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Abstract

Aim: Exposure to the ubiquitous endocrine disrupter Bisphenol A (BPA) has
been associated, in pregnancy, with low birth weight. The aim of our study is
the identification of the damage caused by Bisphenol A on placental tissue
through the evaluation of its effects on micro-vessel density and apoptosis.
Methods: After fertilization, we exposed 3 female rats to oral BPA, by means
of a free access to a beverage solution containing 100 ug/L of BPA. Three fe-
male rats were used as controls. Placentas underwent histological examina-
tion and immunohistochemistry for von Willebr and factor (F-VIII) and cas-
pase-9. Results: Sixty-seven fetuses have been produced, 30 from control rats
and 37 from exposed rats. Exposed fetuses showed a lower longitudin-
al/transverse diameter ratio than controls (2.57 £ 0.29 vs. 2.78 + 0.38, p <
0.05). Also, exposed fetuses showed a significant reduction in the number of
placental vessels per field (124.86 + 19.15 vs. 143.54 + 22.09, p < 0.05). On the
other hand, apoptosis is not increased by exposure, as shown by caspase-9 le-
vels. Conclusion: Exposure to BPA during pregnancy may affect placental
vascularization, and this phenomenon may explain the lower birth weight
reported. However, our results do not show the increase in apoptosis ob-
served in vitro.
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1. Introduction

Bisphenol A (BPA) is an organic compound containing two phenolic groups and
it is fundamental in the production of plastics, resins and polycarbonate. It can
be found in food containers, baby bottles, plastics tableware and in epoxy resins
used to produce films [1].

Some authors have defined BPA as an infamous molecule. BPA reaches the
human organism through foods from plastic containers, especially if they are
exposed to high temperatures and acidity [2].

Daily, a large number of people are exposed to BPA. This compound, as 17-8
estradiol, stimulates cellular responses and this role is more evident at exposure
to low concentrations. BPA exposure is not only oral but also transdermal and
inhalational [3]. BPA undergoes hepatic metabolism and is excreted in urine es-
pecially as glucuronide. Its phenolic structure allows it to interact with the es-
trogen receptor. For this reason, BPA is involved in many endocrine disorders
such as infertility, early puberty, hormone dependent neoplasms and polycystic
ovary syndrome [3].

Many studies have stressed the correlation between BPA and low birth weight
(LBW) in both murine [4] [5] and human models [6] [7] [8]. Prolonged expo-
sure has showed negative effects on embryo implantation [9], pregnancy estab-
lishment and continuation and differentiation of stromal cells into decidual ones
[10].

Apart from liver, placenta also shows pB-glucuronidase activity, which is re-
sponsible for BPA deconjugation [11]. For this reason, detectable levels of free
BPA have been found in human placenta [12] [13]. Increased placental free BPA
levels may represent a risk both for placental and for fetus development, due to
BPA transfer across the feto-maternal barrier [14] [15].

Many studies describe BPA toxicity for reproduction and development both
in rodents and in humans [16] [17] [18]; however, studies investigating placental
effects of BPA are limited; few studies on mice have described some placental
impairment during both early and late pregnancy. Subcutaneous BPA adminis-
tration along the first seven days of pregnancy altered the development of deci-
dua basalis and trophoblastic layers during implantation [5]. Oral administra-
tion of BPA affects the expression of the estrogen receptor S (Erf) and the
progesterone receptor in late placenta [19]. Moreover, BPA exposed cytotro-
phoblast showed increased apoptosis, necrosis and the expression of the tumor
necrosis factor a (TNF a) [20]. Overall, evidence suggests that BPA may have
adverse effects on placental tissue at environmentally relevant concentrations,
with possible implications for embryo-fetal growth [4] [8] [21].

In humans, many studies report a decreased birth weight for babies born from
mothers exposed to BPA [6] [8]. Low birth weight (LBW) is a condition characte-
rized by a weight at birth less than 2500 grams. These children may be either pre-
term or term but small for gestational age (SGA). Assessed risk factors for LBW

are: socioeconomic state, anemia, primiparity, low maternal height. However,
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birth weight reflects maternal health state and her nutrition state before concep-
tion and during pregnancy. Smoking and drug assumption during pregnancy are
predisposing factors. In particular, smoke-related risk is dose-dependent. Also,
maternal age is inversely correlated with LBW incidence; indeed, this pheno-
menon is more frequent among teen mothers [22].

LBW is an important predictor of infant mortality and it has a global inci-
dence of 17%. In terms of physiopathology, LBW is due to impaired placental
circulation [23].

Though the relationship between BPA exposure and fetal weight outcome has
been widely reported, the physio-pathological mechanisms are poorly unders-
tood. Placental angiogenesis has been reported as a possible target in the early
phase of gestation. Tait et al [24] demonstrated significant angiogenesis im-
pairment in mice exposed to BPA early during pregnancy. Moreover, BPA has
demonstrated to induce apoptosis in human cytotrophoblast cells exposed in vi-
tro [20]. On the basis of these premises, the purpose of present study is to eva-
luate possible vascular alterations and apoptosis induction in placenta at a gesta-

tional terminal period on a rat model of oral exposure to low doses of BPA.

2. Methods
2.1. Animals and BPA Exposure Protocol

Six female (200 - 250 g) and three male (250 - 300 g) Wistar rats were used
(Harlan Laboratories, San Pietro al Natisone (UD), Italy); they were housed un-
der standard temperature and humidity conditions with a 12-h light-dark cycle
(lights on from 07:00 a.m. to 07:00 p.m.) and with free access to standard fresh
food and tap water. All the females had one pregnancy before the present expe-
riment proving their fertility. Three male-female couples were randomly as-
sorted and housed in the same cage until a vaginal plug was evident (day 0); the
males were then coupled with the remaining females for another week. After the
coupling period, each female was housed in a separate cage and was given BPA
(3 rats) o vehicle (3 rats) in the drinking water. BPA was first dissolved in etha-
nol (100 mg/mL); this solution was then diluted 1:100 with ethanol; finally, 0.1
mL of the last solution were added to 1 L of tap water, resulting in a final con-
centration for BPA of 0.1 mg/L. The vehicle consisted of ethanol 0.1 mL/L. The
concentration of BPA was chosen to obtain a daily dose of 10 ug/kg bw, based on
daily drinking consumption. This dose was lower than the limit for humans,
currently considered “safe” by the European Food Safety Agency (ESFA) and the
U.S. Environmental Protection Agency (EPA) [25] [26]. The pregnant females
were then sacrificed by anesthetic overdose 15 days after day 0 (7 days before the
expected delivery). All procedures fulfilled the requirements of the European
Communities Council Directive of 22 September 2010 (2010/63EU). The re-
search was approved by the local ethical committee of the University of Salerno
and by the Ministry of Health of the Italian Government (aut. n. 45/2014-PR by
the Ministry of Health).
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2.2. Histology

Rat placentas and embryos were fixed in 10% neutral buffered formalin and
embedded in paraffin. Serial sections (4-um thick) were used for hematoxylin
and eosin and immunohistochemistry. The presence and the number and area of
clusters of glycogen cells were evaluated on two sections per placenta with PAS
and PAS-diastase method.

2.3. Immunohistochemical Staining and Analysis

Four-pm sections were cut from the formalin-fixed paraffin-embedded tissue.
We have evaluated for the study of micro-vessel density in the placental tissue
and for apoptosis the following primary antibodies respectively: anti-von Wille-
brand factor (F-VIII-R-Ag polyclonal rabbit, Cell Marque, Rocklin, CA, USA,
dilution 1:100), and anti-Caspase 9 (monoclonal mouse; Santa Cruz Biotechnol-
ogy, Inc; no. sc-56076, dilution 1:100).

After antigen retrieval (microwave oven for 10 minutes at 250 W) immuno-
histochemistry was carried out in a Benchmark automated staining system
(Ventana Medical Systems, Tucson, AZ) according to the manufacturer’s in-
structions and using Ventana reagents for the entire procedure.

Normal liver and adrenal gland tissue was chosen as positive control for
F-VIII and Caspase 9.

The signal was further enhanced with the Ventana amplification kit. Slides
were counterstained with hematoxylin, dehydrated, and mounted.

Two surgical pathologists performed a blinded evaluation of the slides for
F-VIII and Caspase 9 without knowledge of BPA exposure data on a mul-
ti-headed microscope (Olympus BX43). For the evaluation, ten fields were ex-
amined for each section by each investigator. Micro-vessel density was assessed
quantitatively by counting the number of vessels positive for F-VIII at 40 total
magnifications for at least 10 fields.

In an attempt to characterize placental apoptosis, the expression levels for
caspase 9 were determined in placental junctional and labyrinth zone: only the
nuclear and cytoplasmic staining of trophoblastic cells were considered.

The intrapersonal and the interpersonal reproducibility were tested and the

final data were merged.

2.4. Statistical Analysis

Data are expressed as means + standard deviation. Statistical analysis was per-
formed using Statistica software (StatSoft, Oklahoma, USA) and Minitab (Mini-
tab Inc, Pennsylvania, USA). After multiple attempts to normalize the data (e.g.,
natural log, square root, inverse transformations), non-parametric statistical
tests were employed (normality was tested via Shapiro-Wilk test). The compari-
son between groups was made with the Rank Sum Test, according to Mann-
Whitney. The sample size was calculated using an expected effect size of 0.6, an

alpha value of 0.05, and a beta value of 0.5. This gave a minimum sample size of
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24 per group; expecting a minimum of 8 newborns for each female, three fe-

males were used for each group.

3. Results
3.1. Maternal and Embryo Toxicity

The number of live embryos was significantly higher in the BPA group (12.33 £
2.08 vs 10.00 * 3.46, p < 0.05). Placental diameter was significantly affected by
the BPA treatment (12.44 + 0.92 mm for the exposed rats, 13.10 + 1.09 mm for
the non-exposed rats, p < 0.05).

No significant effect was observed on embryo crown-rump and head major
and minor axis lengths, total length and right forelimbs length. Longitudin-
al/transverse diameter ratio was significantly affected by BPA treatment (2.57 +
0.29 for the exposed rats, 2.78 + 0.38 for the non-exposed rats, p < 0.05). All the
results are reported in Table 1.

3.2. Histological and Histo-Morphometrical Analysis

The chorioallantoic placenta of the rat is composed of two morphologically dis-
tinct regions: junctional zone and labyrinth zone. The junctional zone or basal
zone is located between uterine decidual tissue and the labyrinth zone. The laby-
rinth zone is located deep to the junctional zone and is in direct contact with the
developing embryo.

An increase in degeneration and necrosis of giant cells, as well as the presence
of larger and empty-appearing glycogen cells in the junctional zone were ob-
served in BPA-exposed placentas. We also observed a significant glycogen de-
crease. BPA exposed placentas had larger and abnormal maternal vessels com-
pared to controls. Maternal blood space areas were dilated and irregular in the

BPA exposed group (Figure 1).

3.3. Immunohistochemistry

Micro-vessel count showed a lower vessel density in the placentas of
BPA-exposed rats compared to controls (143.54 + 22.09 vs 124.86 + 19.15 [ves-
sels per field], p < 0.001) (Figure 2). No difference was observed between the
two groups for Caspase-9 expression (54.91 + 19.72 vs 52.26 + 16.82 [vessels per
field], p = 0.56) (Figure 3).

4. Discussion

In the present study, we report the effects on vascularization and apoptosis in
placentas of rats chronically exposed to BPA. BPA exposure caused a decrease in
terminal placental vascularization. This finding is consistent with the observa-
tion of the low vascularization observed by Tait et a/ in the early placentation
phase [24]. Nevertheless, apoptosis seems not to be affected by the chronic expo-
sition to low doses of BPA. This finding, instead, seems to differ from the apop-

tosis induction by the in vitro BPA-exposure of human cytotrophoblasts
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Table 1. Fetuses and placental features.

BPA Group* Control Group
Brood size 12.33 £2.08* 10.00 + 3.46
Fetal weight (g) 5.67 £0.86 5.40 + 1.98
Fetal length (cm) 3.44 +0.41 3.51 +0.66
Fetal transversal length (mm) 13.48 £1.43 13.45 £ 1.38
Longitudinal/transverse diameter ratio 2.57 £ 0.29* 2.78 £0.38
Placental diameter (mm) 13.10 + 1.09* 12.44 £ 0.92
Minor head axes (mm) 10.25 + 0.86 10.38 +1.24
Major head axes (mm) 15.79 £ 0.98 15.62 +1.17
Right forelimbs length (mm) 7.83 +1.48 7.93+1.21
Crown-rump length (mm) 33.04 £2.44 33.76 £2.18
Vessel (number per field) 124.86 + 19.15* 143.54 +22.09
Caspase-9 (number per field) 5491 +19.72 52.26 +16.82

a. * p < 0.05 compared to Control groups.

Figure 1. Placenta labyrinth layers of rat exposed to BPA (A) and to vehicle only (B).
(Hematoxylin-eosin x10).

VESSEL PER FIELD
@
o

Control BPA-exposed

Figure 2. (A)F-VIII immunostaining of a non-exposed rat placenta (Immunoperoxydase
x10). (B) BPA-exposed rat placenta showing greatly reduced micro-vessel density (Im-
munoperoxydase x10). (C) Means and standard deviation of vessels per field measured in
controls and BPA-exposed rat. * indicates a p-value < 0.05.

reported by Benachour and Aris [20]. A greater number of embryos were also
found in the BPA-treated group compared to the control group. This was an
unexpected finding and could eventually be attributed to an estrogen-like effect
of BPA on adult females.
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- 0
) Control BPA-exposed

Figure 3. Immunohistochemistry of a non-exposed (A) and BPA-exposed (B) rat placen-
ta showing cytoplasmic staining of trophoblastic cells for caspase 9 (Immunoperoxydase
x40). (C) Means and standard deviation of counts per field measured in controls and
BPA-exposed rat.

BPA is metabolized in placenta and it is transmitted vertically from mother to
fetus as showed in murine and sheep models. Indeed, in the advanced phase of
pregnancy BPA is conjugated and, as such, it is trapped in the fetal-placental
unit. Conjugated BPA (BPA-G) is inactive. Sheep models showed that, during
the early phase of pregnancy, the fetus has a low hepatic metabolism capacity.
So, this may represent a critical moment for BPA exposure. Indeed, fetal hepatic
microsomes have low expression of UGT2B1 and so a poor capacity to conjugate
metabolites [27].

Later, the fetus acquires detoxificating capacity and can convert BPA in
BPA-G. However, authors also showed that fetus metabolism can reactivate BPA
from BPA-G, increasing toxic effects on fetal tissues [28]. Metabolite regenera-
tion is possible thanks to the action of S-glucuronidase and phosphatases, ex-
pressed in many fetal tissues. Analysis on murine models showed that 4.4% of
BPA is reconverted after its passage through placenta [27]. Through the decon-
jugation in fetal tissues, a considerable amount of active BPA accumulates in the
fetal compartment. This process does not occur in early pregnancy, when the
fetus has limited hepatic metabolic ability and placental detoxification has a
protective role. So, BPA crosses placenta and reaches the fetus as a conjugated
compound, then it is deconjugated in fetal tissues.

Five per cent of BPA infused to mothers is transmitted to fetus and pregnancy
does not compromise toxic-kinetics of BPA. This is true for sheep models which
have five or six layers separating maternal and fetal blood; in human placenta
has only got three layers, so the transferred amount of BPA is supposed to be
larger [29].

In murine uterine tissues exposed to BPA, progesterone receptor (PGR) and
its target gene HAND?2 (heart and neural crest derivatives expressed 2) are mar-
kedly suppressed. This aspect is an important evidence for a negative role of
BPA on pregnancy development because HAND2 rules embryo implantation
[9]. These links are evident in human models as well. Analyses on maternal
blood and amniotic fluid have suggested a correlation between BPA concentra-
tion and preterm birth or premature rupture of membranes. Actually, high BPA
levels in maternal blood are more suggestive than the levels in the fetal com-

partment [30]. The same result appears dosing BPA in maternal urine at delivery
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[6], rather than in blood.

On this base, some authors have focused on changes in BPA concentration
during pregnancy trimesters. They noticed that not global levels but levels in the
last trimester are associated with preterm birth [31].

The relation between BPA exposure levels and birth weight decrease is
dose-dependent [4].

BPA leads to miRNA alterations in placental cells and this suggests a new
model of toxicity. Analyses on cytotrophoblastic cells show that some miRNAs
are overexpressed, inhibiting proliferation and increasing susceptibility to DNA
damage [32] [33]. Another BPA target is the TNF-a gene. Its increased expres-
sion is associated with a negative outcome of pregnancy and a higher risk of
prematurity, preeclampsia, intrauterine growth retardation and miscarriage [20].

Studies in vitro on endometrial cells exposed to BPA during the decidualiza-
tion process showed that this compound is responsible for a multi target dysre-
gulation that prejudices pregnancy. Decidualization is a complex process which
allows implantation. Decidualization of endometrial stromal cells (ESC) consists
of morphologic and functional modifications under progesterone action during
secretive phase. During this process, BPA interferes with estrogen and progeste-
rone receptors and hCG/LH receptors. BPA reduces decidual prolactin expres-
sion but stimulates MIF (macrophage migration inhibitory factor) secretion, a
cytokine produced by the endometrium having a role in implant, local inflam-
matory and immune response [10]. Probably, endometrial cells have a protective
role on the fetus because they entrap BPA and reduce its placental availability.
Indeed, while the direct exposure to BPA induces placental secretion of MIF and
F-hCG, placental cultures previously exposed to endometrial stromal cells do not
show this effect [34]. This hypothesis need of further investigation. Recently
Turco et al. [35] have reported a 3D endometrial culture formation (organoids)
able to show the in vitro endometrial function including the decidualization.
Such a model can be used to deeply test this hypothesis.

Maybe the real target of BPA is placental angiogenesis. In particular, BPA is
capable to inhibit placental vascularization, producing dilated and tortuous ves-
sels as showed in murine models. Effects are dose dependent. Indeed, BPA50 (50
mg/kg infusion) downregulates VEGFA (the leading regulator of placenta vas-
culogenesis and angiogenesis) and this gene alteration is responsible for mor-
phogenetic modifications of junctional zone and placental vessels. BPA induces
glycogen depletion and alters glucose homeostasis, increasing risk of gestational
diabetes. Probably, placental morphological transformations create an imbalance
in embryo nutrition and this is the basis of BPA negative effects on fetus growth
[24].

BPA causes functional alterations on endometrial angiogenesis, as showed on
endometrial endothelial cells (HEECs) in vitro. Authors demonstrated that en-
dometrial cells act differently if they are in culture with stromal cells, rather than
in monoculture [36]. When endometrial cells are in culture with stromal cells

there are not BPA effects on proliferation. Morphological and functional altera-
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tions in endometrial vessels compromise placentation and implant. Moreover,
HEECs are more susceptible than endothelial cells to endocrine disruptors as
BPA. For example, HEECs have a high affinity to VEGF because they express a
lot of VEGF receptors. BPA causes changes in mRNA expression of genes corre-
lated to angiogenesis, especially for gene encoding VEGF-D protein. VEGF-D
functions are to induce angiogenesis and lymph angiogenesis and to stimulate
endothelial cells proliferation and migration. BPA effects are due to its action on
androgen and glucocorticoid receptors, both expressed on endometrial endo-
thelial and stromal cells [36].

A further demonstration of BPA negative effects on placentation is showed by
studies on murine models exposed to BPA subcutaneously for the first eight days
of pregnancy. Histological analysis showed poor development of trophoblastic
giant cells that control maternal flow blood (and so placental angiogenesis), but
also alteration of intervillous spaces and labyrinthine zones. It especially influ-
ences decidual basal and trophoblastic layer development. Moreover, BPA in-
creases newborn number and their mortality. BPA stimulates stromal cells and
causes hyperplasia of endometrial glands. Instead, the effect on trophoblast is
indirect because trophoblast does not express estrogen receptors [5].

Several paths can be followed to monitor the apoptosis in cell cultures and in
tissues. In this work we evaluated placental cell apoptosis by means of an-
ti-caspase-9 antibody. lida et al [37] reported that BPA induces apoptosis in
Sertoli cells via caspase activation. In particular, Teresaka et al [38] report that
this activation is mediated by caspase-9 in HL-60 cells. In placenta, apoptosis
plays a crucial role in its development during gestation. Several mechanisms of
apoptosis were reported in normal placental tissue [39]. In particular, caspase-3
and caspase-8 (while not caspase-9) expression decrease were associated with
preeclampsia-complicated pregnancies [39]. However, the role of caspase-9 is
controversial, Afroza et al. [40] reported an increase of caspase-9 in placental
tissue of women with a diagnosis of preeclampsia: so, caspase might have a role
in the angiogenesis suppression and placental growth. However, our report sug-
gests that BPA does not modify the placental expression of caspase-9, so the low
micro-vessel formation in placentas of rats orally exposed to low dose of BPA
would not be related to this mechanism.

Although the relationship between BPA exposition and LBW is widely re-
ported [4] [8], our exposed fetuses do not differ from controls in term of weight.
This phenomenon can be explained on the basis of two considerations: first it
may depend from brood size, which can affect individual weight. Secondly, we
interrupted the gestation after 15 days from vaginal plug, so the dams were sa-
crificed 7 days before the expected delivery, presumably fetal weights at term

might have shown a significant difference.

5. Conclusion

Concluding in this study we report a decrease in placental micro-vessel amount in
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rats exposed to placental triggered by oral low doses of BPA. This phenomenon

can lead to alterations in embryo nutrition and fetus growth, having a role in the

pathogenesis of LBW. The apoptosis rate seems not to be affected.
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