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Summary

In modern societies, living organisms are exposed daily to
multiform pollution from industrial chemical products. Some of
these substances have been shown to affect the endocrine
system, and have been termed endocrine disruptors (EDs).
Bisphenol A (BPA), which can leach from plastics, and parabens,
used in cosmetic products, are among the most well-studied.
Prenatal development is a vulnerable phase of human life, and
disruptions during this period may have lifelong consequences.
Since EDs are known to cross the placental barrier and BPA may
accumulate in the fetus, “BPA-free” products have been
introduced to the market. However, such products often contain
alternative bisphenols (e.g. BPS, BPF) that have not yet been
extensively examined or regulated. Moreover, alternative
bisphenols often occur together with BPA. The human organism
is thus exposed to a mixture of EDs, some of which can have
additive or synergic effects. Recent findings have also shown that
paraben exposure can alter bisphenol pharmacokinetics. Taking
into account the widespread occurrence of various EDs and the
potential multiplicity of their effects, doses of EDs currently
considered safe may not actually be as safe as they appear,

especially during pregnancy.
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Introduction

The development and progress of industry has
been closely linked to widespread pollution and the
occurrence of various chemicals in the environment as
well as the food chain. Recent findings have shown that
many chemicals have the ability to interfere with the
endocrine system, and these substances have been termed
endocrine disruptors (EDs). There is growing evidence of
their negative impacts on living organisms (Bergman et
al. 2013, Diamanti-Kandarakis et al. 2009), which are
exposed to EDs mainly by the intake of contaminated
food and fluids,
transdermally (Darbre 2015). EDs may alter the hormonal

breathing contaminated air or
and homeostatic system and thus affect the metabolism,
sexual development, growth, stress response, insulin
production, gender behavior, reproduction and even fetal
development of the living body (Kabir et al. 2015). Due
to their ability to accumulate in organisms, they may also
even affect the development of subsequent generations.
The term endocrine disruptor was initially
defined at the turn of the millennium as any substance
affecting the endocrine system. A more precise definition
according to the Environmental Protection Agency
defines an ED as an exogenous substance interfering with
the synthesis, secretion, transport, binding, action or
elimination of natural hormones responsible for the
maintenance of homeostasis, reproduction, development
and/or behavior. This term currently includes thousands
of substances, and their number is still increasing. The
issues surrounding EDs and their potential adverse effects
on the human body are currently one of the more
important scientific topics, and have also been discussed
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by the European Commission and European Parliament.
In the European Union (EU), the main regulating organ
concerning the usage of ED chemicals is the European
Chemical Agency. The number of scientific reports
dealing with EDs have increased rapidly, with many
focusing on the relation of EDs to reproduction, thyroid
gland functions, oncogenic action, relation to the onset
and progress of puberty, and recently also to obesity.

The first EDs
estrogen-like activity, and even today the majority of

identified were those with

these compounds are estrogen mimicking (i.e.
xenoestrogens). They act additively with endogenous
estrogens, although they usually have lower affinity
towards classical nuclear estrogen receptors (ERs), and
some, especially phytoestrogens, differ from natural
hormonal estrogens in their specific affinities to ER-a and
ER-B. Xenoestrogens are also bound to plasma carrier
proteins with significantly lower affinities than natural
estrogens and thus are more readily available to target
cells. The same xenoestrogens that appear to be weak
agonists for nuclear ERs may be strong agonists when
acting through membrane ERs; this may explain their
ability to produce biological effects at low doses (Gore
2007).

In the environment, many chemicals occur in
parallel and the organism is usually exposed to a mixture
of chemicals that may have additive or even synergic
effects. Many EDs are persistent, resulting in their
bioaccumulation in the food chain and the human body.
The age when an organism is exposed to an ED can also
be crucial. In adults, higher levels are usually needed to
produce harmful effects, but during human development
even very low doses can have lasting effects (Barker
2003). The aim of this review is to summarize recent
knowledge concerning the effects of bisphenols and

parabens on the development of the fetus.
Effects on the fetus

Recently, much attention has focused on fetal
and neonatal exposure to EDs. The prenatal phase of
human development is among the most active periods of
life, and chemical signalization, based mainly on
hormones, plays a significant role in fetal development.
Although the sex of the fetus is determined genetically,
gonadal hormones are further responsible for the
differentiation of the male and female phenotypes. EDs
mimicking or blocking natural sexual hormones may

therefore interfere with natural development (Shekhar et

al. 2017). and Dbirth
abnormalities have been connected with the influence of

Several phenotype variations

EDs, e.g. testicular dysgenesis syndrome (Skakkebaek et
al. 2001) and low birth weight (Chang et al. 2013).
Recurrent miscarriages (Sugiura-Ogasawara et al. 2005)
have also been reported in relation to the occurrence of
EDs.

Although the developing fetus is the most
vulnerable to endocrine disruption, the effects of EDs
may be expressed in other phases of the life cycle. EDs
themselves exert epigenetic effects that may be passed to
subsequent generations. If expressed in the germ line, this
could create a vicious cycle in which an organism’s
epigenome may predispose it to a vulnerability to
endocrine disruption. This in turn may lead to additional
epigenetic modifications that are passed on to the
offspring. In addition, the lifelong exposure to EDs, from
embryonic development through old age, needs to be
taken into account when considering the cumulative
effects of EDs across the life cycle (Gore 2007).

The fetal compartment

The transport of exogenous substances across
the placenta from the mother to the fetus is an important
issue, with possible detrimental effects on the fetus
in utero as well as later in life (Diamanti-Kandarakis et
al. 2009, Schug et al. 2011). However, placentas of
different species exhibit a large degree of specificity, due
to anatomical and functional differences. This makes it
difficult to interpret animal data with respect to fetal
exposure during human pregnancy (Beck 1976). Overall,
the human placenta seems to have higher impermeability
to lipophilic substances compared to most experimental
animals (Barry and Anthony 2008).

Mothers may be exposed to EDs at low levels
during their lives, but because of their lipophilic
properties EDs may accumulate in their fat stores.
Pregnancy and breast feeding are energetically very
expensive, and therefore these fat stores may be
mobilized. This can result in the release of high
concentrations of accumulated EDs, which may affect the
underdeveloped reproductive and immune systems of the
fetus and newborn child. The fetus may be constantly
exposed to these chemicals, as they are excreted through
the fetal urine into the amniotic fluid which surrounds the
fetus (Modena and Fieni 2004). In addition, the fetal
pharmacokinetics of various drugs and chemicals may be
different than in adulthood. In particular, the fetus and
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neonate show a very limited first-pass metabolic
capability for EDs (Matsumoto e? al. 2002). Therefore,
doses of EDs considered to be safe should not be
assumed to be safe during pregnancy (Matsumoto et al.
2002, Shekhar et al. 2017).

Past uses of estrogen-active compounds

The developing organism is critically sensitive
to both endogenous and exogenous hormones. The
critical window of exposure depends on the time at which
specific developmental events occur in particular tissues
and organs. This effect has been well studied for
diethylstilbestrol (DES). DES was
synthesized as the first non-steroid estrogen, and was

exposure to

administered from the 1940s to 1970s to pregnant woman
in order to prevent miscarriages by compensate the
insufficient placental synthesis of estrogen. The number
of pregnant woman treated with DES is unknown, but the
estimated range is from 5-10 million (Giusti ef al. 1995).
However, DES was found to bind to ERs in the fetal
reproductive tract, causing permanent alterations. This
was one of the first findings demonstrating endocrine
disruption, moreover in utero (Gore 2007). The use of
DES was finally banned by the FDA in 1971 after the
finding of an association between vaginal clear cell
adenocarcinoma and in ufero exposure to DES. Based on
the ability to cause cancer in humans, the International
Agency for Research for Cancer classified DES as
aGroup 1 human carcinogen. Similar effects were

discovered in animals. Over time, various other
reproductive abnormalities in daughters exposed to DES
in utero were recognized, such as structural reproductive
differences, complications in pregnancy and infertility.
Evidence of irregular menstruation was found in the third
generation of women exposed in utero to DES (Titus-
Ermnstoff et al. 2006). Reproductive tract abnormalities
were also reported for sons exposed to DES, as well as
the development of various types of cancer, but these
effects were not as clearly associated (Giusti et al. 1995,
Goldberg and Falcone 1999, Mitra and Philip 2014).

This case is now used a model for studying the
mechanisms and toxicities of other estrogen mimic EDs,

including their effects on epigenetics.
Bisphenols

Even before DES was used in clinical practice,
the non-steroid estrogen bisphenol A (BPA) had been

discovered. It was first synthesized in 1891, and in the
1930s was tested for use as a synthetic estrogen for
clinical practice. However, DES was shown to have
stronger estrogenic activity. Nevertheless, a different
usage for BPA was found as the basis in the production
of polycarbonate plastic materials and as an additive to
other plastic materials (Rubin 2011). It is contained in
various types of plastics, epoxide resins, dental fillings as
well as in thermal receipts. BPA molecules are easily
released from the structure of plastics at higher
temperatures or in acid or alkaline conditions, resulting in
exposure and effects to the human body (Brotons et al.
1995, Kang et al. 2003, Krishnan et al. 1993, Welshons
et al. 2006). Besides estrogenic effects (Gould et al.
1998, Kuiper et al. 1998, Okada et al. 2008), BPA also
interacts with the androgen receptor (Lee et al. 2003,
Teng et al. 2013), thyroid receptor (Moriyama et al.
2002), glucocorticoid receptor (Sargis et al. 2010) and
BPA effects have been found at
concentrations comparable to those of naturally-occurring
hormones (Welshons ef al. 2006).

In connection with the discovery of the negative

several others.

effects of BPA, there has been ongoing debate concerning
the safety of BPA. On the basis of two rodent
multigenerational studies, the U.S. Food and Drug
Administration (FDA) estimated a no observed adverse
effect level (NOAEL) of 5 mgkg body weight/day
(Tyl et al. 2008, Tyl et al. 2002). In 2009, 2012 and 2014,
FDA analyzed multiple studies relevant to the safety or
risk assessment concerning BPA doses, but the results of
those toxicity data and studies have not affected the
existing dose-effect level and the existing NOAEL
(5 mg/kg body weight/day; oral exposure). In 2012, FDA
amended its regulations to no longer provide for the use
of BPA-based polycarbonate resins in baby bottles and
sippy cups in response to a food additive petition filed by
the American Chemistry Council. One year later, in
response to a petition filed by Congressman Edward
Markley of Massachusetts, the FDA extended these
restrictions for the use of BPA-based epoxy resins as
coatings in packaging for infant formula (FDA 2014).
The European Commission made the decision to restrict
BPA in plastic baby bottles in the EU (Simoneau et al.
2011).

In connection with these restrictions, the usage
of BPA was prohibited or regulated in several countries,
especially in plastics for children and infants. Many
“BPA-free plastics” were therefore introduced to the
market; however, although the BPA-free label has proved
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to be a valuable marketing strategy, it provides no
guarantee of a safer product. In these plastics, BPA was
often replaced by analogues such as bisphenol S (BPS),
bisphenol F (BPF), and bisphenol AF (BPAF). In
principle, should
substituted by inert or at least less-toxic substances than

harmful compounds ideally be
the original. Unfortunately, the majority of substitutes are
not tested before their introduction to the market, and
they often exhibit similar or even more potent disrupting
effects than the originals. Such a replacement is called
a “regrettable substitution” (Howard 2014). Results of
various studies have indicated that the potencies,
metabolism and mechanism of actions of BPS and BPF
are similar to BPA, and considering hormonal actions
they may pose similar potential health risks as BPA. For
instance BPS has been found to be even more potent than
BPA in in vivo mouse model of testosterone inhibition
(Eladak et al. 2015, Rochester and Bolden 2015,
2016). Despite

monitoring and examining the effects of alternative

Zalmanova et al. these findings,

bisphenols is still limited, and their use has not yet been
regulated.

BPA metabolism and exposure

Although the main route of exposure to BPA is
thought to be oral via the diet, dermal and inhalation
The bonds
polycarbonate, epoxy-resins and BPA molecule are non-

exposure are also possible. between
covalent (and therefore unstable), and physical and/or
chemical factors, such as acidity or heat, can lead to
leaching from BPA-containing materials (Giulivo et al.
2016). Concerning BPA metabolism, various studies have
been published addressing this issue on animal models,
and have been reviewed by Vandenberg et al. (2007).
However, the major weakness of these studies is that
humans experience multiple exposures each day. In
addition, there is some evidence that BPA metabolism in
rodents differs from the metabolic endpoints in primate
models. In rodents, the majority of BPA is excreted in the
feces, but in primates via the urine (Giulivo et al. 2016).
In humans, ingested BPA is believed to be
rapidly absorbed from the gastrointestinal tract, then
undergoes a first-pass effect in the metabolic tract and
liver consisting of glucuronidation and to a lesser extent
sulfatation, forming inactive BPA-monoglucuronide and
BPA-sulfate at a level of approximately 98 %. In plasma,
more than 90 % of BPA is bound, depending on the route
of exposure. Upon dermal exposure or exposure by

inhalation, the first-pass liver effect is circumvented
(Vandenberg et al. 2007) and unconjugated (active) BPA
might circulate longer in the plasma. Conjugated BPA is
excreted via the urine within 5-7 h after ingestion
(Mattison et al. 2014). However, BPA is also known to
have lipophilic properties and therefore has the potential
to accumulate in fat stores. Also, a mild accumulation of
BPA was found in seminal plasma in comparison with
blood plasma (Vitku et al. 2015).

The transplacental passage of BPA

Many studies have examined the presence of
BPA during pregnancy in various body fluids such as
maternal urine, milk, amniotic fluid and placental fluid,
as well as in neonates and young children (Braun ef al.
2011, Cantonwine et al. 2015, Ferguson et al. 2015,
Ikezuki et al. 2002, Vandenberg et al. 2007). BPA has
been linked with reduced maturation of the oocytes, and
adverse effects on the infant and young child including
an increased risk of preterm delivery, preeclampsia,
shortened gestation length and anthropometric measures
at birth (Cantonwine et al. 2015, Giulivo et al. 2016,
Leclerc et al. 2014, Pinney et al. 2017, Snijder et al.
2013). In addition, prenatal exposures to BPA have been
linked to increased adiposity and abnormalities in glucose
metabolism later in life (Vom Saal et al. 2012).

There is clear placental transport of BPA to the
fetus. The major fraction of the compound transferred
was found to be in an unconjugated form. Since BPA
freely diffuses across the human placenta and only
anegligible amount is conjugated by the placenta, the
BPA. The
underdeveloped fetal liver cannot protect the fetus against

fetus is probably exposed to free
constant exposure (Balakrishnan et al. 2010). It has been
proposed that BPA may accumulate in early fetuses due
to their lower metabolic clearance of BPA, and thus the
human fetus may be exposed to levels that are even
higher than those found in the mother’s blood. BPA is
in the fetal

compartment (Vandenberg et al. 2007). These findings

therefore considered to bioaccumulate
highlight the necessity to avoid BPA contamination
during pregnancy. However, the “BPA-free” plastics are
not necessarily a safe substitution because of the presence
of alternative bisphenols.

Alternative bisphenols

Recent studies of the leaching of bisphenols from
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beverage containers have detected similar amounts of BPA
and PBF (Regueiro and Wenzl 2015). Total bisphenol
levels are substantially higher than the levels of BPA
alone. The rapid emergence BPA substitutes has not only
complicated attempts to understand the risks posed by
human BPA exposure, but also amplifies the problematics
of risk assessment because the risk posed by each new
bisphenol is now a concern (Sartain and Hunt 2016).
Studies investigating the metabolism and effects
of prenatal exposure of alternative bisphenols have been
very scarce. Only several studies have been published
documenting the effects of BPS and BPF on laboratory or
animal models. In 2015, Mersha et al. (2015) reported that
in the laboratory model Caenorhabditis elegans, the
exposure of embryos to BPA and BPS affects their
behavior as adults in the same manner. In 2016, Chen et al.
(2016) compared the effects of BPA and BPS on germline
and reproductive functions using the same model system,
and found that, similarly to BPA, BPS caused severe
reproductive defects including germline apoptosis and
embryonic lethality. Qiu ez al. (2016) evaluated the impact
of BPA and BPS on the reproductive neuroendocrine
zebrafish larval

system  during embryonic  and

development, and found a similar effect for both
bisphenols. These findings therefore raise new concerns
about the safety of BPA alternatives and the risk associated
with human exposure to mixtures of EDs.

In a rat study from 2006, BPF residues were
detected in the uterus, placenta, amniotic fluid and
fetuses, and the levels of BPF in the intrauterine
compartment and maternal blood were comparable
(Cabaton et al. 2006). Iwano et al. (2016) reported that
BPF is metabolized to conjugated metabolites
(BPF-glucuronide, BPF-sulfate and BPF-glucuronide/
sulfate) in the maternal liver of a tissue perfusion model.
BPF sulfate was easy to pass to the embryo through the
placenta. These results suggest that fetal risk of
BPF toxicity might be even higher than BPA because of
the drug-metabolizing system (metabolites with sulfate)
during the perinatal period. Ohtani et al. (2017) reported
that prenatal BPF exposure in mice altered the behavior
of offspring, resulting in an increase of anxiety and
depression. The behavioral adverse effects were in larger
magnitude than BPA, suggesting the risk of using BPF as
a substitute for BPA.

In the light of these concerns, the potential risk
for the fetus from bisphenol exposure in pregnancy is
likely an important issue. There are various restrictions

and recommendations concerning BPA exposure to

newborns and children; however, the risks associated
with pregnancy are usually not highlighted. Considering
the recent data it is also important to note that using
“BPA-free” products is not a safe alternative for pregnant

women.

Parabens

Further EDs of interest are the parabens. They
are widely applied effective antimicrobial agents and
preservatives used mainly in personal care products and
pharmaceutic products, but also in several foodstuffs
and industrial products. Chemically, they are esters of
p-hydroxybenzoic acid with alkyl substituents ranging
from methyl to butyl or benzyl groups. The most

commonly used are methylparaben (MP) and
propylparaben (PP), which are often present in the
products together. Others commonly used are

ethylparaben (EP), butylparaben (BP) and benzylparaben
(BenzylP).  The
proportionally to the length of the alkyl substituent. Their

antimicrobial  activity  increases
bactericidal and fungicidal properties combined with low
cost and low sensitizing has resulted in their widespread
use in the various products mentioned above. After the
discovery of their estrogenic potential, parabens were
listed among EDs, and the European Union authorized
their use in only limited amount (Bledzka ef al. 2014). In
addition to the estrogenic properties, some parabens have
been reported to display anti-androgenic activity by
binding to androgen receptors and causing the inhibition
of testosterone-induced transcription. Their usage in
cosmetic products is now limited in the EU, USA and
Canada to 0.4 % content for a single paraben and 0.8 %
for mixtures of all parabens (Buzek and Ask 2009). The
on Food Additives,
Processing Aids and Materials in Contact with Food
(AFC) at the European Food Safety Authority (EFSA)
has established the Acceptable Daily Intake (ADI) of
0-10 mg/kg/day for MP and EP and their sodium salts in
foods. However, the panel decided that PP would not be

Scientific Panel Flavourings,

included in this group ADI, due to effects on several
reproductive parameters in rats. While the presence of PP
in the diet is limited and unlikely to represent a risk to
consumers, the panel was unable to recommend a specific
ADI for PP based on the current evidence (EFSA 2004,
Soni et al. 2005).

On the current market, there are a still-increasing
number of “paraben-free” products, especially in personal

care products intended for children. However, in
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accordance with the relevant legislation, parabens are still
extensively used and characterized as “safe”. Taking into
account the possibility of exposition to combinations of
than one ED
multiplications of their effects, such “safe doses” may not

more and possible additions or

be as safe as they appear.
Paraben metabolism and exposure

Parabens can enter the human body through
ingestion, absorption through the skin and inhalation. The
metabolism of parabens may differ between the exposure
pathways. Transdermal absorption is related to the ability
of parabens to cross the stratum corneum, which is
determined by the length of the alkyl chain. In general,
skin permeation decreases with increasing chain length
(Andersen 2008, Vela-Soria ef al. 2014). Parabens may
accumulate in the body as a result of the daily application
different
(Mathiesen et al. 2013). In some cases, such as the use of

of several paraben-containing  products
various cosmetic products against stretch marks, done
especially in the late pregnancy, the area of skin where
parabens may be applied is large. After uptake, parabens
are metabolized by esterases, and are conjugated and
excreted in the urine and bile. The main metabolite is
p-hydroxybenzoic acid, a large proportion of which is
excreted as its glycine conjugate — p-hydroxyhippuric
acid. Following oral exposure, parabens are metabolized
by esterases in the intestine and liver, and are excreted in
the urine as well as in bile and feces (Boberg ef al. 2010,
Vela-Soria ef al. 2014).

The transplacental passage of parabens

There have been various published studies
discussing the possible effect of parabens on the fetus.
The number of scientific reports documenting the
endocrine disruption by parabens is still increasing, but
most findings have been documented in animal models. It
has been shown that exposure to environmental chemicals
including parabens during the early development of the
male reproductive system may be of crucial importance
for male reproductive health later in life (Sharpe and
Skakkebaek 2008). /n utero exposure in females could
lead to the early onset of puberty and the anti-androgenic
effects of chemicals, while in the male fetus could
contribute to a reduction in male reproductive capability
(Jorgensen et al. 2012).

Fetal exposure to parabens with longer alkyl

chains, such as PP, BP and BenzylP, is a matter of
particular concern by Frederiksen et al. (2008). They
demonstrated the accumulation of parabens (EP, BP) in the
amniotic fluid of pregnant rats. After the subcutaneous
administration of selected parabens, paraben levels in the
amniotic fluid were higher than in the maternal plasma or
in the fetal tissues. Philippat et al (2013) examined
paraben levels in the amniotic fluid of 69 women and
detected PP and MP, while EP and BP were not detected.
Vela-Soria et al. (2014) developed a method for the
determination of selected parabens and benzophenones in
human placental tissue. They measured these compounds
in 10 placental tissue samples obtained from women at the
moment of delivery, and detected MP and PP in the
majority of the examined samples. In 2015, the first study
reporting the transplacental passage of parabens was
reported in humans (Towers et al. 2015). The authors
analyzed 45 mother-child pairs (cord blood), and found
both MP and BP in the maternal blood as well as in cord
blood. However, the pharmacokinetics and metabolic
characteristics of major parabens crossing the human
placenta are largely unknown. Mathiesen et al. (2013)
developed an in vitro human placental perfusion model in
order to understand the basic mechanisms of the
fetoplacental transport of parabens as well as facilitate risk
assessments with the use of paraben-containing products
during pregnancy. Valle-Sistac et al. (2016) examined
selected parabens and benzophenones in 12 samples of
placental tissue from healthy volunteer mothers. MP, BP
and BenzylP were detected in all samples, and EP and PP
were also frequently observed, with positive detections in
nine and ten out of twelve placentas. In 2017, the group of
Vela-Soria measured levels of selected parabens in
15 human placenta samples by a new LC-MS/MS method.
PP was detected in all samples, but could not be quantified.
MP and EP were detected in 13 and 10 samples and
quantified in 5 and 6 samples, respectively. The most
recent study (Shekhar et al. 2017) examined 40 pregnant
women and reported paraben levels in the maternal blood
plasma and amniotic fluid. The total unadjusted median
concentrations were similar in both body fluids. The levels
of MP and PP were on the order of 20 ng/ml, and EP and
BP were within 1-2 ng/ml (Shekhar et al. 2017). These
findings show the potential of parabens to cross the
placental barrier and thus possibly affect the fetus.

The findings of parabens in human placental
tissue, cord blood and amniotic fluid highlight the need
for further studies to fully understand the potential of
mother-fetus transfer when using personal care products.



2017

Endocrine Disruptors in Pregnancy S311

Endocrine disruptor interactions

Humans are often exposed to many EDs at the
same time, and an understanding of how individual EDs
act or interact with others is essential, though very
difficult to study. Among the EDs mentioned here, it will
be of particular interest to determine the levels of
alternative bisphenols in "BPA-free” products as well as
in BPA-based materials, and assess the effects of
exposure to multiple bisphenols together. Fernandez et al.
(2016) published a statistically significant association
between prenatal exposure to BPA and PP and the risk of
male genital malformations. An even more recent study
(Pollock et al. 2017) showed that BP and PP can alter the
pharmacokinetics of BPA, and that BP can modulate
estradiol concentrations in an in vivo animal model.
Taking into account the widespread occurrence of
a variety of parabens and studies reporting associations
between parabens and bisphenols, exploring the effects of
these substances on the human body could occupy an
entire scientific career.

Conclusion
increased environmental

Due to education,

emerging scientific data, the development of analytical
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