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ARTICLE INFO ABSTRACT

Bisphenol A (BPA) is one of the most widely used synthetic compounds on the planet. Upon entering the diet, its
highest concentration (1-104 ng/g of tissue) has been recorded in the placenta and fetus. This accumulation of

Chemical compound studided in this article:
BISPHENOL A (BPA) CCID: 6623

Keywords: BPA can have many health hazards ranging from the easy to repair single strand DNA breaks (SSBs) to error

Bisphenol A (BPA) prone double strand DNA breaks (DSBs). Although the Human liver can efficiently metabolize BPA via glu-

DNA damage curonidation and sulfation pathways, however the by-product Bisphenol-o-quinone has been shown to act as a

;[ance'r DNA adduct. Low doses of BPA have also been shown to interact with various signaling pathways to disrupt
utations

normal downstream signaling. Analysis has been made on how BPA could interact with several signaling
pathways such as NFkB, JNK, MAPK, ER and AR that eventually lead to disease morphology and even tumor-
igenesis. The role of low dose BPA is also discussed in dysregulating Ca>* homeostasis of the cell by inhibiting
calcium channels such as SPCA1/2 to suggest a new direction for future research in the realms of BPA induced

Ca®* homeostasis
SPCA1 inhibition
IGF1R

disease morphology and mutagenicity.

1. Introduction

BPA is a synthetic phenol extensively used in the manufacture of
polycarbonate plastics and epoxy resins. It was first reported by a
Russian chemist Aleksandr Dianin in 1891 [1] (Fig. 1) and synthesized
via the condensation of acetone with two equivalents of phenol by
Zincke in 1905 [2].

Although BPA is one of the most widely used synthetic compounds
on the planet with an annual production of about 5 million tonnes in
the United States, but the biggest growth is being observed in Asia with
13% annual average growth and 19% growth in the demand of poly-
carbonates in India [3]. A worrisome effect of BPA is that it leaches out
from the food and beverage containers that are manufactured by using
BPA and leaches into the contents [4-7]. Human BPA exposure through
consumption of canned food has been estimated to be 6.6 ug/person/
day [8] which then enters the blood stream [9,11,12]. Analysis of urine

samples of co-habitating male and female partners were correlated in-
dicating a common exposure source of BPA [13]. With a minimum
detection limit of 0.4 ug/L urine, BPA was detected in 92.6% of the
samples examined. The mean value reported was 2.6 ug/L (2.6 ug/g
creatinine) and the 95th percentile concentration of 15.9 ug/L (11.2 pg/
g creatinine). Of the 2517 participants, females had statistically higher
BPA concentrations than males (p = 0.043) and children had higher
concentrations than adolescents (p < 0.001) whereas adolescents had
higher concentrations than adults (p = 0.003). Urine concentrations
were linked to race/ethnicity, age, gender and even the household in-
come [14]. Quantification of BPA in sweat via solid phase extraction
(SPE) followed by analysis with HPLC has shown that BPA could be
recorded in 16 of the 20 samples. Moreover, the team was careful in
their sample collection methodology for directly transferring sweat
from skin to the glass containers using stainless steel spatulae [15]. In a
similar study conducted in 2015 the amount of BPA excreted in sweat of
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Fig. 1. Bisphenol A, molecular formula: C;sH;¢0,, molar mass is 228.29 g/mol.

50 subjects was attempted but used polyurethane sweat patches to later
extract BPA by placing the patches in polypropylene plastic tubes. The
team reported five-fold higher BPA in sweat than the background [16].
Further, this high concentration of BPA showed up only in 3 out of 50
samples. However, the experimental design and sample sweat collec-
tion methodology both need modification as the use of any kind of
plastics in BPA biomonitoring could be severely undermined due to
external contamination. Isocyanate based polyurethanes raise severe
toxicity concerns, however non-isocyanate polyurethanes have also
been developed [17]. Biomonitoring of BPA in 69 hair samples col-
lected from urban and rural Greek population was evaluated using
LCMS analysis. The results showed that 41.2% of urban samples had a
mean BPA burden of 64.1pgmg~' while only 14.8% of the rural
samples showed BPA at a mean concentration of 40.3 pgmg~"' [18].
These observations are a clear evidence of the link between lifestyle
exposure of BPA versus detection in human blood, urine or sweat.
Reported occurrence of BPA in baby bottles raised an alarm in 2003
[9] and was also reported from the animal cages that were manu-
factured using BPA containing polycarbonates [10]. Factors such as
heat, acidic or basic pH levels were also indicted in enhanced leaching
of BPA from the containers [12]. Occurrence of BPA in free and con-
jugated forms was validated in blood of pregnant women and the
highest concentration was measured in placenta and the developing
fetus [18]. This accumulation can lead to birth defects as shown in
animal studies [22]. Human epidemiological studies also reveal the
relationship between BPA exposure and repeated miscarriage [23].
Concentrations of 0.3-18.9 ng/mL were measured in maternal plasma
and 1-104.4 ng/g in the placental tissue and male fetuses accumulated
significantly more BPA than female fetuses. Passage of BPA across the
placenta has also been reported and found to in the range of 1-18 ng/
mL in the maternal serum, 1-10ng/mL in amniotic fluid and cord
serum at birth and up to 100 ng/g in placenta [19,20]. However the
concentration of BPA in human serum is about 0.1-1000nM [21]. Be-
sides serum, blood and placenta; BPA has also been detected in the milk
of healthy women at a concentration of 0.28-0.97 ng/mL [25]. The
objective of this study was to explore the possible molecular mechan-
isms that drive toxicity build-up in humans that affect DNA and sig-
naling pathways in different ways that can initiate tumorigenic events.

2. Quantification of BPA in body fluids

Different analytical techniques have been used since 1999 to mea-
sure unconjugated BPA concentrations in human serum at levels ran-
ging from 0.2-20 ng/mL and exceeding 100 ng/g in a study that fo-
cused on toxicity in placental tissue [18]. Some of the techniques
employed for this purpose are gas chromatography—mass spectrometry
(GC-MS), high-performance liquid chromatography (HPLC) and en-
zyme linked immunosorbent assay (ELISA). Several analytical techni-
ques including the highly sensitive mass spectrometry (MS), specifically
isotope dilution-MS, is considered a relatively reliable method for
measuring trace levels of BPA and other environmental chemicals in
biological samples [24]. The validity of methods used by Schénfelder
et al. for BPA quantification in human fluids and use of standard BPA
free controls has been debated widely but arguments provided by
Volkel et al. relate high BPA urine concentrations to external con-
tamination, sampling error or insensitive analytical methods. But an
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alternative explanation to the occurrence of free/unconjugated, con-
jugated or substituted BPA reported in several studies conducted on
human blood, serum and the placental tissue was not provided [26].
Furthermore, oral pharmacokinetic studies in rodents and rhesus
monkeys using isotopically labeled BPA indicate that intakes of 75 to
over 1000 pg/kg BW/day would be required for the high levels of un-
conjugated BPA reported in the human literature assuming similar ki-
netic parameters [27]. Thus more sensitive methods were required to
determine free/unconjugated BPA in human fluids.

As BPA enters the blood through diet it can be effectively detoxified
through glucuronidation and sulfation [45] (please see BPA metabolism
in mammals) but until the detoxification process begins the free/un-
conjugated form of BPA can exist in blood and serum for almost 1-2 h
after one oral dose of 100 pg/kg BW of deuterated BPA (d6-BPA) by oral
administration. Unconjugated d6-BPA was detected in serum within
5-20 min of oral dosing with a mean C,,x of 6.5nM (1.5ng/mL) ob-
served at Ty of 1.3 = 0.52 h. Detectable blood levels of unconjugated
BPA (d6-BPA) could be measured for up to 48h [28]. BPA can be
conjugated to glucuronide (BPAG) and eliminated through urine
[28,29] but can be deconjugated via [3-glucuronidase which is present
at high concentrations in liver, kidney, intestine and placenta [30]. The
deconjugation of BPAG to BPA increases the potential reactivation of
BPA induced effects. A new method for the determination of free BPA,
BPAG, BPA disulfates (BPADS) and three BPA chlorides, namely BPA
mono-(BPAMC), di-(BPADC), trichloride (BPATrC), in human urine and
serum samples, using solid-phase extraction (SPE) and LC-MS/MS de-
tection was described recently and attempted to eliminate possible
exogenous BPA contamination through the use of glass apparatus, in-
stead of plastic tubes, for sample preparation and washed their appa-
ratus with formic acid. Internal standard for establishing baseline for
any possible BPA contamination was used besides verifying instru-
mental calibration by injecting 10 uL of 0.01-100 ng/mL standards of
the target compounds, that demonstrated excellent linearity (regression
coefficient = r > 0.99). Upon comparison of two methods (liquid/li-
quid extraction LLE versus solid phase extraction SPE) the values for
conjugated and unconjugated forms of BPA were measured and re-
ported to be 5 times higher in urine using SPE method than measured
via LLE method. However, the concentrations of BPA in serum were not
significantly different than reported in earlier investigations or LLE
method [31]. Other studies also confirm the unconjugated occurrence
of BPA in blood and serum even when all possible precautions were
taken to avoid external contamination [32].

BPA has been recently reclassified as a class 1B reproductive toxin
by the European chemical classification and labeling (CLP) [34] and a
similar essential component of epoxy resins called bisphenol A digly-
cidyl ether, to which humans are widely exposed, was previously
classified as a suspected class 2B carcinogen by the International
agency for research on cancers (IARC) [33]. It is noted that toxic ex-
posure data for humans is missing but it was shown to be carcinogenic
in animal models. It is also claimed by IARC that glycidaldehyde, a
metabolite of bis-phenol A diglycidyl ether, is carcinogenic to experi-
mental animals and classified as possibly carcinogenic to humans
(group 2B) in their 1989 report [33].

North America and Europe have taken steps to either ban the use of
BPA or shown concern vis-a-vis its use in food containers. Canada be-
came the first Country to ban BPA in October 2008 through its che-
micals management plan [35]. Other Countries have issued exposure
warnings but not banned the compound due to insufficient direct link
between dose and incidence. Asia in general and South Asia in parti-
cular has only recently realized the health hazards posed by the biotoxic
nature of BPA.

Earlier studies of Food and Drugs Administration (FDA) in 2008
[36,37], based on available research data, but no new research, sug-
gested that BPA is not toxic for humans, even for unborn babies. The
European Food safety Authority (EFSA) issued a new tolerable daily
intake (TDI) of 4 ug/kg of bw/day of BPA in 2011, which significantly
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reduced the amount of BPA exposure that the EFSA previously con-
sidered “safe” a TDI of 50 pg/kg of body weight (bw)/day (equivalent to
0.05 mg/kg of bw/day) [38]. In the fall of 2014, FDA experts, specia-
lizing in toxicology, analytical chemistry, endocrinology, epidemiology,
and other related fields, completed a four-year review of more than 300
scientific studies. The FDA review has not found any information in the
evaluated studies to prompt a revision of FDA’s safety assessment of
BPA in food packaging at this time [41]. On similar guidelines the EFSA
concluded on January 21, 2015 that BPA poses no risk to human health
at current exposure levels, including for pregnant women, infants,
children and the elderly [38]. However the probable toxic nature of
BPA used in plastic bottles and containers of canned food was initially
realized when higher than normal fetal mortality rates were associated
with it [39].

However as a precautionary measure the use of BPA in the manu-
facture of plastic feeding bottles for infants has been strictly restricted
in Europe (EU regulation NO. 321/2011) [40]. The latest report was
published after the regulatory agency reduced the TDI to a mere 4 ug/
kg BW/day. Following suit by EFSA the new safe TDI of 1.5-4.2ug
BPA/kg BW per day was issued by the Food and Agricultural Organi-
zation/World Health Organization (FAO/WHO) in 2010 [42].

Besides all the environmental exposure to BPA from food containers,
plastic bottles and plastic appliances (cell phones to laptops) the highest
dose that humans can get in one day is from the thermal receipt at a
checkout counter. According to the research, when taking hold of a
receipt consisting of thermal printing paper for 5s, roughly 1 ug BPA
(0.2-6 ng) was transferred to the forefinger and the middle finger (of
the dominant hand) if the skin was dry but it could be ten times more if
these fingers were wet or very greasy. The check-out clerk who is ex-
posed to thermal receipts for up to 10 h/day could get an average dose
of 71 ug/day [43]. Free BPA (~20 mg BPA/g paper) is applied to the
outer layers of thermal receipt paper. When such receipts are handled
along with the use of common hand sanitizers (or other skin care pro-
ducts that contain mixtures of dermal penetration enhancing chemicals)
they can increase the transdermal penetration of lipophilic compounds
such as BPA by up to 100 fold [44].

Since the food and drug administration authorities have not been
able to reach a definite conclusion on BPA induced DNA damage that
could potentially lead to several tumorigenic phenotypes, and create
various health hazards, this review collects some of the vital and most
recent data on the mutagenic power of BPA and how conjugated or
unconjugated BPA might be involved in degenerative disease incidence
and progression. The aim of this review is to highlight the direct and
indirect effects of BPA that could lead to disease or modify major sig-
naling pathways and to suggest new direction for in-vitro and in-vivo
research related to low dose exposures.

2.1. BPA metabolism in mammals

Based on the studies of Yokota et al. BPA can be metabolized by
mammals via two pathways i.e., glucuronidation and sulfation [45].
They reported that glucuronidation could be catalyzed by UGT2B1, an
isoform of UGT (UDP-glucuronosyltransferase), in the rat liver (Fig. 2).
The rate of hepatic glucuronidation is slightly lower during pregnancy,
since multidrug resistance-associated protein II and UGT both have
reduced expression during pregnancy [46]. Levels of UGT in human
fetal liver are also reported to be lower as compared to the adult human
liver. Once metabolized by sulfation; BPA glucuronide is excreted via
the urinary tract (Fig. 3) [47]. This is another contra-indication of the
neo-natal exposure to BPA, and also explains why the concentration of
BPA in placenta is much higher than the plasma of the mother [18,21].
Atkinson and Roy explored the metabolism via cytochrome p450s
(CYP450s) and demonstrated that this enzyme system could metabolize
BPA into bisphenol-o-quinone via 5-hydroxy BPA and a bisphenol
semiquinone intermediate [48,49]. Whereas Yoshihara et al. [50] were
able to inhibit this metabolic pathway using an inhibitor called SKF
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Fig. 2. Outlines the UDP glucuronosyltransferases (UGT) based metabolism of un-
conjugated bisphenol A (BPA) in the liver and excretion of metabolite through the urine
in humans and urine/feces in rodents. (Single-column fitting image).

525-A thus proving the involvement of CYP450 enzymes. Sulfation of
BPA by sulfotransferases is also sometimes believed to be a part of the
detoxification metabolic pathways [51,52]. Among human sulfo-
transferases, the simple phenol (P)-form phenol sulfotransferase
(SULT1A1) and thermostable phenol sulfotransferase (ST1A3) were
shown to be involved in the sulfation of BPA [53].

2.2. BPA In janus kinase (JNK) pathway and neurological disorders

In-vivo experiments with rats exposed to low dose (10-1000 nM) of
BPA (0.5ug/kg body weight/day for 3 days) induced hormonal re-
sponse. To investigate the influence of BPA on steroidogenesis, re-
searchers investigated the activity of steroidogenic gene Cypllal and
its regulatory pathways in mouse Y1 adrenal cortex cells. They reported
that Cypllal gene activity was upregulated via the JNK pathway and
this association could also have neurological consequences [54] . In a
different study, the JNK inhibitor (SP600125) displayed anti-in-
flammatory properties on BPA mediated IL-6 cytokine response in BV2
cells [55].

2.3. Pro-inflammatory pathway triggered by BPA

The inflammatory role of BPA on target murine microglial BV2 cells
was also recently studied and mitogen activated protein (MAPK)
pathway was found to be a target of interest [55]. Expression analyses,
western blot and immunofluorescence studies indicated that BPA is
indeed involved in activating inflammatory responses in murine mi-
croglial BV2 cells via upregulated TNF-a and IL-6 which could be re-
versed using the estrogen receptor antagonist ICI182780. Additionally,
the c-Jun N-terminal protein kinase (JNK) inhibitor (SP600125), rather
than ERK1/2 blocker (PD98059), displayed anti-inflammatory proper-
ties on BPA-elicited cytokine responses, indicating that JNK pathway
plays a role in downstream inflammation pathway signaling. The in-
flammatory transcription factor NF-kB was specifically activated by
BPA as well in this study [55]. This data clearly indicates that BPA has a
pro-inflammatory role in microglial cells and in the realms of the ner-
vous system might initiate a neurodegenerative response progressing to
Alzheimer’s disease (AD) or Parkinson’s disease (PD) in later life.
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2.4. BPA as an inhibitor of secretory pathway calcium dependent ATPase-1
(SPCA1)

Accumulation of Ca?" in the Golgi apparatus is mediated by sar-
coendoplasmic reticulum Ca®>* ATPases (SERCAs) or by secretory
pathway Ca®* ATPases (SPCAs). These Golgi localized pumps have a
high affinity for Ca?™ but human SPCA2 isoform (hSPCA2) has the
ability to transport Ca®>* besides having a Mn?" transport activity. The
SPCA1 isoform is mainly located on the trans-Golgi compartment of
mammalian cells (Fig. 4) [56]. Mutations in the human SPCA1 gene
(ATP2C1) causes Hailey-Hailey disease which is an autosomal domi-
nant skin disease leading to the detachment of keratinocytes in the
suprabasal layer of the epidermis. BPA has been shown to inhibit SPCA1
in the cisternal membrane of Golgi apparatus [57]. Calcium is required
in the post-translational modification of proteins being trafficked
through the Golgi. Exogenous expression of SPCA1 isoforms (SERCA2b
and SPCA1d) in COS 7 cells were used to test inhibitory properties of a
variety of compounds and calcium dependent ATPase activity measured
in the microsomal membrane. Bis (2-hydroxy-3-tert-butyl-5-methyl-
phenyl) methane (bis-phenol) inhibited SPCAld with high specificity
with an ICsq value of 0.13 pM which was a 62-fold greater potency for
inhibiting SERCA2b with the same compound. Other compounds si-
milar to BPA, such as, tetrabromobisphenol-A and trifluoperazine in-
hibited both Ca®>* ATPases in a similar manner. This research pointed
out the fact that BPA has the potential to act in sub-toxic doses to in-
hibit post-translational modification in the Golgi [57].

79

Toxicology Reports 5 (2018) 76-84

Q Fig. 3. The metabolism of Bisphenol A (BPA) in
mammalian liver via the cytochrome p-450 (Cyp-
0 450) enzyme system, through hydroxylation. (Single-
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Fig. 4. Bisphenol A (BPA) inhibits an important microsomal Golgi protein secretory
pathway of calcium ATPase (SPCA1). Same inhibitory effect of BPA has been reported for
the smooth endoplasmic reticulum calcium ATPase 2 (SERCA2) protein. (Single-column
fitting image).

2.5. BPA in calcium signaling and cancer targeting

The role of intracellular Ca®>* has been highlighted in a Nature
Review, which reasons that Ca™ is a ubiquitous signal and that altered
expression of specific Ca®* channels and pumps is a characteristic
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feature of many cancers [58]. The ability of Ca’* to regulate both cell
proliferation and death makes it a new potential anti-cancer therapeutic
target. In many cases Ca®" channels, pumps and exporters control the
complex calcium homeostasis and chemical compound that alters the
normal functioning of these channels renders the channel druggable. It
has also been argued that calcium channels undergo up or down-reg-
ulation in various cancers, for instance TRPMS is upregulated in pros-
tate cancer and SERCA3 is downregulated in colon cancer. Resting
cytosolic free Ca?" concentrations are maintained at (~100nM)
compared to the extracellular free Ca?* of (~1.2mM) [59]. Within the
sub-cellular organelles there is also a Ca®>* gradient that needs to be
maintained, for example cytosol and endoplasmic reticulum or sarco-
plasmic reticulum (ER/SR). These organelles act as Ca?™ stores and the
process is facilitated by enrichment with calcium binding proteins such
as calsequestrin and calreticulin [60]. Free resting Ca®™" within the ER/
SR is reported to be in the range of (100-500 uM) [61].

With Ca2* channels also located in the Golgi apparatus and used to
export post-translationally modified proteins to their destination, it is
logical to hypothesize that BPA (an inhibitor of SPCA1) can be a po-
tential inhibitory drug that not only blocks the post-translational
modification process but may also have a direct role in breast cancers
via this very inhibition. The signaling pathways that are Ca®** depen-
dent are assumed to also undergo modifications in the downstream
targeting of respective signal proteins.

2.6. Insulin-like growth factor 1 receptor (IGF1-R), insulin receptor (IR)
and BPA

Recently the role of IGF1R has been highlighted in the progenitor/
stem cells from solid and hematopoietic malignancies and progression
of certain cancers. It is now known that IGF1R and IR as well as their
corresponding ligands are overexpressed in human thyroid progenitor
cells cultured as thyrospheres. Isoforms of insulin receptor (IR-A) and
insulin like growth factor 2 (IGF2) were found to be overexpressed in
thyrospheres from cancers while only IGF2 was required for self-re-
newal [62]. Inhibition of SPCA1 was shown to produce a significant
change in the processing of insulin-like growth factor receptor (IGF1R),
with lower levels of functional IGF1R[} and accumulation of the inactive
trans-Golgi network pro-IGF1R form. Calcium regulation via the se-
cretory pathway calcium ATPasel (SPCA1) has therefore been asso-
ciated with the IGF1R [63]. Since IGF1R is also involved in cell pro-
liferation and apoptosis as well as overexpressed in solid tumors, the
inhibition of SPCA1 by BPA can be hypothesized to affect this cascade
rendering it dysfunctional as shown in Fig. 5.

2.7. BPA: an endocrine disruptor

BPA has been in commercial use since the 1930s, being used as a
synthetic estradiol [64]. It lost its medical significance when BPA was
soon replaced by another synthetic estradiol called diethyl stilbesterol
(DES). DES was prescribed to women between 1940 and 1971 to avoid
miscarriages, premature labor and other pregnancy related complica-
tions [65]. In 1978, DES was banned by FDA based on the undeniable
link between DES and cervical cancer [66]. Now a range of such
compounds that mimic endocrine hormones have been shown to basi-
cally disrupt the normal hormonal signaling hence described as Endo-
crine disrupting chemicals or EDCs. In terms of its mechanism of action,
BPA has only 10™* to 102 times the estrogen receptor (ER) binding
affinity as estradiol. Thus, only high dose exposure to BPA can affect the
functions of natural ER ligands, such as estrogens [67].

2.8. Estrogen receptor pathway
The synthetic estrogen BPA can induce cell proliferation, leading to

ovarian carcinoma, through estrogen receptor [68,69]. Based on the
chemical construction similarity of BPA to beta-estradiol (E2) it has the
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ability to bind with ERa and ER[} receptors [70] although the affinity is
much less than that for estrogen [71]. BPA’s interaction with ER-a and
ER-f has been observed to have agonist as well as antagonist activities
on ER-a in-vitro [71] and at very low doses can induce effects similar to
estrogen besides disrupting the beta cell function in pancreas in-vivo
[72]. BPA promotes the transcriptional activity of estrogen response
element in BG-1 ovarian carcinoma cell in a dose-dependent manner
whereas high dose expedites cell proliferation through ERa and ER(
receptors [69]. In addition, BPA has high affinity for the estrogen re-
ceptor-related receptor y (ERRy), but not to the estrogen receptor (ER)
[73]. It protects the basal constitutive activity of ERRy, and selectively
defends ER modulator 4-hydroxytamoxifen from deactivation of ERRy
[74]. BPA also binds with the membrane estrogen receptor (mER),
activating guanylyl cyclase and protein kinase G, which can turn off
ATP-dependent K* channel, induce depolarized Ca®* flow into L-cal-
cium channel, enhance calcium signal path resulting in cAMP response
element-binding protein (CREB) phosphorylation and it can also reg-
ulate the transcription of cAMP/Ca2* response element [75].

2.9. Androgen receptor pathway

Almost 70%-90% primary breast cancer tissues express androgen
receptor (AR); this is related to a positive prognosis for small tumor
volume, low pathological grading and long patient survival time [76].
Animal model studies have helped to determine that AR agonist 5a-
dihydroxytestosterone (DHT) suppress mouse mammary epithelial cell
proliferation. Whereas antagonist flutamide enhance mouse mammary
gland cell proliferation [77]. Research shows that BPA can be an AR
antagonist, since BPA dose-dependently suppresses transcription ac-
tivity induced by DHT [78]. The ICso inhibiting concentration is
1 x 10"°M to 7 x 10~7 M supported by human AR reporter gene assay
[79]. In addition, BPA may influence AR’s activity and function by
changing AR nuclear translocation and transcriptional activation, since
BPA and Nonylphenol (NP) cause dispersed distribution of AR between
the nuclear and the cytoplasmic compartments in the presence of tes-
tosterone [80].

2.10. DNA adducts of BPA

Microsomal p450 enzymes in rat liver take part in the metabolism of
BPA and convert it into Bisphenol o-quinone that acts as a DNA adduct
[49]. The reaction of BPA with calf thymus DNA, in the presence of S9
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mix, resulted in the formation of bulky DNA adducts. The formation of
DNA adducts was concentration-dependent in the range of 6.2-100 puM,
corresponding to doses of 14.25-228 ng. The detection limit for BPA,
corresponding to a detection limit of 0.1 DNA adducts/108 nucleotides,
was 13.2ng (5.8 uM). Upon administration of BPA (dissolved in water)
to mice, at a dose of 200 mg/kg body weight for eight days, resulted in
the formation of bulky DNA adducts in the liver. Similar results were
reported for BPA with mammary gland. The level of DNA adducts in the
pooled mammary cells of BPA-treated mice was 4.97 + 0.61/10° nu-
cleotides versus 1.05 = 0.13 in controls was significantly higher [81].

2.11. BPA induced DNA damage

A recent study investigated the role of low dose BPA induced DNA
damage in breast cancer cells and three dimensional geometric cancer
tissue [82]. Immunostaining and single cell gel electrophoresis de-
monstrated an upregulated c-Myc along with other crucial proteins and
induced an increased cell proliferation in estrogen receptor a (ER- o)
negative mammary cells. Silencing the c-MYC gene via siRNA inhibition
demonstrated that the DNA damaging effects of low dose BPA could be
reduced, hence c-Myc plays a pivotal role in controlling the down-
stream signaling of low dose BPA induced DNA damage [82]. Among all
the breaks that a DNA molecule receives, the most dangerous and hard
to repair are the double strand breaks (DSBs) [83]. This happens be-
cause megabase sized deletion is an inevitable consequence of DSB
repair [84]. If the megabase deletions occur in an exon, or worse, in the
exon of a tumor suppressor gene, the consequences could be far and
wide.

In a similar study rat insulinoma INS-1 cells were tested against
doses of BPA (0, 25, 50, 100 uM) for DNA damaging capacity and the
expression of proteins associated with DNA damage and apoptosis or
proliferation. The team concluded that p-53 and p-Chk2 were sig-
nificantly increased [85]. This study highlighted that BPA does not only
target the breast cancer cells but may have a role also in the pancreatic
tissue. In recent years attempts have been made to use analogues of BPA
but data now shows that analogues of BPA also exert the same DNA
damaging effect on target cells. The evaluated analogues include BPF,
BPAF, BPZ, BPS, DMBPA, DMBPS, BP-1, and BP-2. None of these ana-
logues demonstrated a DNA damaging activity in Salmonella typhi-
murium strains TA98 and TA100. However when tested on HepG2 cells
the results showed that even non-cytotoxic doses of these analogues
0.1pumol L™ ! to 10 umol L™ could cause significant DNA damage, as
tested by comet assay and Ames test [86].

In a recent elaborate study, female dam pups were used to in-
vestigate the DNA damaging effects of BPA. Post-BPA exposure histo-
pathological changes in liver tissue and oxidative stress was measured,
based on the activity of enzymes such as catalase (CAT), superoxide
dismutase (SOD), glutathione peroxidase (GPX), malondialdehyde
(MDA), nitric oxide (NO) and total antioxidant capacity (TAC). The
results indicated a reduced antioxidant enzyme activity for SOD, CAT
and GPX that leads to hepatotoxicity. The team observed severe DNA
damage in BPA (0.5 and 50 mg/kg BW) treated dam female mice,
compared to the control group. The study also found out that early life
exposure to BPA induced leucocytic cell infiltration, appearance of
necrotic areas and histopathological changes in the liver tissue [87].

In a distinct study that measured not just DNA damage but also DNA
methylation in MCF-10F normal breast epithelial cells a BPA dose of
1075 and 10~ ° M caused the formation of 73% to 80% less tubules in
the collagen. At these concentrations the expression analysis demon-
strated an upregulation of DNA repair genes BRCA1/2, BARD1, CtIP,
RAD51 and BRCC3 while a downregulation of apoptotic genes PDCD5
and BCL2L11. This showed that increased DNA damage due to BPA
exposure must be repaired and delayed apoptosis could lead to ex-
tended survival of these cells. Methylation analysis of the BPA exposed
cells showed hypermethylation of BCL2L11, PARD6G, FOXP1 and
SFRS11 while hypomethylated NUP98 and CtIP genes [88].
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2.12. BPA can impair double strand break repair machinery

When Caenorhabditis elegans was used as a research model to in-
vestigate the effects of BPA (at concentrations of 100uM, 500uM and
1 M) it was observed that such concentrations caused increased sterility
and embryonic lethality. BPA exposure also caused impaired chromo-
some synapsis and dysregulated meiotic double strand break repair
progression. Exposure led to an anti-estrogenic activity in the germline
and initiated a germ-line dependent down-regulation of DSBR genes,
hence dysregulating the maintenance of genomic integrity at meiosis
[89].

2.13. BPA in disease morphology of bone

Bone formation and resorption is affected by estrogens. Since es-
trogen plays a crucial role in bone homeostasis, it is important to know
the effect of BPA in bone biology. Bone contains bone forming osteo-
blasts and bone resorbing osteoclasts. BPA has been shown to not only
inhibit differentiation and activity of osteoblasts and osteoclasts but
also stimulate apoptosis of both cells in-vitro [90,91]. Osteoblasts are
formed by osteogenic differentiation of mesenchymal stem cells
(MSCs). MSCs can also differentiate to adipocytes or chondrocytes.
Chamorro-Garcia et al. reported in 2012 that low dose of BPA induced
MSCs to differentiate towards adipocytes rather than osteoblasts in-
vitro, which can impair bone formation [92]. In addition, Watanabe
et al. showed that BPA inhibits the expression of cytochrome P450
aromatase (CYP19) in human fetal osteoblastic cell lines, indicating
possible inhibitory effect of BPA on CYP19 mediated bone formation
[93]. BPA has catabolic effect on bone forming osteoblasts as well as on
bone resorbing osteoclasts in- vitro; therefore, it is difficult to predict the
exact effect of BPA on bone homeostasis. Clinical studies have been
conducted to analyze the effect of BPA on bone mineral densities
(BMDs) in premenopausal and post-menopausal women [94,95]. The
results showed that BPA has no effect on BMDs in premenopausal
women [94]. Moreover, BPA showed no effect on clinical variables
related to bone metabolism and BMDs in post menopausal women [95].
Available literature provides limited information to draw any conclu-
sion that BPA has anabolic or catabolic effect on bone. To elucidate the
effect of BPA on bone metabolism, further in-vitro and in-vivo studies,
and large scale clinical studies in high-risk population sample of os-
teoporosis are suggested.

3. Discussion

The available data overwhelmingly points towards the multifarious
effects of BPA ranging from cytotoxicity at higher doses to DNA damage
at relatively low doses of BPA besides its role in bone development and
breast cancer development. A variety of cell lines tested and several
analogues of BPA all indicate the same end-result. However our
knowledge of DNA damage suggests that most kinds of damage can be
efficiently repaired except the double strand DNA damage. Previous
research has shown that SPCA1 inhibitors can effectively inhibit Ca®*
loading into the Golgi, and that BPA is also a potent inhibitor of SPCA1
similar to already tested thapsigargin [96]. High concentration of Ca®*
in the lumen of intracellular organelles is a source of activator Ca>* for
a range of processes including transcription, translation, translocation,
folding and processes of protein folding [97]. Within the Golgi appa-
ratus luminal Ca®* is important for intra and inter Golgi transporta-
tions and for endosome vesicle fusion [98,99]. Therefore the dynamics
of BPA may be more widespread than previously thought. The forma-
tion of neurotransmitter vesicles in the neuronal cells could experience
an inhibited release from the pre-synaptic membrane, thereby affecting
the electrochemical passage of nerve impulses in the brain.

The area of research pertaining to BPA that still remains untouched
is the post-translational modification inhibition. This review suggests a
new direction of BPA acting as a potent calcium channel inhibitor of
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Golgi and the Sarcoplasmic reticulum. Since Trans- Golgi is a widely
accepted sub-cellular compartment that processes proteins in the post-
translational event for further distribution to various parts of the cell,
therefore this should be the next logical direction for researchers.

4. Conclusion

Human exposure to the environmental toxin BPA is being debated
globally. With the banning of use of BPA in food containers, baby
bottles and in some cases complete import ban into a Country drives the
inquisition to investigate not only the high dose effects but also the low
dose effects of BPA. While food safety and health organizations consider
BPA a class 2 B reproductive toxin, there is a lot that needs to be done
for reconsideration of the carcinogenicity status. The available data
suggests as yet an unclear link between BPA and carcinogenicity,
however with the many research directions pointed in this text, this
paradigm can be clarified within the next few years.
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