Int. J. Med. Sci. 2015, Vol. 12

926

%;Jt\ﬁ [VYSPRING
VS

INTERNATIONAL PUBLISHER
Review

International Journal of Medical Sciences

2015; 12(12): 926-936. doi: 10.7150/1ijms.13267

Neurological Effects of Bisphenol A and its Analogues

Hidekuni Inadera ™

Department of Public Health, Faculty of Medicine, University of Toyama, 2630 Sugitani, Toyama 930-0194, Japan

P4 Corresponding author: Hidekuni Inadera, MD, PhD, Department of Public Health, Faculty of Medicine, University of Toyama, 2630 Sugitani,
Toyama 930-0194, Japan. Email: inadera@med.u-toyama.ac.jp; Tel: +81-76-434-7275; Fax: +81-76-434-5023

© 2015 Ivyspring International Publisher. Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited.

See http:/ /ivyspring.com/terms for terms and conditions.

Received: 2015.07.17; Accepted: 2015.10.12; Published: 2015.10.30

Abstract

The endocrine disrupting chemical bisphenol A (BPA) is widely used in the production of poly-
carbonate plastics and epoxy resins. The use of BPA-containing products in daily life makes ex-
posure ubiquitous, and the potential human health risks of this chemical are a major public health
concern. Although numerous in vitro and in vivo studies have been published on the effects of BPA
on biological systems, there is controversy as to whether ordinary levels of exposure can have
adverse effects in humans. However, the increasing incidence of developmental disorders is of
concern, and accumulating evidence indicates that BPA has detrimental effects on neurological
development. Other bisphenol analogues, used as substitutes for BPA, are also suspected of having
a broad range of biological actions. The objective of this review is to summarize our current
understanding of the neurobiological effects of BPA and its analogues, and to discuss preventive

strategies from a public health perspective.
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Introduction

Bisphenols (BPs) form a large family of chemi-
cals that are utilized to produce polycarbonates and
epoxy resins. The most widely used bisphenol is bi-
sphenol A (2,2-bis-(4-hydroxyphenyl)propane; BPA).
BPA is a major high-production chemical, with over 6
billion pounds produced each year and over 100 tons
are estimated to be released into the atmosphere [1, 2].
BPA was first synthesized by Dianin as early as 1891.
In the mid-1930s, Dodds et al. discovered the estro-
genic properties of BPA during their pursuit of a
synthetic estrogen [3]. However, these authors found
that diethylstilbestrol (DES) was a far more potent
estrogen using a classical estrogenic assay and con-
cluded that the estrogenic potential of BPA was mar-
ginal.

Commercial production of BPA did not begin
before the early 1950s, when the first epoxy resins
were developed. To protect foods and drinks from
direct contact with metals, epoxy resins are frequently
used in the internal coating of food and beverage
containers. BPA is a building block of polycarbonate
plastics, including baby bottles [4]. BPA is also used

for some dental sealants, carbonless paper for re-
ceipts, digital media (CDs and DVDs), electronic
equipment, flooring, tableware, and reusable bottles
[1, 5, 6]. A recent study reported that BPA was de-
tectable in dust, air particles and water, making ex-
posure widespread [7].

Previous studies have shown that BPA can leach
from polycarbonate plastics, epoxy resins and other
products in contact with foods and drinks, and as a
result, routine oral ingestion of BPA is likely [1, 8-10].
Indeed, one risk assessment study suggested that
canned food items contribute to 10-40% of the daily
BPA intake [11]. Because of the potential health risk of
BPA, the chemical has been replaced by alternatives.
Ironically, these BPA substitutes have also been
demonstrated to have detrimental effects on human
health. For example, bisphenol F (BPF) and halogen-
ated BPA, used in products for daily life, are sus-
pected of having toxic effects on biological systems
[12,13].

Numerous studies on the biological effects of
BPA have been published, and its potential human
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health hazards have been extensively summarized [1,
4]. Previous studies have linked BPA exposure to ab-
normalities of the reproductive system and a higher
incidence of cardiovascular disease [14-17]. Along
with recent increases in the prevalence of neurobe-
havioral disorders [18], evidence has been accumu-
lating that BPA can perturb nervous system devel-
opment. For example, elevated gestational urinary
concentrations of BPA have been correlated with ad-
verse behavioral outcomes in children [19-21]. How-
ever, many uncertainties remain and controversial
discussions are still ongoing.

In this review, recent data on BPA exposure and
the potential human health hazards are summarized,
focusing on its neurological effects. Knowledge of the
effects of other bisphenol analogues on the nervous
system is also presented, followed by future direc-
tions for the preventive strategies to lessen the impact
of these compounds, from a public health perspective.

Human biomonitoring data of BPA

Exposure data from the biomonitoring of BPA is
essential for translating findings from animal studies
to human health risk assessment. Although the bio-
logical half-life of BPA in humans is estimated to be
less than 6 h [22], long-term daily intake of BPA can
lead to steady-state BPA concentrations in human
samples [23, 24]. Since 2007, a number of extensive
reviews have been published on exposure assessment
for BPA [10, 24-26]. Human BPA biomonitoring data
has recently been reported [27, 28] and will not be
described in detail. Here, brief summary of several
key findings from BPA biomonitoring is presented.

Over 10 years ago, a report analyzed human se-
rum samples, and BPA concentrations up to 1.49
ng/ml (6.5 nM) were found [29]. BPA has been found
not only in adult serum, but also in maternal circula-
tion [26, 30], amniotic and placental fluids [31-33],
breast milk [34], and the urine of infants [35]. BPA
levels in human amniotic fluid have been measured,
and levels as high as 8.3 ng/ml (36 nM) have been
reported [31]. BPA has also been detected in human
neonatal blood and cord blood [10]. Indeed, it appears
that the human placenta does not act as a barrier to
BPA [32]. Abnormal exposure to compounds during
critical periods of development can interfere with
normal homeostasis and lead to long-term deleterious
effects [1]. The fetal brain is especially vulnerable be-
cause of an immature xenobiotic-metabolizing system
and a relatively permeable blood-brain barrier. Con-
sequently, studies aimed at clarifying the effects of
BPA exposure in human neonates and the develop-
ment of preventive strategies are urgently needed.

Urinary BPA measurements are preferred for
evaluating exposure levels because the chemical is

concentrated in urine [24]. BPA-glucuronide, a major
BPA metabolite in urine, is stable and serves as a
useful biomarker of BPA exposure. Administered
doses of BPA are completely recovered in urine as
BPA-glucuronide within 42 h [36, 37]. Thus, the
measurement of urinary concentrations  of
BPA-glucuronide or total BPA in urine is the most
appropriate and feasible way to assess daily exposure
in humans from all sources [24].

In 2005, the first study to measure total BPA
concentrations in a reference population was reported
from the Centers for Disease Control (CDC) [38]. BPA
was detected in 95% of the urine samples analyzed,
and concentrations up to 5.18 ng/ml (95th percentile)
were reported. The CDC followed this study with a
second one, examining spot urine samples from 2,517
Americans > 6 years of age in the 2003-2004 National
Health and Nutrition Examination Survey (NHANES)
[39]. BPA was detected in 92.6% of participants, with
concentrations ranging from 0.4 to 149 ng/ml (with a
geometric mean of 2.6 ng/ml urine). The geometric
mean of BPA was 2.49 ng/ml for the period 2003-2004
and 1.79 ng/ml for the period 2005-2006 [15], sug-
gesting that exposure levels may have declined re-
cently.

Importantly, the geometric mean urinary con-
centration of BPA among premature infants under-
going intensive therapeutic medical intervention was
one order of magnitude higher than in the general
population (30.3 vs. 2.6 ng/ml urine) [35]. Such a high
level of exposure may be due to the use of medical
equipment, including medical tubes and bottles.
While adults have a high capacity to rapidly metabo-
lize and excrete BPA, the fetus and infant have lower
hepatic levels of metabolizing enzymes, and thus are
at greater risk from exposure to unconjugated BPA
than the adult [40]. Therefore, BPA exposure in fe-
tuses and neonates is of great concern because of the
high sensitivity of developing organs. Indeed, the US
Food and Drug Administration raised concerns over
BPA exposure in fetuses, infants and young children
[41]. To avoid potential hazards, Canada became the
first country to declare BPA to be a toxic compound
and required its removal from all infant formula bot-
tles in 2010. BPA was also banned in infant formula
bottles by the European Union in 2011 and by the
United States in 2012. In France, the use of BPA in any
food or beverage packaging was forbidden from Jan-
uary 2015 [42].

BPA concentrations in biological samples differ
among published studies. One possible source of dis-
crepancy may be differences in analytical methodol-
ogy [24]. At present, the gold standard for measuring
BPA is solid-phase extraction coupled with high per-
formance chromatography-isotope dilution tandem
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mass spectrometry with peak focusing [7]. The choice
of equipment and containers used to collect and store
samples is critical for the accurate assessment of BPA
concentrations. A major concern is potential contam-
ination of biological specimens by materials and pro-
cesses, e.g., by dust containing BPA. In fact, contami-
nation of reagents or solvents with BPA or leaching of
BPA from materials used for sampling and sample
storage have been reported [37, 43]. Therefore, a gen-
eral problem with blood and urine BPA measure-
ments is background contamination of samples,
which may interfere with quantitation at low concen-
trations. Therefore, in future studies, to accurately
evaluate the effects of BPA exposure in the general
population, large sample size and accurate and sensi-
tive assessment methods devoid of contamination
from materials used for sampling and storage are re-
quired.

It has been reported that only about 10% of
orally ingested BPA is bioavailable 20 to 30 minutes
later [44]. Given the short half-life of orally ingested
BPA and the high frequency of detection, continued
exposure to human body may be present. The ubig-
uity of BPA-containing plastics makes human expo-
sure nearly universal. A study of temporal variability
found that a single spot urine sample had moderate
sensitivity for predicting an individual’s tertiary BPA
categorization [45]. Other studies have shown that
urinary BPA concentrations can vary up to two orders
of magnitude within a given day, making it difficult
to eliminate exposure misclassification [46, 47]. Thus,
multiple urine samples collected over an extended
period of time are required for more accurately as-
sessing long-term exposure. Indeed, reproducibility,
estimated by the intraclass correlation coefficient, was
reported to be only 0.32 for urinary BPA concentra-
tions measured during pregnancy [48]. Braun et al.
reported an even lower intraclass correlation coeffi-
cient of 0.11 for BPA across three urine samples col-
lected during pregnancy, suggesting the need for re-
peated urinary BPA measurements during pregnancy
for less biased exposure-response estimates [49]. This
variability may be a limitation for large-scale epide-
miological studies, because multiple sample collection
is often not practical. Future studies should consider
the importance of collecting multiple or integrated
urinary concentration measurements to improve ex-
posure estimation.

Pleiotropic actions of BPA

In this section, I summarize our current mecha-
nistic understanding of the pleiotropic actions of BPA.
BPA is a well-known xenoestrogen [50]. Biochemical
assays have examined the kinetics of BPA binding to
estrogen receptors (ERs) [51]. BPA was demonstrated

to bind both ERa and ERp, with approximately 10
times higher affinity for ERp [50]. Although BPA was
considered a weak environmental estrogen, results
from several studies have revealed that BPA can
stimulate cellular responses at very low concentra-
tions, below the levels where BPA is expected to bind
to the classical nuclear ERs [23]. Thus, it is improbable
that BPA elicits its effects only through classical
ER-dependent nuclear pathways.

Mounting evidence suggests a variety of path-
ways through which BPA can elicit cellular responses
at very low concentrations and with the same or even
higher efficiency than 17p-estradiol (E2) [52-55]. BPA
has been shown to bind to a membrane-associated ER
and produce non-genomic effects [56] with the same
efficacy and potency as E2 [52, 54, 57]. Indeed, a recent
report showed that BPA and E2 have an equimolar
activational capacity for ER rapid signaling pathways
in human prostaspheres [58]. However, despite this
similarity, it has been reported that ligand-dependent
differences exist in the ability of the ER to provoke
different actions. For example, BPA and E2 induce
distinct conformational changes in the tertiary struc-
ture of the ER after binding, and have a differential
ability to recruit coactivator proteins [59]. Thus,
binding affinities of xenoestrogens for ERs may not
accurately predict ability to recruit coactivator pro-
teins or subsequent action.

BPA has been reported to have the ability to
modify the actions of physiologic estrogens. For ex-
ample, BPA has a marked inhibitory effect on
E2-induced  extracellular-signal-regulated  kinase
(ERK) activity in rat pituitary cells. In these cells, BPA
therefore acts as an antiestrogen, although the un-
derlying molecular mechanisms remain to be clarified
[60].

Molecular studies have revealed a variety of
pathways through which BPA stimulates cellular re-
sponses at very low doses. BPA was reported to bind
to the aryl hydrocarbon receptor [61] and to the thy-
roid hormone receptor [62], inhibiting the transcrip-
tional activity induced by triiodothyronine (13) [63].
A potent antiandrogenic activity of BPA, resulting
from its ability to interfere with agonist binding to the
androgen receptor, was also reported [64]. In addi-
tion, BPA has been found to act as a glucocorticoid
receptor agonist [65] and impair insulin homeostasis
[66]. BPA also activates the pregnane X receptor [67].
Thus, the net effect of BPA may result from multiple
actions on different signaling pathways. The multi-
tude of targets may underlie the pleiotropic effect of
BPA on multiple biological systems.

Estrogen-related receptor vy (ERRy) was identi-
fied as a BPA target receptor in 2006 [68]. Indeed, BPA
binds very strongly to ERRy, with a Kd of 5.5 nM
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[68-70]. ERRy is expressed very strongly in the
mammalian brain during development [71]. ERRy is a
nuclear receptor whose natural ligand is not known,
but is thought to play a role in the differentiation and
maturation of the fetal brain [71]. If BPA can bind to
ERRYy specifically, the physiological functions of ERRy
might be perturbed and neurodevelopmental disor-
ders may ensue, especially when exposure occurs
during the critical early periods of nervous system
development.

Effects of BPA on neurological systems

Because of its impact on the endocrine system,
BPA was initially examined for effects on sexual
dysfunction, malformation, and cancers of reproduc-
tive origin. Recent population-based epidemiological
studies have linked BPA to metabolic disorders, such
as obesity and diabetes, and to cardiovascular disease
[72, 73]. Along with the growth in the production of
toxic chemicals, an increase in the prevalence of neu-
rodevelopmental disorders has been observed over
the past few decades. Evidence has been accumulat-
ing that environmental chemicals, including BPA, can
cause neurodevelopmental disorders. Indeed, the Na-
tional Toxicology Program (NTP) of the United States
concluded that “there is some concern for effects on

the brain, behavior, and prostate gland in fetuses,
infants, and children at current human exposures to
BPA”. Thus, neurological systems are considered
important targets of BPA. In this section, I summarize
recent advances in our understanding of the effects of
BPA on neurological function.

A number of animal studies reported that BPA
exposure during gestational period affects brain de-
velopment and behaviors (Table 1). Perinatal or neo-
natal BPA exposure alters brain sexual differentiation
[74, 75]. BPA can induce aggression, anxiety, cognitive
deficits, and learning-memory impairment [76-80].
BPA can also influence the display of juvenile social
behaviors in mice [81, 82]. Perinatal exposure to BPA
increases anxiety-like behavior and elevates dopa-
mine levels in male, but not female, mice [83]. BPA
exposure in male rats during lactation is associated
with hyperactivity and the degeneration of dopamin-
ergic neurons [84]. BPA exposure during organogen-
esis and breastfeeding upregulates dopamine receptor
function, whereas exposure at other gestational peri-
ods does not, suggesting the presence of critical de-
velopmental windows of BPA toxicity [85]. In both
rodents and nonhuman primates, BPA has adverse
effects on the brain even at relatively low exposure
levels [86, 87].

Table 1 Effects of Bisphenol A on the Nervous System (Animal Studies)

Animal | Major Effects | References

Mice

2ng/g or 20 ng/ g of body weight Increased aggression in male mice Kawali et al. (2003) [76]

2 mg/g diet Enhanced hyperlocomotion and sensitization to methamphetamine Suzuki et al. (2003) [143]

25 ng/kg/day Decreased number of tyrosine hydroxylase neurons Rubin et al. (2006) [75]

20 ng/kg/day Perturbed differentiation and migration of neurons Nakamura et al. (2006) [99]

2 and 200 pg/kg/day Increased anxiety-like behavior in female mice Ryan et al. (2006) [144]

30 ng/g diet Enhanced morphine-induced hyperlocomotion and rewarding effect Narita et al. (2006) [145]

30 ng/g or 2mg/ g diet Memory impairment Miyagawa et al. (2007) [78]

10 pg/kg/day Alterations in brain structure Palanza et al. (2008) [146]

100 pg/kg/day Anxiolytic-like effect and induction of cognitive deficits Tian et al. (2010) [79]

50 mg/kg feed weight Impact on social behavior and anxiety Cox et al. (2010) [81]

20 ug/kg/day Perturbation of neurotransmitter system Nakamura et al. (2010) [147]

40 ug/kg/day Changes in nitric oxide production Martini et al. (2010) [148]

50 mg/kg feed weight Perturbed spatial learning abilities and exploratory behaviors Jasarevic et al. (2011) [149]

250 ng/kg/day Increased anxiety-like behavior in males Matsuda et al. (2012) [83]

2 pg/kg/day Sex-specific epigenetic disruption in the brain Kundakovic et al. (2013) [97]

10 pg/kg/day Increased anxiety in females Gioiosa et al. (2013) [150]

Rats

1.5 mg/kg/day Disrupted sexual differentiation in the brain Kubo et al. (2001) [151]

40 mg/kg/day Increased estrogen receptor expression in the medial preoptic nucleus Aloisi et al. (2001) [152]

40 pg/kg/day Altered brain monoaminergic function Adriani et al. (2003) [153]

100 pg/kg/day Changes in gender-dependent memory acquisition Carr et al. (2003) [154]

15 pg/kg/day Increased immobility in the forced swim test Fujimoto et al. (2006) [155]

600 pg/pup/day Increased spontaneous motor activity Ishido et al. (2007) [84]

40 pg/kg/day Increased anxiety and cognitive deficits Poimenova et al. (2010) [156]

50 ug/kg Increased oxytocin-immunoreactive cell number Adewale et al. (2011) [103]
in the female rat paraventricular nucleus

20 pg/day Hyperactivity Ishido et al.(2011) [157]

2 pug/kg/day Increased hyperactivity and decreased attention Zhou et al. (2011) [158]

50 pg/kg/day Enhanced short-term passive avoidance memory Xu et al. (2011) [159]

24 ng/kg/day Enhanced depressive-like behavior Fujimoto et al. (2013) [160]

Other Species

African green monkeys

50 pg/kg/day Perturbation of the synaptogenic effect of estradiol Leranth et al.(2008) [86]

cynomolgus monkeys Altered behavior and sexual differentiation Nakagami et al. (2009) [87]
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Table 2 Association Between Prenatal Exposure to BPA and Neurological Development (Human Studies)

Subjects Major Findings References
Girls 2 years of age Increased hyperactivity and aggression scores Braun et al. (2009) [19]
Girls 3 years of age Association with worse behavior Braun et al. (2011) [20]

Infants at 5 weeks No association with infant behavior

Yolton et al. (2011) [89]

Infants 7 and 9 years of age No association with social impairment

Midovnik et al. (2011) [90]

Boys 3-5 years of age

Association with increased aggressive behavior and emotional reactivity

Perera et al. (2012) [88]

Boys 7 years of age

Increased symptoms of depression and anxiety

Harley et al. (2013) [21]

Infants 6-10 years of age

Increased behavior problems in boys but not girls

Evans et al. (2014) [161]

In humans, accumulating evidence suggests that
early life exposure to BPA impacts neural develop-
ment (Table 2). BPA exposure during gestation is as-
sociated with hyperactivity and aggression in
2-year-old girls [19] and with anxiety and depression
in 3-year-old girls [20]. Importantly, childhood uri-
nary BPA concentrations were less important predic-
tors than gestational BPA exposure [20]. Perera et al.
found that maternal urinary BPA concentrations
during pregnancy were associated with increased
aggressive behavior and emotional reactivity in boys
between 3 and 5 years of age [88]. Harley et al. re-
ported that prenatal urinary BPA concentrations were
associated with increased internalizing problems in
boys, but not girls [21]. However, some studies found
no significant associations between gestational expo-
sure to BPA and infant neurobehavioral measures
[89]. Miodovnik et al. reported prenatal BPA exposure
was not associated with childhood social impairment
in 7- and 9-year-olds [90]. Although the source of
these discrepancies remains obscure, low levels of
exposure may be below a threshold at which neuro-
behavioral effects manifest. Alternatively, the dis-
crepancies may reflect differences in study popula-
tions or methodology for exposure assessment. In
addition, the behavioral effects of BPA exposure may
manifest differentially depending on both child age
and time of exposure. Recently, one human cell cul-
ture study showed that BPA significantly decreased
potassium chloride cotransporter 2 (Kcc2) mRNA
expression in developing cortical neurons, suggesting
that BPA delays the perinatal chloride shift [91]. This
may have relevance for our understanding of the
mechanisms of BPA neurodevelopmental toxicity.

Intriguingly, BPA has sex-specific effects on the
expression of behaviors associated with anxiety, ac-
tivity and sociality [82, 92]. Many behaviors and
neuroendocrine pathways are sexually dimorphic.
Exposure to BPA that disrupts hormone function
during critical periods of prenatal development may
perturb sex-specific or hormonally regulated behav-
iors. Disruptions in behaviors may lead to reduced
social adaptation and impaired responsiveness to en-
vironmental demands. Thus, the sex of the child may
impact the association between prenatal BPA expo-
sure and externalizing behaviors. Indeed, a

sex-specific effect of perinatal BPA exposure on hy-
pothalamic morphology was reported [93]. BPA ex-
posure affects exploratory activity and behavior in
females, but only minimally disrupts partner prefer-
ence formation [94].

Gonadal hormones are known to influence the
sexual differentiation of the brain. Therefore, expo-
sure to endocrine disrupters which affect gonadal
hormone levels may contribute to sex-specific behav-
ioral changes [95]. Galloway et al. found that urinary
BPA was correlated with serum concentrations of
total testosterone [96]. Thus, alterations in gonadal
hormone levels provoked by BPA exposure may
perturb sex-dependent neurobehaviors. Interestingly,
a recent report showed that prenatal BPA treatment
results in a sex-specific disruption of epigenetic
pathways in the brain [97]. Future studies should
examine whether males and females have differential
levels of susceptibility to BPA at different periods of
development.

The molecular mechanisms mediating the effects
of BPA on the nervous system are beginning to be
clarified. Disruption of maternal thyroid or gonadal
hormones critical for normal development may un-
derlie the effects of BPA. Chevrier et al. found that
BPA exposure during pregnancy was associated with
decreased total thyroxine (T4) in pregnant women
and reduced thyroid stimulating hormone (TSH) in
male neonates [98]. Furthermore, prenatal exposure to
low doses of BPA in pregnant mice alters thyroid re-
ceptor expression in the fetal neocortex [99]. These
findings suggest that perinatal hypothyroxinemia
caused by BPA exposure during pregnancy may un-
derlie some of the neurological deficits in offspring.

Early life exposure to BPA has been shown to
affect the dopamine system [100]. Gestational expo-
sure to BPA reduces the number of midbrain dopa-
mine neurons in monkeys [101]. It has been reported
that tyrosine hydroxylase, the rate-limiting enzyme in
dopamine synthesis, is affected by BPA [84]. Thus, an
alteration of the dopaminergic system may account
for some of the neurological deficits associated with
BPA exposure, such as anxiety-like behaviors [81, 83].
Additionally, developmental exposure to BPA alters
the organization and function of the oxytocin
(OT)/vasopressin (AVP) system [102, 103], and may
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thereby impact behaviors regulated by associated
pathways [94, 102]. Furthermore, prenatal exposure to
BPA affects fetal neocortical development by acceler-
ating neuronal differentiation and migration during
the early embryonic stage [104].

Exposure to even low doses of BPA during ges-
tation has been shown to have long-lasting transgen-
erational effects on brain mRNA expression and social
behaviors [105]. The prenatal period is uniquely vul-
nerable to the effects of BPA on brain development.
These effects may be generated via a heritable epige-
netic process, such as DNA methylation [106, 107].
Indeed, previous studies on BPA-induced alterations
of the methylome suggest that multiple genes in tis-
sues derived from the various germ layers are differ-
entially methylated [108, 109]. BPA exposure induces
persistent sex-specific epigenetic changes in the brain
that possibly underlie the long-term effects of BPA on
brain function and behavior [97, 110], and which may
have transgenerational effects as well.

Although the associated molecular mechanisms
remain unclear, numerous studies suggest that BPA
can alter brain development, and thus may affect the
acquisition or progression of neurological disorders.
In addition, exposure to BPA may affect behavior in
multiple generations through epigenetic pathways in
animal models [111]. However, in humans, longitu-
dinal studies on the cause-effect relationship of envi-
ronmental chemicals and neurodevelopmental dis-
orders are lacking. Neurodevelopmental disorders
tend to be diagnosed only when a child is several
years of age, thereby posing a methodological hurdle
for cause-effect studies. There is a high prevalence of
neurodevelopmental disorders in children, and be-
havioral problems in childhood have been shown to
predict behavioral problems in adolescence and
adulthood [112]. Consequently, there is a great need
for studies on childhood exposure to BPA and those
aimed at reducing the risk of neurodevelopmental
disorders.

Bisphenol A analogues

Because of the biological effects of BPA, there has
been a gradual shift to using bisphenol analogues.
Several chemicals that are structurally similar to BPA
are presently used in the manufacture of resins and
plastics, as substitutes or replacements for BPA. The
biological actions of bisphenol analogues are begin-
ning to be clarified.

As described in the previous section, estrogens
affect normal brain function and behavior [113, 114].
A study examined the estrogenic activity of BPA and
related compounds using an estrogen response ele-
ment reporter gene assay in MCF-7 human breast
cancer cells [12]. Among the 19 BPA-related com-

pounds tested, several, including tetrachlorobi-
sphenol A (TCBPA), bisphenol AF (BPAF), bisphenol
B  (BPB), 2-(4-hydroxyphenyl)-2-phenylpropane
(HPP), 1,1-bis(4-hydroxypheny]l) cyclohexane)
(BPCH), 4-hydroxydiphenyl-methane (HDM) and
3,3'-dimethyl-bisphenol A (DMBPA), were found to
have higher estrogenic activity than BPA [12]. Thus,
these estrogenic BPs may cause neurodevelopmental
disorders by disrupting ER-dependent pathways.

The production and wuse of (bis-(4-
hydroxyphenyl)sulfone) (bisphenol S; BPS) has re-
cently risen in many countries [115]. BPS contains two
phenolic rings connected by sulfur and is more
heat-stable than BPA [116]. It was introduced into
consumer goods, such as canned foods and
cash-register receipts. BPS is often used as a BPA al-
ternative in “BPA-free” thermal printing paper. BPS
has been found in thermal receipt papers at concen-
trations comparable to those of BPA [117]. Wide-
spread exposure of the general population to BPS has
been demonstrated in various countries. For example,
BPS in the urine has been detected in 81% of 315 peo-
ple sampled in American and Asian populations, with
levels ranging from 0.02 to 21 ng/ml (0.8-84 nM)
[118]. BPA and BPS are about the same size and have
similar phenolic ring structures, and therefore, BPS
has been suspected to function as a xenoestrogen
[119]. Indeed, an assay for estrogenic activity showed
that BPS has a weak estrogenic effect [120]. However,
the cell biological effects of BPA and BPS appear to
differ [121]. BPS, at low-dose ranges likely to be pre-
sent in food items, appeared to interact predomi-
nantly with the cell-membrane ER and affect nonge-
nomic signaling, leading to potential consequences for
cell function [122]. A recent study showed that both
BPS and BPA influence hypothalamic development
[123]. Given the disrupting effects of BPS and its
higher resistance to environmental degradation in
comparison to BPA [124], the proposal to utilize BPS
instead of BPA in various products should be viewed
with caution.

Bisphenol AF (BPAF), a fluorinated derivative of
BPA, is used in polycarbonate copolymers in
high-temperature composites, electronic materials,
and specialty polymer applications [125]. BPAF binds
to ERa more strongly than BPA and has a much
higher affinity for ERa than ERRy [70]. BPAF is a
strong ligand for both ERa and ERp, with a 3-fold
greater preference for the latter [126]. However, in-
terestingly, BPAF is a full agonist for ERa, but an
antagonist for ERB [125, 126]. Thus, BPAF perturbs
physiological processes regulated by estrogen and
may have significant adverse effects on the nervous
system.

Bisphenol-A diglycidyl ether (BADGE) is an an-
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alog of BPA that is used in manufacturing coating and
resins, and can leach from packaging materials into
food. BADGE induces adipogenesis in multipotent
mesenchymal stromal stem cells, as well as in 3T3-L1
adipocytes at low nanomolar concentrations compa-
rable to those observed in human biomonitoring [127].
The effects of BADGE appear to be mediated, at least
in part, by peroxisome proliferator-activated receptor
vy (PPARYy) [128, 129]. PPARYy is a member of the nu-
clear receptor superfamily and is involved in the
pathogenesis of obesity and diabetes [130]. Interest-
ingly, brain PPARY regulates energy balance, and its
activation may lead to hyperphagia and an increase in
adipose tissue mass [131, 132]. Thus, BADGE may
function as an obesogen via central nervous system.

Environmental as well as human exposure data
indicate that halogenated BPs are emerging contami-
nants [133]. Analogs of BPA where the phenolic moi-
eties are substituted with halogens (Br or Cl) are used
as flame retardants. Approximately 200,000 tons of
tetrabromobisphenol A (TBBPA) are produced annu-
ally, and used to protect computer boards and other
electric equipment [133]. Tetrachlorobisphenol A
(TCBPA) is also used as a flame retardant. The pres-
ence of TCBPA and other chlorinated analogs (mono-,
di- and triCBPA) in environmental samples has been
unequivocally demonstrated [134]. Their presence in
human samples, including mother’s milk, has also
been demonstrated [2, 135, 136]. Significant levels of
TBBPA are found in human cord blood (200 pg/g
fresh weight) and maternal milk (0.1-37.4 ng/g lipid
weight), indicating both prenatal and postnatal ex-
posure [135]. Not all halogenated BPA analogs are ER
agonists. In general, the greater the number of bro-
mine atoms, the weaker the ER agonism [129]. TCBPA
and BPA display full agonistic activity towards ER «,
with a 1,000 to 10,000-fold lower potency than E2
[128]. While these analogs show marginal estrogenic-
ity in assays, they bind with stronger affinity to PPAR
v than BPA [128, 129]. Thus, these halogenated BPA
analogs may contribute to onset and disease progres-
sion via PPAR v, similar to BADGE.

Current knowledge on the biological and poten-
tial toxicological effects of BPA analogues, especially
on the nervous system, is limited. Moreover, rela-
tively little is known about the biological processing
of BPA analogues or the bioactivity of their metabo-
lites, and in vivo studies are lacking. Some BPA sub-
stitutes appear to be more resistant to environmental
degradation than BPA [124, 137]. Thus, the use of BPA
analogues should be carried out with caution, espe-
cially until effective risk assessment is conducted.

Future perspectives

Although numerous studies have been pub-

lished on the effects of BPA on neurobiological func-
tions, the underlying mechanisms remain unclear.
BPA displays non-monotonic dose-response func-
tions, and very different effects at environmentally
relevant doses compared with higher exposures [4]. It
is evident that BPA does not function solely as an es-
trogen mimic. Furthermore, it is unclear why BPA has
such wide-ranging effects on neurobiological systems
at low concentrations. Detailed mechanistic studies
are needed to clarify the effects of chronic low-dose
BPA exposure.

Alterations in gene expression induced by fetal
exposure to BPA have been demonstrated, suggesting
a role for epigenetic regulation, such as altered DNA
methylation and miRNA expression [138-140]. The
contribution of epigenetics to phenotype is an exciting
research topic. Because of the relatively new under-
standing of the role of miRNAs in gene regulation, the
direct targets of many specific miRNAs and their roles
in early neurodevelopment are largely unknown.
Nonetheless, altered miRNA expression may be a
potential mechanism of BPA action, but needs further
study.

Even low doses of BPA can trigger major neu-
rological perturbations when exposure occurs during
critical developmental windows [1, 141]. Timing of
exposure is a key factor determining potential devel-
opmental and behavioral consequences. Under-
standing the factors impacting the neurotoxicity of
BPs during pregnancy is essential for preventing the
adverse neurological effects of these compounds.
Studies are needed to more accurately determine the
critical windows of developmental exposure, to clar-
ify gender-specific effects and resolve the molecular
and cell biological impact of these compounds. The
general population may experience chronic low-dose
exposures requiring improved biomarkers for detec-
tion of low-dose toxicity. This will be especially im-
portant for identifying sensitive subpopulations and
for discriminating the effects of BPs from those of
other environmental contaminants.

Despite widespread human exposure in devel-
oped countries, there are a limited number of epide-
miological studies on the association of BPs with
neurodevelopmental  disorders. In  particular,
large-scale prospective studies are lacking to validate
findings from animal studies. Future research should
include prospective, longitudinal cohort studies in
which exposure to BPs are assessed in relation to
neurodevelopmental outcome. In the real world, en-
vironmental exposure is rarely due to a single chem-
ical, but rather involve complex chemical mixtures.
Indeed, a recent study found that BPA concentrations
were correlated with other EDC metabolite concen-
trations (such as phthalates) in urine from the prenatal
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stage up to 7 years of age [142]. Given the ubiquitous
presence of BPs and other EDCs in the environment, it
is not unexpected that they would be widely detecta-
ble in the general population. The effects of cumula-
tive exposure on neurodevelopmental outcomes are a
concern, which need to be investigated further. De-
spite the absence of epidemiological studies, concerns
over adverse effects of BPA and its analogues are
warranted given the unique vulnerability of the de-
veloping fetus and neonate. Thus, caution is recom-
mended in the use of BP compounds, particularly
until further data are obtained from risk assessment
studies.
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