the biological process which
controls the estrous cycle). The in vitro data are described below and summarised in
Table 2.

Table 2: Summary of the in vitro studies showing an alteration of the ovarian
steroidogenesis function likely to result in disturbance of estrous cyclicity if occurring in
vivo.

Cell type Reference Tissue Concentration Results Conclusion
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| Testo, |Androstenedione,
. 100 and 10 mg/L |DHEA-S, | STAR,
Pezréziz1 etal., Egcl)“ucslgslsolated antral (=440 and 44 M) |CYP450scC,
BPA — 3 B-HSD, — CYP450
Theca-interstitial 17apha No clear-cut
cells conclusion
Zhou et al Theca-interstitial cells
o isolated from immature |10 to 100 yM BPA 1 STAR, 1CYP450scc
2008
SD rats
Zhou et al., Granulosa cells isolated .
2008 from mature SD rats 1 to 100 UM BPA | estradiol
. 100 and 10 mg/l_ BPA reduces
Peretz et al., Mouse isolated antral (=440 and 44 uM) | estradiol CYP4SDarom
2011 follicles !
BPA expression
Mlynarcikova et |Porcine granulosa cells _. . and
al., 2005 from antral follicles 1to 100 uM BPA | FSH-induced estradiol estrogen
production
Granulosa cells |Watanabe et KGN (a human in rodents,
al., 2012 granulosa-like cell line) > to 100 uM BPA { CYP450arom domestic
animals and
| FSH-induced human
T CYP450arom, 1| granulosa
:/wmzt(quleowmz et Kgﬁjggahgernsn 40 to 100 uM BPA estradiol, cells in all
X g | IGF-1, | GATA-4, | SF-I, studies.
1t PPAR-gamma,
Mansur et al | estradiol, | progesterone
2016 " |Human granulosa cells (8.8 to 88 uM BPA | Cyp arom (mRNA and
protein)

4.1.2.1.

Theca-interstitial cells

Using isolated antral follicles from adult cycling female FVB mice, Peretz et al. (2011)
observed dose-dependent and time-dependent reductions in estradiol-178, estrone,
testosterone, androstenedione and DHEA-S synthesis after exposure to 100 and 10 mg/L
(440 and 44 uM) BPA. Using addition of steroid substrates and reverse transcription
polymerase chain reaction (RT-PCR) analyses, they demonstrated that BPA acts by
reducing the activity and/or expression of STAR and CYP450scc, but not that of 38-HSD
and CYP45017-a. Moreover, these effects of BPA are reversible once BPA is removed
from the culture media (Peretz and Flaws, 2013).

In contrast, using theca-interstitial cells isolated from immature (30 days old) female
Sprague-Dawley rats (previously daily injected with 1 mg 17B-estradiol from 28 to 30
days of age to stimulate ovarian development), Zhou et al. (2008) observed that BPA in
the culture medium at high concentrations increases the expression of STAR (from 10 to
100 pM i.e 2 to 23 pg/mL) and CYP450scc (from 0.1 to 100 pM i.e from 0.2 to 23

ug/mL).

These data indicated diverging results that could be explained by differences in the
species used or because the animal the cells come from were on different maturity
stage.

4.1.2.2. Granulosa cells

The effects of BPA have been investigated in rodent and porcine granulosa cells in
several studies. Zhou et al. (2008) used a granulosa cells culture isolated from mature
Sprague-Dawley rats and observed that an exposure range between 1 to 100 uM BPA
for 48 hrs reduced the estradiol production and CYP450arom mRNA level in a dose-
dependent fashion.
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Peretz et al. (2011) showed that the mouse antral follicle cultured for 120 hours in the
presence of 44 uM BPA contained 4 times lower CYP450arom than the controls, but the
difference was not statistically significant.

Mlynarcikova et al. (2005) reported that 1 to 100 uM BPA inhibits FSH-induced estradiol-
178 synthesis in cultured granulosa cells isolated from antral porcine follicle.

Importantly the negative effect of BPA on aromatase expression and activity was also
observed using human cells. Watanabe et al. (2012) used a KGN cells line (a human
ovarian granulosa-like tumor cell line), and exposed them to BPA between 5 to 100 uM.
They observed a dose-dependent reduction of the mRNA levels and activity of
CYP450arom.

Kwintkiewicz et al. (2010) used KGN cell line, and exposed them to BPA in a range
between 40-100 pM. They observed a dose-dependent reduction of FSH-induced
aromatase expression and estradiol secretion, and a reduction of the FSH-induced IGF-1
expression. mRNA levels of transcription factors SF-1 and GATA4 were decreased after
BPA treatment. In contrast, both mRNA and protein levels of PPARy were significantly up-
regulated by BPA in a dose-dependent manner and the authors suggests that the
inhibitory effect of BPA on the expression of aromatase is mediated via PPARy since
overexpression of PPARy in KGN cells also provokes a decrease in the expression of
aromatase and IFG-1

Recently, Mansur et al. (2016) assessed the effects of BPA on a human granulosa cells
culture obtained from patients undergoing IVF. The cells were exposed for 48 hrs to 8.8
nM, 88 nM, 880 nM, 8.8 uM or at 88 uM of BPA. The progesterone secretion was reduced
for 8.8 and 88 uM of BPA but not at lower doses. The highest BPA concentration showed
a decrease of the estradiol production. The BPA at 8.8 and 88 uM significantly reduced
the mRNA levels of 3B-HSD, CYP450scc and CYP450arom and at lower concentrations
(8.8 nM to 0.88 uM) no change was observed. The BPA exposures concentration did not
affect the STAR and CYP17a mRNA levels. Lastly, 3B-HSD, CYP450scc and CYP450arom
protein levels were reduced by 88 uM of BPA.

Note

It can be noted that the inhibitory effect of BPA on the aromatase activity and/or
expression was also observed in vitro in other cell types such as placental cells
(Nativelle-Serpentini et al., 2003; Benachour et al., 2007; Huang & Leung, 2009) and
Leydig cells (Akingbemi et al., 2004).

4.1.2.3. Summary and conclusion

In conclusion, the in vitro effect of BPA on the theca-interstitial cells steroidogenesis
seems to depend on the species, the maturity stage and/or the experimental procedure.
In contrast, data dealing with the in vitro effect of BPA on the granulosa cells
steroidogenesis are all converging to show that BPA reduces the estrogen production
by this cell type by reducing the aromatase expression in all species studied
including in humans. On granulosa cells, all the available data judged relevant for the
assessment of the MoA are consistent and biologically concordant with the proposed
MoA.

4.1.3. In vivo evidence with regard to an endocrine MoA

There are currently few data reporting in vivo effects of adult exposure to BPA together
with investigation of the MoA. These studies are summarised in Table 3.

Table 3: in vivo evidence for endocrine mechanisms potentially underlying alteration of
estrous cyclicity as a consequence of adult exposure to BPA
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Refe- Species Route (dose) Effect Evidence for ED MoA
rence Age Duration

Lee et al., Rat SD Gastric : Disruption of Both BPA doses and EB:
2013 PND 56 -BPA : 1 and the estrous lplasma estradiol, |testosterone,
100 pg/kg bw/d cycle with |STAR,
- EB : 1 pg/kg extended tapoptosis in follicles and corpus lutea.
bw/d estrous phase — FSH
of 2-7 days Both BPA doses but not EB:
90 days with both BPA laromatase in granulosa cells
doses and EB | uterine estrogen-induced proteins (PCNA

calbindin-D9k)
| uterine collagens
tplasma and pituitary LH concentrations

Wang et Mouse Oral (20 pg/kg) 1 GnRH and Effects blocked by GPER and ERB

al., 2014b ICR or ICV (0, 0.02, Kiss 1 antagonists
Adult in 0.2, 2.0, 20.0, expression Estrous cyclicity not monitored but effects
pro- and 200.0 nM/3 TLH, FSH, E; very likely to be related to disruption of
estrous ml) estrous cyclicity

Single exposure
Analysis 6 hours
after exposure

Kurian et Rhesus Infusion of O, | GnRH and Alteration of GnRH secretion
al., 2015 monkey 0.1,1or10 nM kisspeptin

Pubertal BPA into stalk- release, 1 pulse

female median eminence | amplitude

(approx. of the interval at 10

38 hypothalamus for nM

months) 240 min

Simultaneous
collection of
dialysate

Lee et al. (2013) developed a key study using adult female Sprague-Dawley rats (PND
56) treated by oral gavage with 1 or 100 pg/kg/day of BPA for 90 days. Estradiol
benzoate (EB, 1ug/kg/day) was used as positive control. Both BPA doses and EB
lengthened the estrous phase, decreased plasma estradiol and testosterone
concentrations, and increased apoptosis in follicle and corpus luteum. They decreased
the protein levels of StAR but not those of P450SCC and 3B-HSD in theca-interstitial
cells. The magnitude of these effects is important: plasma estradiol-178 concentration
was 2 times lower in rats treated by 1 pg/kg/day as compared with controls. No change
in the levels of FSH in the plasma and the pituitary gland were observed. Both doses of
BPA but not EB:

- decreased aromatase levels in the granulosa cells (with a stronger effect with 1
than with 100 pg/kg/d BPA),

- decreased estrogen-induced proteins (PCNA calbindin-D9k) and collagen contents
of the uterus,

- increased plasma LH concentration and pituitary LH content. The authors
interpret this increase in LH levels as the following cascade: BPA primarily acts on
the ovaries to reduce their estrogen production; this provokes a partial removal
of the inhibitory negative feedback that is exerted by the circulating estrogens on
the hypothalamo-pituitary system at this period of the estrous cycle, and,
consequently, an increase in LH secretion.

This work is consistent with in vitro data described above. It shows that one clear-cut
primary target of BPA in the ovary is the ovarian follicular cell and the control
of aromatase gene expression. BPA first decreases estradiol levels by disturbing
P450arom protein expression. Then, it is likely that the prolonged status of reduced
estradiol subsequently provokes decreased feedback regulation of LH, lengthening of the
estrous cycle as well as ovarian cell apoptosis.
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Wang et al. (2014b) reported that exposure of adult female mice to BPA for 6 hours
during proestrous, but not during estrous or diestrous, increases Kissl1 and GnRH mRNAs
levels in the hypothalamic preoptic region as well as circulating levels of LH, FSH and
estradiol. The assessment of LH surge showed an increased baseline before the LH
surge, but no changes in the timing and level of this surge.

In a recent study, Kurian et al. (2015) using a microdialysis method, examined the
effects of acute exposure to BPA (0.1, 1, and 10nM) directly infused to the stalk-median
eminence on the release of GnRH and kisspeptin in mid to late pubertal ovarian intact
female rhesus monkeys. They observed that the highest level of BPA exposure (10 nM
i.e about 2 ng/ml which is a relevant concentration as far as human exposure is
concerned) suppressed both GnRH and kisspeptin release since the first 20 minutes after
exposure.

Although assessing BPA-induced effects at different periods of life (puberty vs adulthood)
on different processes (kisspeptin and GnRH expression in body cells vs neuropeptide
liberation at terminal nerves), these studies suggest that exposure to BPA could impair
female reproductive function by directly influencing the hypothalamic neuroendocrine
function.

Although the potential effects of such changes on the estrous cycle were not assessed
due to the short time of exposure, the data presented are relevant for the proposed
MoA. Indeed, these studies suggest that BPA can also affect the expression of two key
neuropeptides involved in the ovulatory surge of LH process in rodents and non-human
primates and that a neuroendocrine mechanism can also contribute to BPA-reprotoxicity
(see detailed presentation of neuroendocrine regulation in the next sections). The
literature search performed did not provide studies where those parameters would have
been evaluated but not modified, although it is difficult to find negative results in general
Itterature.

4.1.4, Plausible link between adverse effects and endocrine MoA
regarding adult exposure

Convergent data explain how the effects of BPA on the ovary lead to alteration of the
estrous cycle. BPA consistently reduces the conversion of androgens into estrogens in
granulosa cells which triggers a sequential cascade resulting in a disturbance of the cycle
(Figure 4). These results demonstrate a clear endocrine mode of action, namely
the alteration of the ovarian steroidogenic activity, underlying estrous cycle
disruption in adult rodents.

BPA BPA

. Delayed or suppression of
Final Preovulatory gonadotrophins Delayed or Disturbance

follicle —> \ Aromatase —> \ estrogens —> ovulatory ~ —> suppression—> inthe
growth rise surge of ovulation cycle

Ovary Ovary

Figure 4 : Sequential cascade from the endocrine effect of BPA to its adverse effects.

A clearly demonstrated target of BPA is aromatase, in the preovulatory follicle. The BPA-induced
reduction in the expression of this steroidogenic enzyme induces a reduction in the synthesis of
estrogens. Thus, the preovulatory rise of estrogens is attenuated. Consequently, the estrogen-
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induced gonadotrophins ovulatory surge, is delayed or suppressed, and this induces disturbances
in the cycle. Furthermore, BPA may act on the hypothalamo-hypophysis activity.

So far, there are indications of direct effects of BPA exposure during adulthood on the
neuroendocrine system controlling the estrous cycle in rodents and non-human
primates. However, it remains difficult to establish a clear link between the data on BPA-
induced changes of this system and alterations of the estrous cycle based on the few
data available. Indeed, although BPA-induced changes in the neuroendocrine expression
of kisspeptin and GnRH were reported, data are far too limited to propose a succession
of key events linking directly neuronal changes to ovarian cycle disruption in adult.

4.2. Developmental exposure (in utero, perinatal, postnatal and/or prepubertal)

Most of the studies related to developemental exposure were focused on the
reproductive endocrine system

4.2.1. Background on neuroendocrine fetal programming of estrous
cyclicity
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Figure 5. The neuroendocrine system involved in the control of the estrous cycle is
regulated in a sexual dimorphic manner. Kisspeptin neurons located in the hypothalamic
arcuate nucleus (ARC) integrate the negative feedback (red line) exerted by estradiol (E;) or
testosterone (T) in both males and females. By contrast, kisspeptin neurons of the RP3V nucleus
integrate the positive feedback (green arrow) exerted by estradiol in females. This positive
regulation does not exist in males since the RP3V nucleus contains very few kisspeptin neurons in
males by comparison to females.

The neuroendocrine pathways underlying the gonadotropic function are regulated by sex
steroids in a sexually dimorphic manner (Figure 5). Indeed, the positive feedback
exerted by estradiol to trigger GnRH/LH preovulatory surge is specific to females. As
developed above, ovarian estradiol exerts a positive control during the proestrous phase.
It also exerts an inhibitory feedback during the other phases in females. In males,
testosterone and its neural metabolite estradiol exert only a negative feedback. Both
positive and negative feedback exerted by sex steroids involve kisspeptin neurons. Two
hypothalamic neuronal populations of kisspeptin are differentially involved in the
integration of these positive and negative signals. Kisspeptin neurons of the RP3V
nucleus are targeted by estradiol during the proestrous phase in females, while
kisspeptin cells of the hypothalamic ARC mediate the negative control of sex steroids in
both males and females. Kisspeptin neurons of the ARC send also projections to GnRH
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neurons and co-express two neuropeptides neurokinin B and dynorphin, which are
suggested to play also a role in the regulation of the gonadotropic axis.

At the neuroanatomical levels, the female RP3V contains more kisspeptin neurons by
comparison to males. This sexual dimorphism is programmed as early as the perinatal
period since testicular testosterone, and its neural metabolite estradiol, masculinize the
male RP3V region (reviewed in Kauffman, 2009). In female rodents, brain regions are not
impacted by sex steroids during this period since the ovaries are inactive and the neural
structures involved in female reproduction are protected from maternal and sibling
derived estradiol due to its selective binding to the a-fetoprotein. Interestingly, BPA does
not bind to the a-fetoprotein (Milligan et al. 1998). At birth, the expression level of
kisspeptin is low in the female RP3V. It increases progressively during the postnatal
period under the control of ovarian estradiol. Indeed, the ovarian production of
estrogens, which starts around postnatal day 7, promotes Kissl expression in this
hypothalamic region. A maximal increase is observed during the prepubertal period and
will be necessary for pubertal activation of GnRH/LH axis and initiation of estrous
cyclicity and female reproduction.

4.2.2. In vitro information indicative of endocrine activity at the
neuroendocrine level

One in vitro study (Klenke et al., 2016) investigated the action of BPA on the
neuroendocrine components of regulation of the estrous cycle and is summarised in
Table 4. In this study, BPA reduces the frequency of oscillations in GnRH neurons from
embryonic nasal explants collected after emergence of GnRH cells and other neuronal
cell types from the plasma codes.

Table 4: Summary of the in vitro study showing an alteration of GnRH activity by BPA

Reference Tissue and treatment Type of Type of Evidence for ED
period evaluation modification MoA
Klenke et al., Nasal explants from mice Calcium BPA reduces the Direct effect of BPA
2016 embryos at embryonic day imaging frequency of on GnRH neurons
11.5 (after emergence of oscillations in
GnRH cells and other GnRH neurons
neuronal cell types from the
plasma codes) used after 6
days of culture — 50 uM

4.2.3. In vivo evidence with regard to an endocrine MoA after
developmental exposure

As presented above, the perinatal and postnatal periods of exposure are sensitive to
hormonal changes. Changes are required for the permanent programming of the female
neuroendocrine system. Exposure to exogenous factors exhibiting hormone-mimetic
activities such as BPA could then interfere with these processes and induce long-term
effects on the integrity of the gonadotropic axis and the estrous cyclicity.

Several studies provide evidence of alteration of the estrous cycle as well as indications
about the MoA. They are summarised below and in Table 5.

Table 5: Evidence for BPA-induced disturbance of estrous cyclicity in animal models and
link with an endocrine disruptive MoA
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Reference Species Route Type of Type of Evidence for ED MoA
Period Doses evaluation modification
Rubin et al., Rat SD Oral (drinking Daily vaginal 1% of animals with |LH secretion in BPA-
2001 GD6- water) cytology for 18 regular estrous treated OVX animals
PND21 0.1-1.2 mg/kg/d| consecutive days cycle 1 duration of showing a BPA-induced
at 4 and 6 months | the cycle and | nb alteration in the
of estrous endocrine function of
8 female cycles/animal with the hypothalomo-
offspring/ 1.2 mg/kg/d pituitary gonadotropic
group were axis. But LH was not
ovariectomised evaluated in ovary
and killed 3 intact animals
months later to
assess LH levels.
Nikaido et al., Mouse Subcutaneous Daily vaginal tmean cycle length For diestrus: similar
2004 CD1 0.5-10 mg/kg/d | smears between 9 1time in diestrus increase with DES
GD15- to 11 weeks
GD19
Adewale et al., Rat Long- |Subcutaneous Daily 4 days Time and Dose- Similar but more rapid
2009 Evans 50 -50000 vaginal lavage dependent and more sustained
PNDO- ug/kg/d from 2 weeks decrease of the effect with PPT a
PND3 SC after VO and number of cyclic selective agonist of
every two weeks females ERa
for 13 weeks
Fernandez et Rat SD Subcutaneous PND90 Irregular estrus | pituitary sensitivity to
al., 2009 PND1- cycles (persistent GnRH in estrus in vivo
PND10 ~5-50 mg/kg/d estrus) and in vitro
1GnRH pulse frequency
in juvenile and adults
Monje et al., Rat Subcutaneous Daily vaginal 1time spent in Females at 20 mg/kg
2010 Wistar 0.5 or smears from proestrus/ estrus were incapable of
PND1- 20mg/kg/d PND85 to PND at 0.05 mg/kg (not producing the LH
PND7 100 performed in examined at 20 surge.
the group mg/kg) Alteration of GNRH
exposed to 0.05 maturation process
mg/kg and ER a expression in
the AVPV and ARC,
and PR in the AVPV
Delclos et al., Rat SD Oral Daily vaginal 1% female with EE,-like effect
2014 From GD6 (gavage) cytology from extended estrus 1E; and PRL-
PND 69 to 90 and (highest dose only) lprogesterone
2.5, 8, 25, 80, from PND 150 to
260, 840, 2700,| 170
100000, 300000
Mg/kg/d
Wang et al., Mouse Oral (gavage) From PND21-51 0.5 pg/kg/d For proestrus and
2014a FVB Daily Vaginal |poestrus and metestrus: idem DES
0.5-20-50 smears estrus tmetestrus
GD11- pg/kg/d 20 pg/kg.d: N
PNDO estrus
Not with high dose
50ug/kg/d

In the study from Wang et al. (2014a), effects on estrous cyclicity were observed at low
doses. However, the only evidence that these alterations might be due to endocrine-
mediated mechanisms arises from the observation that part, but not all, of these effects
are reproduced in the diethylstilbestrol (DES) positive controls. In the study from Delclos
et al. (2014) issued from CLARITY-BPA, a Consortium Linking Academic and Regulatory
Insights on BPA Toxicity), an unprecedented collaboration that brings together academic
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researchers with federal regulators (NIEHS and National Toxicology Program (NTP)) to
answer critical research questions about BPA that will help inform regulatory decision-
making (Heindel et al., 2015), effects on estrous cyclicity were conclusive in the highest
dose group after periconceptional and all life-long exposure. This effect was seen in the
positive EE,-treated animals as well. In addition, the similarity of effects between BPA
and positive estrogenic controls or ERa antagonist was also observed in Nikaido et al.
(2004) or Adewale et al. (2009), respectively.This shows that BPA displays an estrogen-
like effect.

In another study (Rubin et al., 2001), results in some female offspring exposed
perinatally to the highest dose of BPA (1.2 mg/kg bw/d) revealed intermittent extended
periods of diestrus, whereas other females exhibited extended periods of proestrus
and/or estrus. Beside altered patterns of estrous cycle in approximately 80% of 4-month
and 6-month old females, the offsprings of the high-dose BPA dams also revealed
decreased levels of plasma luteinizing hormone (LH) (-18%) in adulthood after
ovariectomy. Decreased LH secretion in BPA-treated ovariectomised animals showed an
alteration of the endocrine function of the hypothalomo-pituitary gonadotropic axis.
However, it should be noted that LH was not evaluated in ovary -intact animals, thus
direct correlation between LH secretion alteration and the estrous cycle disturbances
could not be made.

More convincing evidence toward involvement of hormonal disruption was provided by
the concomitant observation of estrous cycle disturbance together with modification of
LH and/or GnRH release (Monje et al., 2010; Fernandez et al., 2009).

Finally, one additional study provides relevant indications of a potential disruption of the
estrous cycle hormonal regulation. In the study from Veiga-Lopez et al. (2014), sheep
were exposed to BPA during gestation from GD30 to GD90 at doses of 0.05-0.5 or 5
mg/kg/d. This exposure was not associated with major alterations of the amplitude
and/or the timing of the estradiol and LH surges during the preovulatory phase of the
estrous cycle. However, the time interval between estradiol and LH peaks appeared to be
decreased in BPA-exposed animals as compared to vehicle ones. The impact of such
modifications on the overall estrous cycle was not determined in this study. Several
other studies in sheep indicate that BPA developmental exposure (either in utero or
neonatally) can alter the follicle dynamic (Rivera et al., 2011; Veiga-Lopez et al., 2014)
or the ovarian response to FSH (follicular growth, FSH-induced estradiol secretion) in
prepubertal animals (Rivera et al., 2015).

At the neuroendocrine level, ten studies addressed the effects of developmental
exposure to BPA on kisspeptin and GnRH expression or liberation (Table 6), with half of
them investigating estrous cyclicity as well. Regardless of this latter parameter, 8/10
studies report changes in kisspeptin and/or GnRH expression and liberation, suggesting
a potential long-term effect of BPA exposure. The limited number of studies and
differences in doses and analyses do not allow concluding whether developmental
exposure to BPA inhibits or increases neuropeptide expression. It seems, however, that
neonatal and early postnatal exposure diminishes, while a longer exposure time starting
from gestation until weaning increases, kisspeptin expression.

Table 6: Studies addressing the effects of developmental exposure to BPA on the
kisspeptin/GnRH system

Reference Animal Doses Period Effects on Kisspeptin Effects on GnRH
model (route)
Adewale et Long 50pg/kg -  PNDO- No modifcation in GhRH
al. (2009) Evans 50mg/kg PND3 expression in the OVLT
rats (SO)
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Ferndndez Sprague- 50upg/50pL PND1- Increased infantile GnRH

et al. Dawley - PND10 pulsatility. During
(2009) rats 500pg/50ul adulthood, diminished
(SC) GnRH-induced secretion of
LH and disturbed
pulsatility
Navarro et Wistar 100 - PND1- Diminished Kiss-1 mRNAs levels
al. (2009) rats 500ug/rat  PND5 in the hypothalamus at PND30
(sQ)
Patisaul et Long 50pg/kg -  PND1- No effect of BPA exposure in the
al. (2009) Evans 50mg/kg PND4 AVPV, decrease in the ARC at
rats (SC) the higher dose. Diminished

kisspeptin cell density in the
AVPV and ARC by with ERa

agonist.
Monje et Wistar 0.05, 20 PND1- mRNAs GnRH increased at
al. (2010) rats mg/kg PND7 BPA-0.05
(SC) mRNAs GnRH decreased
at BPA-20
Xi et al. CD1- 12 - 25 - G1-PND49 G1-PND49: Increased G1-PND49: increased
(2011) mice 50 mg/kg or PND21- Kiss1mRNA expression in the GnRH expression levels in
(oral) PND49 hypothalamus at BPA- 25 and the hypothalamus at BPA-
50 25 and 50. No
modification in GhRH-R
expression levels in the
pituitary
Cao et al. Long- 50ug/kg =  PNDO- Diminished Kiss1 expression
(2012) Evans 50mg/kg PND2 (mRNAs) in the RP3V at PND10.
rats (SC) No modification of Kiss1 in the
ARC
Losa-Ward Wistar 50ug/kg - PNDO- No differences in kisspeptin cell
et al. rats 50mg/kg PND3 density in the AVPV or
(2012) (SC) kisspeptin-GnRH appositions.
Diminished cell density and
number of RFRP3 neurones, and
RFRP3-GnRH appositions
Naulé et C57BL6] 0,05-5 GD15- Increased kisspeptin number in
al. (2014) mice mg/kg/d PND21 the RP3V
(oral) of adult females
Franssen Wistar 25ng, 25 PND1- GnRH IPI increased by 25
et al. rat mg, 5 PND15 ng, reduced by 5 mg
(2016) mg/kg/d
(S6)

Recent neuroanatomical studies described modifications in the expression levels of
estrogen receptors in brain areas underlying female reproduction, such as the preoptic
area and AVPV subregion or the mediobasal hypothalamus and ARC, following
developmental exposure to BPA (Monje et al., 2009; Monje et al., 2010; Rebuli et al.,
2014; Cao et al., 2014; Yu et al., 2015). These data clearly indicate that developmental
exposure to BPA can be associated in animal models with an altered development of the
neuroendocrine component of the gonadal axis. From a physiological point of view, it is
legitimate to assume that most of these alterations can possibly lead to disruption of
estrous cyclicity later in life. However, the majority of these studies did not monitor
cyclicity, which precludes any definitive conclusion regarding a potential functional link
between these developmental neuroendocrine alterations and perturbation of estrous
cyclicity in adults.

4.2.4. Plausible link between adverse effects and endocrine MoA
regarding developmental exposure

Not all studies provide clear indications of a direct link between a disruption of estrous
cyclicity due to BPA exposure and endocrine or neuroendocrine mechanisms. The delay
between the expression of the neuroendocrine mode of action evidenced during
developmental stages (evaluation of tissue expression of genes/ proteins such as
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kisspeptin) and the effect on estrous cyclicity that can be evidenced only in fully mature
animals render their observation within the same study/animal almost impossible.
Nevertheless, many studies show that the basic (neuro) endocrine mechanisms
implicated in the finely tuned regulation of the gonadotropic function underlying the
estrous cycle can be altered in response to BPA exposure, in particular after
developmental exposure. BPA has been shown to affect the hypothalamic expression of
kisspeptin, a key neuropeptide in the regulation of the HPG axis to later achieve the
release of hormones at the appropriate time and concentrations during the cycle. In
particular, studies by Monje et al. (2010) and Fernandez et al. (2009) provide a link
between neuroendocrine changes and alteration of the cycles through concomitant
observation of an alteration of hormones of the HPG axis and a cycle disturbance. In
addition, the affected targets are similar to a large extent to targets affected by either
estrogen agonist or estrogenic positive controls. Thus, animal and in vitro data support
the hypothesis of an endocrine-related MoA of BPA to induce perturbation of estrous
cyclicity after developmental exposure.

It is noteworthy however, that based on available data, it is sometimes difficult to state
whether those endocrine alterations are the primary mode of action or just
consequences of a non-endocrine related mechanism such as meiotic alteration or
epigenetic modifications within the oocytes and/or other follicular cell types. This is
typical of the regulatory loop systems that are the basis of endocrinology. As long as an
endocrine-related modification can be evidenced for at least one step of these regulatory
loops, it can be considered that the substance is acting as an endocrine disruptor.

5. Human relevance

Most of the evidence comes from rodent studies. Peculiarities of the reproductive
physiology in those species as potential sources of uncertainties on the relevance of the
results for humans are discussed hereafter together with commonalities across species.

5.1. Circadian synchronisation of estrous cycle is specific for rodents

The preovulatory LH surge, which characterises the proestrus depends on neural
hypothalamic signals tightly coupled to the 24 hrs light-dark cycle in rodents. The
disruption of this signal, through pentobarbital administration during mid-proestrus for
example, leads to a delayed ovulation by exactly 24 hours. In rat, the synchronisation of
the estrous cycle is related to the expression of an endogenous circadian rhythm. In
women, the spontaneous initiation of the preovulatory LH surge generally occurs in the
morning in association with high cortisol levels, suggesting a role for the hypothalamus
in timing human ovulation. However, the most recent evidence suggests that this neural
component of the control system timing the LH surge in women translates diurnal
changes in environmental cues rather than an endogenous circadian rhythm. It appears
therefore that in rodents, the modification of the duration of the different phases of the
estrous cycle might in some cases reflect disruption of the circadian synchronisation of
the GnRH/LH preovulatory surge and that this is likely not the case in humans.

The picture is quite different when the observed parameter is the percentage of females
exhibiting regular estrous cycles. This type of modification is more likely to signal a
profound alteration of the basic mechanisms underlying the cross talk between the
ovaries, the pituitary and the brain, which are well preserved among animal species.

Overall, there is therefore some degree of uncertainty regarding the relevance to
humans of rodent data on the estrous cycle disturbances when they relate to the
duration of each phase of the cycle. However, when the results are expressed in terms of
percentage of females exhibiting irregular estrous cycles as seen in several studies with
BPA it is very likely that these effects can be considered as relevant to humans. In
addition, alterations of the ovarian steroidogenic activity and/or of the neuroendocrine
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pathways mediating sexual steroid feedback are evidenced with BPA and provide support
for human relevance since these are basic mechanisms underlying the estrous cycle that
are common to most mammal species.

5.2. Differences in the timing of the ontogeny of the neuroendocrine axis and/or the
gonads

The sequential events and regulations during development of the gonads and
neuroendocrine reproductive axis is common to all mammals including human. However,
the duration of each period is highly variable as shown in Figure 6, Thus, as an example,
an exposure to BPA at birth will act on ovaries at different degrees of maturation in
rodents (meiosis prophase period) and in humans (meiosis prophase arrested).

In addition, in rodents, unlike in some other mammals (rabbit, sheep, human), estrogen
production by the ovary starts after birth consistently with a very low aromatase
expression in the ovary during fetal life (Picon et al., 1985; Greco & Payne, 1994;
Daniel-Carlier et al., 2013; Payen et al., 1996; Fowler et al., 2011). Assuming that like
in adult, BPA can alter early steroidogenesis during development, it can be hypothesized
that species exhibiting steroidogenic activity in utero could be more sensitive than
rodents to the effects of BPA fetal exposure. This might be a plausible explanation for
the fact that in the rodent studies, the effect of BPA was the most obvious following
postnatal exposure i.e at a period when the offspring steroidogenesis occurs. From this
point of view, the effect of prenatal exposure to BPA on estrous cycle proceeding from
altered gonad differentiation and/or folliculogenesis might be underestimated in humans
when evaluated through rodent data. The effects of ovarian development alterations
(observed after culling) on disruption of the estrous cycle in adults cannot be
simultaneously evaluated in the same animals.

Overall, although the critical periods of exposure may differ in humans, it does not affect
the general relevance of the effect/MoA.
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Figure 6 : Ontogeny of the ovarian function in different species of mammals.

5.3. Differences and commonalities in the endocrine and neuroendocrine control of
the ovarian cycle in adults

5.3.1. Ovarian control of the ovarian cycle

The cycle in humans differs from that in rat and mice in its duration (28 days on
average), in a clear separation between follicular and lutea phases, and in a uterine cycle
characterised by menstruations.

Furthermore, as explained here above, the follicular phase of the estrous cycle in rodents
is characterised by a peak of progesterone induced by the ovulatory surge of LH since
the corpus lutea of the previous cycle is still functional at this time in rodents. This peak
of progesterone does not impact the running of the cycle and is important to synchronise
ovulation and female receptivity to male mounting in rodents. Indeed, liberated
progesterone induces female receptivity, which is restricted to this period. This peak of
progesterone does not occur in women, since progesterone is secreted during the luteal
phase of the estral cycle only.

Furthermore, in humans there is a larger variability in the duration of the cycle from one
cycle to another in the same woman and from one woman to another. It results from
variability in the duration of the terminal growth of the follicle, leading to variability in
the delay to reach the estrogens threshold that will trigger the pituitary gonadotrophins
surge. Thus, the duration of the follicular phase is variable. Conversely, the duration of
the luteal phase is relatively constant.

Another difference is the control of the corpus luteum regression, which is exerted by the
corpus lutea themselves in primates and by the uterus in rodents, but both mechanisms
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involve the same ultimate hormonal control through PGF2a.

In conclusion, there are some differences in the endocrine control of the cycle between
rodents and humans. Nervertheless, the key regulatory endocrine mechanisms of the
cycle are the same. Importantly, in all cycling mammalian species including primates, it
is the progressive increase in estrogens secretion at the end of the follicular phase that
triggers the release of LH and FSH ovulatory surges. In all cycling species, the
experimental suppression of the production or the action of estrogens during the end of
the follicular growing phase suppresses the ovulatory peak of gonadotrophins.
Consequently, the BPA-induced reduction of the aromatase expression in the follicle
described above is expected to trigger disturbances in the menstrual cycle in humans as
well as alteration of estrous cycle in rodents.

5.3.2. Neuroendocrine control in humans

In humans, the importance of kisspeptin was first demonstrated by the
hypogonadotropic hypogonadism of patients carrying a mutation of the KISS1R (de Roux
et al., 2003; Seminara et al., 2003). More recent studies show that kisspeptin acts also
upstream of GnRH neurones to coordinate GnRH and LH pulsatility (reviewed in
Skorupskaite et al., 2014). It stimulates the secretion of both LH and FSH, with a
preferential stimulation of the former. Kisspeptin has also been shown to mediate both
negative and positive feedback of sex steroids. In women, it seems therefore that sex
steroid feedback involves both the hypothalamus and the pituitary gland.

At the neuroanatomical level, kisspeptin neurones extend from the preoptic area through
to the infundibular nucleus (homologous to the ARC in rodents), as for GnRH neurones.
In the infundibular region, kisspeptin neurones express also neurokinin B and dynorphin.
By contrast to rodents where the RP3V and ARC respond to positive and negative sex
steroid feedback respectively, the human infundibular nucleus relays signalling of both.
It is, however, possible that the two processes are mediated by different neuronal
populations.

The kisspeptin system seems also sexually dimorphic, although the critical period and
origin of this dimorphism are still unknown. More kisspeptin fibres were detected in the
infundibular nucleus and ventral periventricular area in women than in men (Hrabovszky
et al., 2010). Sex differences were also reported in the number and expression of
kisspeptin cell bodies, which are present in the rostral periventricular zone of the female
only.

In addition, the recent study by Kurian et al. (2015) on mid to late pubertal ovarian
intact female rhesus monkeys suggests that persistent exposures to BPA could impair
the female reproductive function by directly influencing the hypothalamic neuroendocrine
function as evidenced by an alteration of kisspeptin release and GnRH pulsatility.

The role of kisspeptin in the neuroendocrine control of the HPG axis is relevant to
humans. Therefore, it can be considered that BPA-induced alterations of the
hypothalamic kisspeptin/GnRH system are also relevant in humans.

5.4. Evidence from human data of an ED MoA

The association of BPA with altered hormonal levels in women has been investigated in a
few epidemiological studies of good quality.

In a prospective study by Mok-Lin et al. (2010), which included women (n=84) following
an ovarian stimulation protocol as part of an in vitro fertilization (112 IVF cycles), the
authors indicated that there was a negative correlation between urinary levels of BPA
(n=203 urine samples; 2 samples per cycle during 91 cycles and one sample per cycle
during 21 cycles of IVF) and ovarian response in terms of number of oocytes collected as
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well as amplitude of the preovulatory estradiol peak. A mean decrease of 12% in the
number of oocytes recovered per cycle and of 213 pg/mL from the estradiol peak was
observed for each log unit increase of urinary SG-BPA (BPA specific gravity, i.e., the BPA
concentration corrected by the urine specific gravity). The BPA levels found were
compared to urinary BPA concentrations observed in the general population in the
NHANES 2003-2008 cohort. The concentration of urinary BPA found reflects BPA
exposure at the time of collection, but not during the period of follicular maturation
several months earlier. In addition, it is noted that it may be difficult to extrapolate the
results observed in a sample of infertile women undergoing an in vitro fertilisation to the
general population.

Nevertheless, the results were consistent with those observed in another more recent
study.

Ehrlich et al. (2012) studied the association between urinary BPA concentrations and
early reproductive outcomes among 174 women aged 18-45 years representing a total
of 237 IVF cycles at a fertility center in Boston, USA. The study was a follow up of Bloom
et al. (2011), who previously reported an association between urinary BPA and
decreased ovarian response (peak serum E, and oocyte count at the time of retrieval) in
women undergoing IVF. After adjustment for age and other confounding parameters
(Day 3 serum FSH, smoking, BMI), there was a linear dose-response association
between increased urinary BPA concentrations and decreased number of oocytes (overall
and mature), decreased number of normally fertilised oocytes and decreased E, levels
(mean decreases of 40, 253 and 471 pg/ml for urinary BPA quartiles 2, 3 and 4, when
compared with the lowest quartile, respectively; p-value for trend=0.001). Women with
urinary BPA above the lowest quartile had decreased blastocyst formation (trend test P-
value=0.08). The results from this extended study, using IVF as a model to study early
reproductive health outcomes in humans, indicate a negative dose-response association
between urinary BPA concentrations and serum peak E, and oocyte yield.

Souter et al. (2013) investigated the association between specific-gravity adjusted
urinary BPA concentrations and number of antral follicles, day-3 serum FSH, and ovarian
volume among respectively 154, 120 and 114 women undergoing infertility treatments.
After adjustment for age and BMI, there was a linear dose-response association between
urinary BPA concentrations and a decrease of the number of antral follicles (-12% (95%
CI: -23%, -0.6%), -22% (-31%, -11%), and -17% (-27%, -6%), in the 2nd, 3rd, and
4th BPA quartile compared to the 1st quartile). No association between BPA and FSH
serum levels or ovarian volume.

Despite the fact that these studies were limited to a specific group of women with
fertility disorders and despite the inherent limitations of epidemiological studies
investigating exposure to a substance with short half-life, these studies provide some
indications supporting the ability of BPA to alter hormonal regulation in humans.

5.5. Overall conclusion on differences and commonalities

Differences between rodents and humans in the regulation of cycles are identified in
relation to the role of circadian synchronisation and to differences in the timing of
ontogeny of the neuroendocrine axis and ovarian steroidogenesis. It is noteworthy
however, that despites this difference in he temporal scheme of those events, the key
principles of endocrine mechanisms of regulation of the cycle are preserved across
mammalian species and in particular between rodents and humans. Overall, these
elements bring support to the conclusion that the effects of BPA on disruption of cycles
evidenced in rodents are relevant for humans.

In particular, both components that are shown to be involved in the endocrine MoA of
BPA on cycle disturbance, i.e. the role of aromatase in estrogen production and the role
of kisspeptin neurons in the ontogeny of the HPG axis are known to be relevant to
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human reproductive physiology.

6. Discussion

In both primates and non-primate mammals, follicle selection, growth, and maturation,
as well as ovulation, oocyte quality, and subsequent corpus luteum function, all depend
on subtle sequential actions of gonadotropins and intraovarian regulators. Furthermore,
the ovary and the hypothalamo-pituitary system are in permanent endocrine dialogue
with each other. Consequently, any disturbances in the endo/para/autocrine activities of
the ovary and/or the hypothalamus-pituitary system can lead to cycle disturbance.

In addition, the estrous cycle is a perfectly synchronised and timely event that relies on
specific neuroendocrine circuitries. Those pathways differentiate during fetal life and are
largely influenced by numerous factors and in particular the steroid environment of the
fetus. Thus fetal exposure to compounds able to modify the fetal steroidogenic
environment is very likely to result in estrous cycle disturbances after puberty.

This review clearly shows that exposure to BPA at the adult stage alters the endocrine
steroidogenic function of the ovary and more specifically the production of estrogens by
the follicle, potentially leading to disturbance in the estrous cycle. Although most of the
reported evidence rely on rodent studies there are in vitro data showing the same
negative effect of BPA on the estrogen production in the human follicle cells.
Furthermore, an indication of a negative association between the ability of the follicle to
produce estrogens and exposure to BPA was observed in women. The role of estrogens
in the maintenance of the cycle is similar in rodents and humans. Thus, it is concluded
that it is quite likely that BPA may alter the ovarian cycle in humans through the
disruption of the endocrine activity of the ovarian follicle.

At the neuroendocrine level, BPA can also act during the perinatal/postnatal organisation
or adult activation of the hypothalamus-pituitary system in rodents or primates. Because
of the similarities in sex-steroid-induced regulation of this axis between humans and
rodents, it is possible that the changes in kisspeptin, GnRH expression, activity or
liberation and sex steroid receptor expression induced by developmental or adult
exposure to BPA occur also in humans and therefore impact estrous cyclicity.

Table 7 summarises the documentation supporting the ED-mediated MoA of BPA
proposed for each of the two different periods of exposure. It is likely that both MoA may
simultaneously contribute to the effect observed during both periods of exposure but the
present analysis has been focused on available lines of evidence.

Table 7: Summary table of proposed ED-mediated MoA of BPA on alteration of estrous
cyclicity and its documentation

Alteration of
organ/function

Mode of action
documented for
the respective
periods of
exposure

Underlying cellular/molecular events

Reduced expression and Decreased estradiol levels
activity of aromatase - In vitro: Zhou et al.,

Alteration of estrous
cyclicity

Alteration of sex
steroid ovarian

steroidogenesis
during adult
exposure

In vitro: Watanabe et
al., 2012; Kwintkiewicz
et al., 2010; Mansur et
al., 2016

In vivo: Lee et al., 2013

2008; Peretz et al.,
2011; Mlynarcikova et
al., 2005;
Kwintkiewicz et al.,
2010; Mansur et al.,
2016

In vivo: Lee et al.,
2013

- Invivo: Lee et al.,
2013; Laws et al.,
2000; Ty et al., |
2008
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Alteration of
neuroendocrine
regulation/
development of the
reproductive
function during
developmental
exposure

Alteration of kisspeptin
expression

- Invitro: Klenke et al.,

2016

- Invivo: Cao et al.,
2012; Navarro et al.,

2009; Xi et al., 2011;

Naulé et al., 2014;
Kurian et al., 2015

Alteration in GnRH and/or
LH secretion

- In vivo: Monje et al.,
2010; Fernandez et
al., 2009; Viega-Lopez
et al., 2014; Kurian et
al., 2015

Alteration of estrous
cyclicity

- In vivo: Honma
etal., 2002;
Nikaido et al.,
2004; Wang et
al., 2014a;
Rubin et al.,
2001; Mendoza-

Rodriguez et al.,
2011; Patisaul
etal., 2014;
Delclos et al.,
2014; Nah et
al., 2011;
Adewale et al.,
2009;
Fernandez et
al., 2009; Zaid
etal.,, 2014

Table 8 provides an overview of the critical elements in the identification of an endocrine
disruptor and how they are fulfilled for alteration of estrous cycle by BPA.

Table 8: Overview of the elements supporting the identification of an alteration of
estrous cyclicity as an ED-mediated effect of BPA

Adverse effect

Plausible ED MoA

Human relevance

Adult exposure

Key study of Lee et
al., 2013*

Direct link established with
reduction of estradiol
production through reduced
aromatase activity

Hormonal regulation of cycles
highly conserved in mammals
Support from in vitro data in
human cells

Consistent with indications
from human data

Developmental
exposure

Identified in several
studies*: Honma et
al., 2002; Nikaido et
al., 2004; Wang et
al., 2014a; Rubin et
al., 2001; Mendoza-
Rodriguez 2011;
Patisaul et al.,

2014; Delclos et al.,
2014; Nah et al.,
2011; Adewale et
al., 2009; Fernandez
et al., 2009; Zaid et
al., 2014

Physiologically-based high
plausibility of alteration of
kisspeptin expression involved
in neuroendocrine control

Role of kisspeptin identified in
humans

Support from non-human
primate data on BPA-MoA

It is well recognised that the effects of BPA on the reproductive function are more
diverse in their expression than alteration of estrous cycles. However, the female
cyclicity is highly dependent upon hormonal fine regulation and as so it represents a
good indicator for the identification of the nature of BPA endocrine MoA on the
reproductive function.

In conclusion, although many mechanisms of action remains to be discovered, the
present overall database shows that an alteration of the regulation of estrogens is an
essential pattern of the MoA of BPA’s effect on estrous cyclicity and supports the
identification of BPA as an ED in regulatory context such as the SVHC identification.
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