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ABSTRACT 
 

THE EFFECTS OF BISPHENOL-A AND ITS ANALOGS ON NEURONAL 

OESTROGEN SENSITIVE KINASE PATHWAYS. 

 

Akshara,                                                                                        Advisor: 

University of Guelph, 2019                                                           Dr.  Neil.  J.  MacLusky 

 

 

       Bisphenol-A (BPA) is a major endocrine-disrupting chemical, which interferes with 

several cell signaling pathways. Although studies have suggested that BPA acts as a 

weak oestrogen agonist at the nuclear oestrogen receptor, ERα, in the brain BPA inhibits 

anti-oestrogenic effects. This project tested the hypothesis that BPA is a functional 

agonist/antagonist of the G-protein coupled oestrogen receptor (GPER), via activation of 

c-Jun-N-terminal kinase (JNK) in neurons.  At the same time, I asked whether the widely-

used BPA substitutes, Bisphenol-S (BPS) and Bisphenol-F (BPF) might exert effects 

similar to those of BPA, using the mHippoE-14 (immortalized fetal mouse neuronal) and 

SH-SY5Y (human female neuroblastoma) cell lines.  BPA, BPS and BPF all significantly 

inhibited GPER – mediated activation of JNK phosphorylation, as well as ERK1/2 

phosphorylation. These data suggest that BPA, BPS, and BPF may be the functional 

antagonists of GPER-mediated oestrogen signaling in the brain. 
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Bisphenol A (BPA) (4, 4′-dihydroxy-2, 2-diphenylpropane) 

History and Properties. 

BPA is an organic compound with a molecular formula C15H16O2, that belongs to the 

family of bisphenols (BPs) with two phenolic rings inter-connected by carbon atoms 

containing two methyl groups.  ‘Aleksandr Dianin’ a Russian chemist, invented BPA in 

1891 by combining a 2:1 ratio of phenol and acetone to produce a synthetic oestrogen 

(Schug et al., 2012).  However, it was neglected for its pharmaceutical use as an 

oestrogen due to the availability of highly potent synthetic oestrogen, diethylstilbestrol 

(DES)(Schug et al., 2012).  Previous studies in the literature have confirmed that 

functional groups such as hydroxyl group (4-OH), A-phenyl ring and a hydrophobic 

moiety at 2-position of propane are essential for BPA to meditate its oestrogenic activity.  

Its first biological activity was reported in 1938 by Dodd and Lawson and this finding 

was further confirmed by Reid and Wilson in the year 1944.  Even though BPA was first 

developed as a synthetic oestrogen, since 1953, BPA has been widely used for the 

production of epoxy resins and polycarbonate plastics, which are also used for multiple 

purposes including the production of baby bottles, food and beverage containers.  As 

such, BPA represents one of the most widely used synthetic chemicals in the world 

produced at a rate of more than 8 billion pounds in a year, of which more than 100 tons 

are estimated to be released into the atmosphere (reviewed in Almeida et al., 2018; 

Schug et al., 2012).  BPA is a primary constituent of polycarbonate plastic and due to 

the strength and flexibility of materials made incorporating BPA, it has also been used 

for the manufacture of life protecting tools used by police, fire and military personnel.  
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BPA is also used in carbonless (i.e.  thermal) printing paper, CDs and DVDs (digital 

media), flooring, adhesives, dental sealants and paints (Ikezuki et al., 2002; Schug et 

al., 2012; Almeida et al., 2018; Itoh et al., 2012).  BPA was first shown to leach from 

polycarbonates in the year 1933 and recently the concern regarding human exposure to 

BPA has increased.  Although drinking and eating food stored in containers made with 

BPA are the main source, it is also possible to absorb BPA through environmental 

exposure. 

Bio-monitoring data of BPA in Humans 

Biomonitoring tests were specifically introduced to examine the human xenobiotic 

exposure level on a daily basis (Ewers et al., 2007).  The individual or cumulative 

concentrations of xenobiotics or their metabolites can be assessed in a variety of 

biological fluids such as plasma, urine, and blood (Calafat et al., 2006; Ikezuki et al., 

2002).  Biomonitoring data provides a thorough and accurate assessment of xenobiotic 

exposures from all possible sources (Needham et al., 2007; Pirkle et al., 2005).  The 

accurate estimates of the "internal" dose are an integral part of the evaluation and act 

as a significant contributor to the risk evaluation process.  In addition to estimating 

xenobiotic concentrations in tissue, urine or blood, detailed knowledge of xenobiotic 

biotransformation and toxicokinetics must be determined by using comprehensive and 

reliable analytical methods.  This provides information on overall human exposure and 

the potential for adverse health outcomes.  Several techniques were adopted to 

evaluate BPA concentration in physiological fluids.  For example, liquid 

chromatography/mass spectrometry (LC/MS), which is considered the “gold standard” 
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method for measuring BPA in urine, enzyme-linked immunosorbent assay (ELISA) and 

gas chromatography/mass spectrometry (GC/ MS).  These analytical techniques 

confirmed detectable amounts of BPA in a variety of adult tissues including serum, 

placental fluids, breast milk, maternal circulation, amniotic fluid and blood, and in urine 

samples of infants (Ho et al., 2006; Schug et al., 2012; Tan and Mohd, 2003; Wolfgang 

et al., 2005; Yamano et al., 2008; Fukata, 2006; Kawaguchi et al., 2007; Kawaguchi et 

al., 2004; Dekant and Völkel, 2008; Padmanabhan et al., 2008).  The half-life of BPA in 

humans is less than 6 hours but steady-state BPA concentrations have been identified 

after long-term daily intake of BPA (Vo et al., 2002).  BPA undergoes phase II 

metabolism via uridine 5’-diphospho-glucuronyl transferase (UGT) (Iwano et al., 2018) 

and elimination in the urine as BPA-glucuronide (Dekant and Völkel, 2008) (Figure:1.1).  

Although BPA-glucuronide is the major metabolite, a small amount of BPA also 

metabolized to bisphenol-3, 4-quinone and BPA-sulfate (Iwano et al., 2018).  Since BPA 

is water-soluble and concentrated in the urine, urinary measurement of BPA is a 

preferred technique for estimating human exposure levels.   

BPA to its glucuronide metabolite conversation. 
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Figure 1.1: Metabolism of BPA; BPA is converted to BPA-glucuronide by uridine 5’-

diphospho-glucuronyl transferase in the liver and subsequently eliminated through 
urine.  Figure adapted from (Konieczna et al., 2015) 

 
Adverse Pharmacological Effects of BPA 

Exposure to BPA even at low concentration may lead to several adverse consequences 

resulting in impairment of the reproductive, cardio- endocrine, respiratory, metabolism, 

and nervous systems.  For example, in the reproductive system, early ovarian follicle 

formation and early oogenesis due to developmental exposure of BPA have been well 

documented (Richter et al., 2007; Adewale et al., 2009; Timms et al., 2005; Zhou et al., 

2008).  By interfering with the quantity and quality of oocyte production, BPA could 

impair fertilization.  BPA also interferes with steroid biosynthesis resulting in imbalances 

in testosterone, progesterone, and estradiol, which could negatively impact the normal 

hormone-mediated functions regulating reproduction (Salian et al., 2009).   

The perinatal and developmental exposure of BPA in rodents resulted in adverse effects 

like metabolic syndrome, obesity, and diabetes, however, these effects were specifically 

influenced by parameters such as sex, weight, window of exposure and doses of BPA 
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(Rubin et al., 2001; Somm et al., 2009; Rubin, 2011; Ryan et al., 2010).  Exposure to 

higher concentrations of BPA during pregnancy is associated with higher hormonal 

levels of leptin and adiponectin in the offspring, which are mainly responsible for insulin 

sensitivity and resistance by adipose tissues (Lee et al., 2019; Volberg et al., 2013; 

Heindel et al., 2017; Rönn et al., 2014).  In male mice, exposure of BPA is associated 

with increased aggression (Kawai et al., 2003) learning and memory impairment (Xu et 

al., 2010) and similarly, in female mice, with anxiolytic behaviors (Gioiosa et al., 2013), 

spatial memory (Ryan and Vandenbergh, 2006) and cognitive deficits (Words, 2010; 

Golub et al., 2010).  In rats, BPA can cross the placental barrier and levels in fetal and 

maternal tissues are similar (Nishikawa et al., 2010).  Offspring could also be exposed 

to BPA after birth since BPA is readily secreted in milk (Zimmers et al., 2014).  In 

humans, developmental exposure to BPA was associated with an increased risk of 

developing asthma in children (Spanier et al., 2012).  BPA can induce drastic adverse 

effects in the nervous system especially in the developing brain which may be due to 

the preferential accumulation of BPA in the fetal brain (Doerge et al., 2011; Mita et al., 

2011).  Data from both animal models and human studies have linked neonatal and 

perinatal exposure to BPA with a number of developmental disorders and social deficits 

later in life.  

There is considerable overlap with many of the features associated with developmental 

disorders and neonatal BPA exposure, such as social behavior, somatosensory 

system dysregulation, and developmental timeline.  Sensory disorders are highly 

prevalent in people with autism spectrum disorder (Reynolds and Lane, 2008) and 
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children with developmental disabilities often show social issues such as violence in 

addition to typical symptoms such as cognitive impairments (Tyrer et al., 2005).  Thus, it 

is crucial to understand the impact of environmental factors that affect the vulnerability 

of children to psychological disorders, particularly because the brain of the fetus is 

especially susceptible due to the relatively permeable blood-brain barrier and critical 

periods of brain development due to their relatively immature xenobiotic-metabolizing 

system (Inadera, 2015a).  Recent studies have linked the occurrence of attention deficit 

hyperactivity disorder and autism spectrum disorders with elevated levels of BPA in 

urine (Henningsson et al., 2009), suggesting increased exposure to BPA in pregnancy 

and early childhood could have detrimental outcomes.  In addition, some psychological 

disorders have high rates of sex-based predominance that might be correlated with 

sexually dimorphic brain maturation (Bale et al., 2010) leading to depression, attention 

deficit (Martel et al., 2009) and autism spectrum disorders (Henningsson et al., 2009).  

Instability of hormonally regulated, brain-specific sexual differentiation can increase 

susceptibility to these sexually dimorphic processes and BPA exposure by interfering 

with hormone functioning throughout critical periods of development that affect sexual or 

other hormonally distinct behavioral factors (Inadera, 2015a).  It is well understood that 

gonadal hormones regulate the brain's sexual differentiation but the children exposed 

to endocrine disruptors during development have altered levels of gonadal hormones, 

which can significantly lead to changes in their sex-specific behavior (Weiss, 2012). 

Therefore, in addition to the direct neuronal effects of BPA, it is necessary to consider 

the changes in levels of gonadal hormones caused by exposure to BPA that interfere 
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with sex-dependent neuro-behaviors throughout the brain (Kundakovic et al., 2013).  It 

has been well established that dopamine neurotransmitter is readily associated with the 

rate of depression.  Consequences leading physiological alteration of dopamine release 

either due to altered signaling mechanism or reduced dopamine receptors result in 

impaired secretion of dopamine from presynaptic neurons resulting in depression.  For 

example, early gestational exposure of BPA results in depression by altering dopamine 

in monkeys (Elsworth et al., 2013).  Increasing the prevalence of these depression 

disorders may indicate the impact of BPA on typical rates involving the intensity 

of stress response by impairing dopamine activity in the midbrain as tyrosine 

hydroxylase a rate-limiting enzyme, involved in the synthesis of dopamine gets altered 

on BPA exposure.  Increasing evidence from human studies demonstrates that 

exposure to BPA in childhood could affect neural development including studies in 

which hyperactive behavior, anxiety, aggression, and depression are correlated with 

BPA exposure especially during the gestation period (Braun et al., 2009; Braun and 

Amy, 2019).   

BPA analogs 

Due to the adverse toxicological effects of BPA and the ban on its usage in some 

countries in the production of baby bottles, a gradual shift towards the replacement of 

BPA by its analogs has been made.  For example, tetramethyl bisphenol A (2, 2-bis-(3, 

5-dimethyl-4-hydroxyphenyl)propane TMBPA; bisphenol AF (BPAF); tetrachloro 

bisphenol A (TCBPA); 1, 1-bis(4-hydroxyphenyl) cyclohexane (BPCH); 3, 3-dimethyl 

bisphenol A (DMBPA); 2-(4-hydroxyphenyl)-2-phenyl propanen (HPP); bisphenol AD 
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(ethylidene bisphenol; BPAD); 3, 3ʹ-dimethyl-bisphenol A (DMBPA); bisphenol-B (BPB); 

and 4-hydroxydi phenyl-methane (HDM); bisphenol F (4, 4-dihydroxy diphenylmethane; 

BPF) and bisphenol S (bis-(4- hydroxyphenyl)sulfone; BPS were some of the common 

analogs which replaced BPA and among them, BPS and BPF are the most commonly 

used substitutes (Kitamura et al., 2005).  In particular, BPS and BPF have largely 

replaced BPA in the production of food and beverage containers, epoxy resins, 

polycarbonate plastics and these are the basic components of all the ‘BPA free’ 

containers (Usman and Ahmad, 2016).  BPA analogs were introduced into the market 

by the manufacturers without being tested for their safety parameter and most of these 

compounds were not tested for their potential to cause adverse effects similar to those 

of BPA.   

BPA shares a common structural resemblance with its analogs (Kitamura et al., 2005).  

Researchers confirmed that similar to BPA, most of these analogs have weak binding 

affinity to classical oestrogen receptors ERα and ERβ and these compounds show 

similar or additional adverse effects in comparison to BPA.  For example, the treatment 

of hamster ovary cells with BPAF disrupted the mitotic spindle and cytoplasmic 

microtubule complex inhibiting cell growth and induced morphological changes to a 

greater extent than BPA (Kanai et al., 2001). In male rats, BPAF impaired gonadal 

functions, increased follicular stimulating hormone (FSH) and luteinizing hormone (LH) 

levels and decreased testosterone production resulting in reproductive impairment 

(Feng et al., 2012).  BPB induced the rapid activation of p53, BPE was linked to DNA 

damage and BPF, HPP was associated with elevations in oxidative stress in 
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comparison to BPA (Rosenmai et al., 2014).  Acute toxicological damage in Daphnia 

Magna is higher with similar dose exposure of BPB in comparison with BPA (Chen et 

al., 2001).  While lower concentrations of BPS altered MAPK pathway signaling in the 

prolactinoma cell line of rat and activated caspase 8 (Viñas and Watson 2013a, 2013b) 

mediated apoptosis similar to BPA.  These preliminary research data suggest that these 

analogs may not be safe substitutes for BPA and some may have an even more toxic 

nature (Eladak et al., 2015) in comparison to BPA.  Similar to what has been observed 

with BPA, its analog concentrations, especially BPS and BPF, have been gradually 

increasing in human blood and urine samples along with their distribution in the 

environment and atmosphere (Rochester and Bolden, 2015).  These increased 

concentrations of BPA analogs provide insight into the increased use of these analogs 

worldwide.  However, the effects of developmental exposure of BPS and BPF on the 

brain and their adverse consequences in comparison to BPA have yet to be 

established.  Moreover, an understanding of the adverse effect of BPS and BPF on 

neuron structure and function during pregnancy is necessary to provide 

recommendations for the use of these analogs and to prevent these compounds from 

having significant adverse neurological effects in children. 

The Hippocampus. 

The hippocampus plays a pivotal role in a number of cognitive functions, such as 

regulation of mood (Phillips and LeDoux, 1992), behavior (Good and Honey, 1997), and 

perhaps most particularly learning and memory processes (Squire and Zola-Morgan, 

1991).  The hippocampus, which is located in the brain’s medial temporal lobe, adapts 
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and reacts to extrinsic and intrinsic stimuli with the formation, regulation, and growth of 

synapses (Edvard et al., 1993) and neurogenesis (Kempermann et al., 2002).  The 

hippocampus is extremely vulnerable to steroids (oestrogen, androgen, and 

glucocorticoids), which are readily synthesized and circulated in the brain (Woolley and 

McEwen, 1990).  These hormones modulate functions in the hippocampus via their 

respective specific receptors (Kerr et al., 1992; Kendrick et al., 2011) and mediate 

steroid specific responses.  However, various other factors can also affect hippocampal 

morphology and its function, including stress, and environmental toxins (Leranth et al., 

2008), including endocrine-disrupting chemicals such as BPA and its analogs.   

The hippocampus is among the most thoroughly studied region of the brain because of 

its highly sensitive nature and it’s role in a number of neurodegenerative disorders and 

neuropsychiatric disorders that impairs learning and memory (Lupien et al., 1998; 

McEwen, 1998; Brewer et al., 2011).  The hippocampus consists of two functionally and 

anatomically separate regions, the dorsal hippocampus (DH) and the ventral 

hippocampus (VH).  Both regions have a similar composition and connect with different 

neuronal circuits to execute specific functions.  The Cornu Ammonis 1 (CA1) and CA3 

regions are the two major hippocampal subfields, which are interconnected by CA2.  In 

addition to neuronal connections, the hippocampus is one of two regions capable 

of forming new hippocampal neurons, which happens via a process called neurogenesis 

in the subventricular zone of the dentate gyrus (Lee, 2004).  For example, multipotent 

neural stem cells create a daughter cell neuron to maintain the population of neural 

stem cells through the asymmetric division with undergoing further differentiation to form 
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hippocampal circuitry after maturation (Kempermann et al., 2004). It is generally 

believed that structural plasticity seems to decline with age.  Steroid hormones play a 

crucial role in synaptic plasticity and hippocampal neuronal genesis.  For example, BPA 

inhibits oestrogen induced synaptogenesis in the hippocampus of the brain by binding 

to oestrogen receptors.  Thus, BPA interferes with normal physiological processes in 

the brain resulting in adverse effects, which are thought to be mediated through altering 

hormone receptor cell signaling pathways.   

The hypothalamic-pituitary-gonadal (HPG) axis 

The HPG axis regulates steroid biosynthesis in both gonadal and non-gonadal organs 

by negative and positive feedback mechanisms (figure 1.2) regulated by HPG receptors 

located throughout the brain.  Briefly, activins send the signal to activate the 

hypothalamus to release gonadotropin-releasing hormone (GnRH) to initiate positive 

feedback loop peripherally.  This, in turn, results in the secretion of gonadotropins, FSH, 

and LH hormones (Nicholas Ling et al., 1986).  These hormones then bind to the 

gonadal receptors, triggering either oogenesis or spermatogenesis, as well as the 

synthesis of sex steroids and the production of inhibin.  Increased circulating 

concentrations of these sex steroids, results in negative feedback stimulus, leading to a 

decrease in the gonadotropin secretion from the hypothalamus with the help of inhibin.  

Activin receptors, GnRH receptors, gonadotropin receptors and sex steroid receptors in 

the HPG axis mediate functional and structural changes in the brain (Meethal and 

Atwood, 2005).  These receptors generate signals for maintenance, normal functioning, 
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growth and development of the brain; and there are adverse consequences including 

brain degeneration upon dysregulation of HPG receptors (Meethal and Atwood, 2005). 

.                   

Figure 1.2: The complicated feedback mechanisms control testosterone, 
oestrogen, and glucocorticoid concentrations by regulating the HPG axis.  
Activins send a signal to activate the hypothalamus to release gonadotropin-releasing 
hormone (GnRH) to initiate a positive feedback loop peripherally.  This, in turn, results 
in the secretion of gonadotropins, FSH, and LH hormones.  These hormones then bind 
to the gonadal receptors, triggering either oogenesis or spermatogenesis, as well as the 
synthesis of sex steroids and the production of inhibin.  Increased circulating 
concentrations of these sex steroids, results in negative feedback stimulus, leading to a 
decrease the gonadotropin secretion from the hypothalamus with the help of inhibin.  
Figure adapted from:(Meethal and Atwood, 2005). 

Neuro-Steroids. 

Steroids cause activational and organizational modifications throughout the central 

nervous system. The organizational modifications involve changes in early life and 

activational modifications involve changes during adulthood ( Kalynn and Sisk, 2017). 

Activational modification, which occurs after intermittent hormone exposure, leads to 

temporary changes in brain function by modifying receptor-mediated signaling pathways 
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(Arnold, 2013).  Steroids bind to specific membrane-bound or intracellular receptors to 

produce steroid mediated actions.  The steroid receptors are distributed variably across 

the brains of both males and females, resulting in the activation of sexually distinct 

signaling pathways resulting in behavioral variations, physiological or pathophysiological 

changes, and changes in cognition, learning, and memory (Almeida and Conde, 2013; 

Duarte-Guterman et al., 2015; Kritzer, 2006; Milner et al., 2005; Milner et al., 2001).  

Steroid hormones regulate essential physiological functions and have pleiotropic effects 

on all of their targeted systems, including the central and peripheral nervous systems, 

liver, and gonads.  Neuro-steroids are formed de novo from cholesterol in the central 

nervous system.  Cholesterol, which is synthesized from the starting material acetyl- 

CoA in endoplasmic reticulum, gets transported to the inner mitochondrial membrane in 

a complex with the help of translocator protein (TSPO) that includes steroidogenic acute 

regulatory protein (StAR), protein such as ATPase Family AAA Domain Containing 3A 

(ATAD3A) and voltage-dependent anion channel (VDAC). The brain produces 

hormones locally, which are specifically called neuro-steroids, that play crucial roles in 

regulating neuron structure and excitability which affects behavior.  Neurosteroid 

synthesis is regulated by many enzymes, which turns cholesterol into steroid hormones 

that are biologically active, including oestrogen, progestogens, glucocorticoids, 

androgens, and mineralocorticoids.  The chemical structure of oestrogen which is 

comprised of three six-carbon rings and one conjugated five-carbon ring has important 

roles in both reproductive and non-reproductive systems.  Evidence from previous 

studies suggests that oestrogens are not only important hormones for gonadal organ 
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development in females but also have critical functions in non-gonadal tissues such as 

brain, heart, bone, muscles, and liver playing crucial roles in various biological 

processes, which are related to human well-being (McEwen et al., 2012; Smith et al., 

2010).  Natural oestrogens occur in three major forms: estrone, synthesized during the 

post-menopausal period (E1), estradiol, the most important form that mediates all 

biological responses in cells (E2 or 17β-estradiol), and estriol, released mainly during 

pregnancy (E3).  Among various forms of estrogens, E2 is the most common and potent 

form of oestrogen in mammals (Cui et al., 2013) 

Hippocampal oestrogen physiological role and its receptors  

The oestrogens exert a number of physiological, mental, and behavioral effects, in 

addition to their most commonly known functions in gender-specific actions, 

reproductive regulation, and behavioral related aspects (Almeida and Conde, 2013; 

Brann et al., 2007; Lee et al., 2012; Ottesen  and Pedersen, 1996) Oestrogens play 

integral role in maintaining normal cellular and physiological processes and inhibition of 

these oestrogen mediated responses has been linked with pathological conditions 

(McEwen et al., 2012; Martel et al., 2009; Smith et al., 2010).  The understanding of the 

role of oestrogens in non-reproductive brain functions has been greatly improved 

recently.  The hippocampus is highly vulnerable to oestrogen mediated effects, 

which includes regulation of object and spatial memories as part of its role in regulating 

the learning and memory process (Edvard et al., 1993).  Oestrogens in the 

hippocampus, specifically in CA1-CA3 domains were reported to increase spine density, 

which in turn results in increased long-term potentiation associated with learning and 
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memory formation (Foy et al., 2019), along with improved efficiency of hippocampal-

dependent tasks performance (as reviewed by Vierk et al., 2015).  The physiological 

variations in oestrogen and related hormone therapies are correlated with dramatic 

changes in synaptic plasticity in the hippocampus, and inhibition of these oestrogen 

mediated responses results in sexual dimorphism, along with impaired memory and 

cognitive test performance (Trommald and Andersen, 1994).  In recent years, it has 

been shown systematically through animal and cellular neurodegeneration models that 

oestrogens play a strong and significant role against neuronal cell death.  For example, 

oestrogen protects from glutamate-induced cell toxicity ( reviewed in Mccarthy, 2009).  

Figure 1.3, indicates the effects of glutamate and estradiol treatments alone and in 

combination in the rat brain cells.  Compared to control, glutamate-induced apoptotic 

mediated cell death, which was reduced by treating with oestrogen pre-treatment 

indicating its neuroprotective action of oestrogen in the brain. 

          

Figure 1.3: Effect of estradiol on glutamate-induced cytotoxicity.  (A) Quantitative 
results and (B) representative tunnel assay images (a-d) showing the effects of 
glutamate and estradiol treatments alone and in combination in the rat brain cells. 
Compared to control, glutamate o induces apoptotic mediated cell death, which was 
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reduced by treating with oestrogen pre-treatment indicating its neuroprotective action in 
the brain. Figure adapted from:( reviewed in Mccarthy, 2009) 

The neuroprotective roles mediated through oestrogens and oestrogen receptors are 

the result of anti-apoptotic roles, anti-inflammatory abilities, and neurotrophic potentials.  

The trophic activities of oestrogens play a crucial role in CNS maturation, regulating 

synaptic connections via cell signaling.  A number of studies have demonstrated 

neuroprotective and neurotrophic actions of E2, increasing cellular differentiation, cell 

viability, spine density and neurite outgrowth (Smith et al., 2010; Frick et al., 2015).  

Most importantly, E2 plays a significant role in extending neurites which improves 

synaptic connections through increased dendritic spine synapses between neurons 

(Frick et al., 2015).  Oestrogen also plays a crucial role in regulating the levels of brain-

derived neurotrophic factor (BDNF), transforming growth factor-beta (TGF-β), insulin-

like growth factor-1 (IGF-1), and nerve growth factor (NGF) synthesis (growth factors) in 

neurons.   

There are two types of specific molecular targets to which oestrogens bind to mediate 

their action i.e “classical” (long term) and “non-classical” (short term) receptors which 

mediated the genomic and non-genomic mechanistic actions of oestrogen, respectively.  

The classical oestrogen mediated actions involve binding of the hormone to specific 

intracellular oestrogen receptors (ERs), which trans-locate to the nucleus where they 

bind to 'oestrogen response elements' (EREs) mediating downstream gene and protein 

expression (Frick et al., 2015).  These genomic changes further regulate the structure 

and function of neurons and subsequent behavioral modifications.  The 'non-classical' 

mechanistic actions mediated by oestrogen (i.e.  changes not mediated by ER 
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complexes by binding EREs) include its role in the regulation of post-translation 

products, intra-cellular compounds, and regulation of the number of cell signaling 

pathways such as MAPK, JNK, and AKT.  Changes in signaling pathway alteration can 

also result in regulating structure, function, gene expression, and subsequent behavioral 

modifications, in-directly (Cui et al., 2013 and Sheppard et al., 2017). Usually, the 

classical signaling (genomic) system of oestrogen exhibits its consequences from 4-

48hours after the administration (Nilsson et al., 2001) and are the result of E2 binding to 

specific classical oestrogen-receptors α or β (ERα and ERβ). The “non-classical” 

receptor (non-genomic) mediated oestrogenic responses occur in a fraction of seconds 

to minutes, through membrane-bound ER, including membrane bound ERα and ERβ as 

well as the G-protein coupled oestrogen receptor (GPER) (Rudolph et al., 2016).  These 

rapid non-genomic responses to oestrogen are mainly regulated through cell signaling 

cascades, which further mediates their physiological or pathological responses (Frick et 

al., 2012; Luine et al., 2003; Tuscher et al., 2016).  

The classical receptors are well dispersed in most of the regions of the brain which play 

a crucial role in the regulation of hypothalamus, entorhinal cortex, prefrontal cortex, 

cerebellum, hypothalamus, perirhinal cortex, hippocampus (nerve terminals, dendritic 

spines, axons, and dendrites) and amygdala (Brinton et al., 2015; Frick et al., 2015;  

Osterlund et al., 2000) regulating cognition, sexual behaviours, hormone regulation, and 

mood.  The GPER belongs to the rhodopsin-like family of receptors coupled with g-

protein (Thomas et al., 2005; Filardo et al., 2000; Filardo et al., 2002; Filardo and 

Thomas, 2005; Filardo et al., 2007) and is significantly expressed in most part of the 
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brain (Brailoiu et al., 2007).  During development, GPER mRNA levels have been 

reported to rise until adulthood and electron microscope evaluation of CA1 and dorsal 

striatum determined the subcellular localization of GPER in small axonal terminals, 

post-synaptic structures, dendritic shaft, dendritic spines (near post-synaptic density 

(PSD) and unmyelinated axons (Brailoiu et al., 2007).  GPER is also expressed in the 

Golgi complex and endoplasmic reticulum as well as the plasma membrane where it 

can be activated by E2 to mediate the rapid non-genomic actions of E2 (Carmeci et al., 

1997; Filardo et al., 2000; Thomas et al., 2005).  GPER shares structural and biological 

similarities with ERα and ERβ and ever since from its discovery, several studies have 

shown GPER mediated oestrogenic effect throughout dendritic spines, cell bodies, 

hypothalamus, axons, cortex, hippocampus, and neuron terminals within the stratum 

(Akama et al., 2013; Waters et al., 2015).  The GPER receptors in the hippocampus 

were reported to specifically activate the JNK pathway to regulate and mediate gene 

expression indirectly (Frick et al., 2015).  The role of JNK and its specific responses in 

the nervous system, such as neuronal formation, regulation of normal neuronal 

functions associated with learning and memory and adverse pathological conditions 

under specific consequences including its role in the regulation of neurodegenerative 

disorders, have been well established in the literature. 
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Figure 1.4: Cellular signaling cascades of ERα, ERβ, and GPER receptors.  The 

classical estradiol mediated actions involves binding of lipid-soluble estradiol to specific 
classical oestrogen receptors (ERs- ERα and ERβ), which further trans-locates 
oestrogen to the nucleus of the target genes, where it binds to 'oestrogen response 
elements' (EREs) mediating downstream gene and protein expression (reviewed in 
Nilsson et al., 2001) which further regulates neuron structure, function, gene 
expression, and subsequent behavioral modifications, directly.  ERα and ERβ can also 
activate non classical pathway by binding to metabotropic glutamate receptors, which 
activates downstream signalling cascades to regulate protein and gene expression.  
However, specifically in hippocampus the activation of GPER is associated with 
activation of the JNK signaling cascade to mediate specific GPER responses regulating 
gene expression.  The 'non-classical' actions mediated by oestrogen involve the 
regulation of post-translation products, intra-cellular compounds, and regulation of the 
number of cell signaling pathways such as -MAPK, JNK, and AKT resulting in regulating 
the structure, function, gene expression, and subsequent behavioral modifications, in-
directly (Frick et al., 2015).  Figure adapted from (Frick et al., 2015). 

Cell Signaling pathway. 

Cells respond to a number of extracellular stimuli by activating specific signaling 

molecules such as mitogen-activated protein kinases (MAPKs) that facilitate signal 

delivery from cell surface receptors to the nucleus.  The three major classes of MAPKs 
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are well established and include, ERK1/2, p38 MAPK, and JNK.  The ERK1/2 activation 

requires a chain of phosphorylation processes, it begins with the activation and 

phosphorylation of a tyrosine kinase receptor which changes the conformation of docking 

proteins resulting in the activation of Ras. Once activated, Ras stimulates the kinase 

activity of Raf, which phosphorylates MAPK kinase, which then phosphorylates and 

activates ERK1/2 (Kim and Choi, 2010).  P38 MAPK becomes phosphorylated after 

cellular stress activates MAPK kinase 3 (MKK3).  Similarly, cellular stress activated the 

JNK pathway via activation of two upstream kinases, MKK4 and MKK7 which are 

activated through MAPK kinase kinases (MAP3Ks) by phosphorylation of serine or 

threonine residues in the activation loop (Johnson and Nakamura, 2007).  In vertebrates, 

ERK1/2 consists of two closely linked functionally comparable proteins, ERK1/2 (44kDa) 

and ERK1/2 (42kDa) which are encoded by closely related but distinct genes.  The 

ERK1/2 pathway can be stimulated by a broad spectrum of cell membrane receptors and 

regulates the expression of genes involved in cell proliferation and differentiation. The 

growth-factor receptors and GPER can also induce the activation of this ERK1/2 

cascades. The JNK pathway is well accepted as an essential regulator of cell survival, 

cell proliferation, cell death, metabolism, and DNA repair (Lee et al., 2008; Johnson and 

Nakamura, 2007). 
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Figure 1.5: Mitogen-activated protein kinase (MAPK) signaling pathways.  In 
response to extracellular stimuli, the MAP4Ks/ GTPases undergo series of 
phosphorylation and activation processes.  ERK1/2 activation includes a chain of 
phosphorylation processes and the cascade begins with activation of Ras and Raf, which 
then phosphorylates and activates MEK.  Similarly, in the JNK pathway MAP2Ks (MKK4, 
and MKK7) are activated through MAP3Ks by phosphorylation of serine or threonine 
residues in the activation loop.  These signaling pathways activate a number of substrate 
proteins, for example, transcription factors which mediate a variety of cellular responses 
such as cell-differentiation, cell-proliferation, DNA repair, metabolism inflammatory 
responses including cell death in response to external stimuli.  Image  adapted from: Kim 
and Choi, 2010 

 
The MAPK signaling pathways respond to a wide range of extracellular stimuli and 

regulate the activities of several transcription factors. By altering the expression and 

activation of these transcription factors, these signaling pathways alter the transcription 

of genes involved in cell-proliferation, cell-death, inflammation, and repair of DNA.  

Importantly, since activation of these signaling pathways contributes to both physiological 

and pathological changes of cell function, the modulation of specific proteins in these 

pathways has become a prime target for drug development (Bogoyevitch et al., 2010). 
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 Differential activation of MAPK pathways in the brain could also contribute to the loss of 

specific neurons seen in neurodegenerative diseases.  For example, striatal neurons 

that project to the globus pallidus are the most vulnerable in Huntington's disease while 

nigrostriatal neurons are lost in Parkinson's disease (PD) (Kim and Choi, 2010), and 

basal forebrain cholinergic neurons seem to be especially susceptible to death in 

Alzheimer’s disease (Subramaniam and Unsicker, 2010).  The causes of selective 

neuron loss and the role of specific signaling pathways behind this neurodegeneration 

have yet to be fully established. 

GPER mediated specific effects on the hippocampus. 

Dendritic spines are small projection like structures on neurons that typically receive 

input from axons.  The plasticity of these spines has been associated with stabilizing 

connectivity between neurons, particularly in the process of learning and memory.  For 

example, any changes in the structure of existing spines or growth and formation of new 

spines alter associated memory potentiation.  The subcellular localization, as evidenced 

by GPER immune-reactivity identified GPER in small axonal terminals, post-synaptic 

structures, dendritic shafts and dendritic spines near PSD (Brailoiu et al., 2007) and 

GPER non-genomic responses were found to regulate dendritic spine formation which 

would have profound implications in the regulation of neuronal plasticity.  For example, 

when 1-4-(6-bromobenzo [1, 3] dioxol-5-yl)-3a, 4, 5, 9b-tetrahydro-3H-cyclopenta[c] 

quinolin-8-yl)-ethanone (G-1) a selective GPER agonist was administered to 

ovariectomized female mice, it induced dendritic spine formation in a concentration-
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dependent manner in the stratum radiatum of the hippocampus following 40 minutes of 

treatment (Gabor et al., 2015) (figure 1.6). 

                            

Figure 1.6: Rapid non-genomic effect of G-1 on dendritic spine formation.  The 
GPER specific agonist G-1 activated dendritic spine formation in the CA1 region of the 
hippocampus of female mice within 40min in a concentration-dependent manner.  
Figure adapted from Gabor et al.  (2015). 

Similarly, Yuan‐Yuan Zhang et al described the effect of both the GPER specific agonist 

G-1 and GPER specific antagonist (3aS*, 4R*, 9bR*)-4-(6-Bromo-1, 3-benzodioxol-5-

yl)-3a, 4, 5, 9b-3H-cyclopenta[c]quinolone (G-15) role on regulation of dendritic spine 

formation.  Figure 1.7 shows the spine density in sham-operated, ovariectomized mice 

in comparison with ovariectomized + (20µg) G-1 treated mice.  The results indicated 

that spine formation was inhibited in ovariectomized mice and this inhibition was 

reversed by treatment with G-1.  This indicates the importance of GPER specific 

responses in estradiol-induced dendritic spine formation and supports the role of GPER 

in synaptic plasticity, learning, and memory.  Treatment with the GPER specific 

antagonist (20µg G-15) significantly inhibited dendritic spine formation by antagonizing 

the effect of estradiol (Yuan et al., 2019) 
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Figure 1, 7: Effects of GPER specific activation (G-1) and inhibition (G-15) on 
dendritic spine formation in the CA1 region of the hippocampus.  The images are 

representative of spine density in sham-operated DMSO treated, ovariectomized and 
ovariectomized (20µg) G-1 treated mice.  Quantification indicated that the estradiol 
mediated dendritic spine formation was inhibited in ovariectomized mice and this 
inhibition was reversed by treatment with G-1.  The GPER specific antagonist inhibited 
estradiol mediated dendritic spine formation.  This indicates the importance of GPER 
specific responses in estradiol-induced dendritic spine formation in the hippocampus.  
Figure adapted from (Yuan et al., 2019) 

Overall, a number of studies have already demonstrated the pharmaco-toxicological 

effects produced by BPA on oestrogen induced dendritic spine formation in the 

hippocampus.  BPA interferes with oestrogen-induced neuroprotective and neurotrophic 

effects in the hippocampus of the brain through cell-signaling pathways (Brann et al., 

2007).  The inhibitory effects on oestrogen induced responses at low doses, perhaps 

suggest that the so-called weak-oestrogen BPA may not be a weak-oestrogen but 

instead it might be oestrogen antagonist.  However, it was well established that BPA’s 

binding efficacy for classical oestrogen-receptors ERα and ERβ is at-least 10, 000 folds 
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less than that of E2 (Alonso-Magdalena et al., 2012; Vandenberg et al., 2009; Fang et 

al., 2000).  Given the importance of GPER mediated specific responses in the 

regulation of dendritic spine formation, and the potential for BPA to modulate 

oestrogenic responses in the brain, it is important to investigate mechanisms of GPER 

regulation by BPA and its analogs.  Hence, comparing the effects of BPA and its 

analogs on GPER-mediated cell signaling will increase our understanding of the 

potential effects of these analogs on dendritic spine formation and whether or not these 

analogs are safer alternatives to BPA.  

Rationale 

The xeno-oestrogen BPA is an endocrine-disrupting chemical, which is extensively used 

in the production of baby bottles and the linings of beverage and food containers.  BPA 

is a building block of polycarbonate plastics and epoxy resins (Konieczna, 2015; 

Corrales et al., 2015; Almeida et al., 2018).  The human-beings are exposed to high 

concentrations of BPA due to its world-wide applications and usage through the number 

of sources.  More than 95% of the North- American population has a detectable amount 

of BPA in their blood and urine samples.  In the literature, a number of studies have 

already evidenced the pharmaco-toxicological effects produced by BPA.  For example, 

BPA inhibits oestrogen induced dendritic spine formation at a dose of 40g/kg body 

weight, which is a way-low dose than that of lowest observed adverse effect level of 

BPA for human exposure, which is 50mg/kg bodyweight for in-vivo studies and 50µl/ml 

for in-vitro studies (Alonso-Magdalena et al., 2012).  Thus, BPA interferes with 

oestrogen-induced neuroprotective and neurotrophic effects in the hippocampus of the 
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brain through cell-signaling pathways (Brann et al., 2007).  These inhibitory effects on 

oestrogen- induced responses perhaps suggests that the so-called weak-oestrogen 

BPA may not be a weak-oestrogen but instead it might be oestrogen antagonist.  

However, it was well established that BPA’s binding efficacy for classical oestrogen-

receptors ERα and ERβ is at-least 10, 000 folds less than that of E2 (Alonso-Magdalena 

et al., 2012; Vandenberg et al., 2009; Fang et al., 2000).  How is this possible, when it 

has such a low affinity for the classical ER? The fact that BPA, in spite of having a weak 

binding affinity to classical oestrogen-receptors, shows adverse effects at low dose calls 

into question the previously established mechanism of action of BPA, through binding to 

classical oestrogen-receptors ERα and ERβ to mimic oestrogenic responses (Alonso-

Magdalena et al., 2012; Shafei et al., 2018; Inadera, 2015).  Is it possible that BPA acts 

via another, as yet undiscovered mechanism, to inhibit oestrogen responses? 

 Evidence from the work of Gabor et al (2015) and Waters et al.  (2015) illustrates the role 

of non-classical GPER-agonist G-1 in inducing dendritic spine formation in the 

hippocampus.  This prompted the hypothesis on which the work in this thesis was based: 

that BPA’s inhibitory effects on oestrogen mediated dendritic spine formation might occur 

via inhibition of GPER-mediated signaling.   

A corollary of this hypothesis is that BPA analogs may exert similar effects.  Concerns 

about the toxicological effects of BPA prompted chemical manufacturers to seek to 

replace BPA with structurally similar analogs (Usman and Ahmad, 2016).  However, with 

no clearly defined mechanisms for the adverse effects of BPA itself, there was no testing 

of these analogs for their safety parameters for human use.  Among them, BPS and BPF 
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are the two BPA analogs that are primarily replacing BPA in the manufacturing of epoxy 

resins, polycarbonate plastics, and in the production of food and beverage containers.  

These analogs have become a topic of concern among researchers, due to the structural 

similarities of BPS, BPF with BPA (Usman and Ahmad, 2016).  Human beings are 

reported to have increased concentrations of BPS and BPF in their urine due to their 

increased world-wide use as a substitution for BPA.  Hence, the role of cumulative 

exposure of BPA, BPS, and BPF on neuronal development is a potential public health 

concern. For this reason, we have included BPS and BPF in our studies, to obtain 

comparative data on GPER-mediated responses.  

HYPOTHESIS and OBJECTIVE 

The role of non-classical oestrogen-receptor GPER agonist G-1 in inducing dendritic 

spine formation in mice suggests the involvement of non-classical oestrogen-receptors in 

spine synaptogenesis at the hippocampus.  BPA’s binding efficacy to GPER is greater 

when compared to classical oestrogen-receptors (Thomas and Dong, 2006), so it was 

hypothesized that ‘BPA is a functional agonist/antagonist of the G-protein coupled 

oestrogen receptor (GPER)’ as the role of GPER mediated BPA responses is yet to be 

established.  The GPER specifically activates the JNK pathway to regulate gene 

expression and modulate protein synthesis and degradation in the brain.  Thus, to the 

best of our knowledge, this is the first study that has attempted to establish GPER 

mediated BPA signalling in neuronally –derived cells (using both mice immortalized 

hippocampal neuronal mHippoE-14 cell lines and SH-SY5Y female human 

neuroblastoma cell lines).  These cell lines express functional GPER.  The study uses 
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both human and animal cell lines to compare BPA’s effect on the cell signaling pathway, 

in a concentration-dependent manner. Three specific objectives were developed to 

evaluate the comparative effects of BPA and its analogs on the JNK pathway and ERK1/2 

pathway through GPER.   

Specific objectives. 

1. Determine the effects of BPA on JNK and ERK signaling cascades and 

comparison with GPER antagonist G-15 in mHippoE14 and SH-SY5Y cell lines. 

2. Compare the effects of BPA, BPS and BPF on JNK and ERK signaling in 

mHippoE-14 and SH-SY5Y cell lines. 

3. Determine the agonist and antagonist effects of BPA, BPS, and BPF in 

combination with G-1 and G-15. 
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CHAPTER 2: EFFECTS OF BPA ON JNK AND ERK SIGNALING 
CASCADES IN MHIPPOE14 AND SH-SY5Y CELL LINES 
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Introduction 

Primary cell cultures and cell lines are widely used to identify the direct cellular effects 

and molecular mechanisms of compounds that affect the nervous system.  There are 

advantages and disadvantages of different cell culture models for in-vitro use.  Primary 

neuron cultures may be the most directly relevant models in terms of studying 

mechanisms that can be replicated in-vivo. However, in terms of standardization, 

continuous cell lines have major advantages.  Cell lines play a vital role in the evaluation 

of cell-specific differentiation and physiological and pathological changes by allowing 

stepwise examination of alterations in a homogeneous population of cells including 

changes in structure, function and gene expression, under controlled conditions. 

 Primary cell lines (frequently isolated from CNS tumors) are frequently replaced by 

immortalized cell lines because the latter has a number of advantages.  The use of 

immortal cell lines is cost-effective and avoids the ethical concerns are associated with 

obtaining samples from animals and humans.  Cell lines are also easy to use, and they 

supply a pure cell population that enables reproducible results from consistent samples.  

Cell lines are used as a scientific tool for studying gene function and expression, protein 

modification and degradation, drug effects, cytotoxicity and metabolism.  They can also 

be used for the production of antibodies and vaccines.  In order to be useful, cell lines 

need to respond to treatment conditions in a manner that is similar to primary cells.  

Several cell lines have been reported to mimic the action of neurons and this chapter 

focuses on two of these cell lines. 
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 In response to stimuli, neurons in the hippocampus experience substantial changes in 

functional connectivity and structural complexity.  This specific feature of the 

hippocampus is important in the regulation of its function in different cognitive and 

memory processes and also makes it an incredibly distinct structure for researching 

(Castilla-Ortega et al., 2011).  Several studies have examined how different stimuli can 

influence memory, including effects on learning, behavioral alterations (Castilla-Ortega et 

al., 2011), hormonal modifications (MacLusky et al., 2005) and growth factor expression.  

The hippocampus is one of the most extensively studied regions of the brain due to its 

role in the regulation of learning and memory.  Hippocampal neuron models have been 

used to examine the fundamental mechanisms governing neurogenesis, 

neurodegeneration, and long-term potentiation in the brain (Holopainen, 2005; Lopes et 

al., 2010). Hippocampal primary neuron cultures have been referred to as the ‘gold 

standard’ for exploring cellular processes in-vitro, due to their close resemblance to in-

vivo neuronal structure, receptor properties, and intracellular cell signaling mechanisms.  

However, these primary neurons are costly and technically challenging to produce and 

maintain since they need to be obtained from dissected hippocampal tissue for each 

experiment.  They also need to be prepared frequently since primary hippocampal 

neurons collected from rodents cannot proliferate and are relatively short-lived in-vitro 

(Kovalevich and Langford, 2013).   

To overcome the ethical, cost and practical limitations of these primary neuronal cells 

researchers depend on continuously proliferating, in-vitro models such as 

neuroblastoma-derived (SH-SY5Y) or immortalized neuronally-derived (mHippoE-14) cell 
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lines. Cell lines are often used as a basic substitution to neurons to evaluate direct cellular 

effects of compounds such as specific protein and gene expression, intracellular cell 

signaling responses, and further pharmacological drug effects.  Immortalized cell lines 

are produced in such a way that they retain many of the functional features of primary 

cells in-vivo.  However, the serial passage of these immortalized cells over extended 

periods may cause phenotypic and genotypic variation in cells, including alterations in 

response to external stimuli that could produce different results under the same 

experimental conditions.   

The development of new immortalized cell lines from adult and embryonic mouse 

hippocampal samples were first reported by Gingerich et al (2010).  In this study, pregnant 

Swiss Webster mice were anesthetized when offspring reached embryonic day 18.  

Embryos were sacrificed and the collected hippocampus was triturated, cultured and 

finally transfected with pZIPNeo SV(X)1 vector (neomycin resistance gene) and (SV40) 

T-antigen.  Following the treatment with geneticin (aminoglycoside antibiotic), the 

resistant colonies were further extended and sub-cloned to produce four cell lines: 

mHippoE-2, mHippoE-5, mHippoE-14, and mHippoE-18.  Among these, the mHippoE-14 

cell lines were derived from female embryonic mouse hippocampal neurons.  

Characterization of mRNA expression in mHippoE-14 cells demonstrated expression of 

a number of receptors normally found in hippocampal neurons, including G-protein 

coupled receptor 30 (GPER), oestrogen receptor alpha (ER-α), neuron-specific enolase 

(NSE), ER-β, neuropeptide (NPY) insulin receptor (IR), neurotrophic tyrosine kinase 

receptor type1 (TrkA), growth hormone secretagogue receptor (GHSR), neurotrophic 
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tyrosine kinase receptor type 2 (TrkB), (α-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid) receptor 3 (AMPA-R3), brain-derived neurotrophic factor (BDNF), leptin 

receptor (obRb), N-methyl-D-aspartate receptor 1 (NMDA-R1), microtubule-associated 

protein 2 (MAP2), AMPA-R4, and androgen receptor (AR) (Gingerich et al., 2010).   

The SH-SY5Y (ATCC CRL-2266 TM) female neuroblastoma cell line is commonly used 

as an in-vitro model in neuroscience research (Kovalevich and Langford, 2013). The SH-

SY5Y cells are a sub-cloned, third generation of SK-N-SH cells, which were isolated from 

a female-neuroblastoma patient from a meta-static, bone-tumor biopsy (Biedler et al., 

1973).  The original SK-N-SH cells had both neuroblast and epithelial cell characteristics 

thus they had two morphological and phenotypical distinct cell populations. Sub-cloning 

selected cells that exhibited neuronal characteristics and the resulting SH-SY5Y 

undifferentiated cells continuously proliferate, in a non-synchronous fluctuating manner, 

to produce both adherent and floating cells.  Most studies solely depend on the effects of 

compounds on the more abundant adherent cells, however, both cell types are often used 

in cell viability assays (Kovalevich and Langford, 2013). The SH-SY5Y cells highly 

express catecholaminergic receptors in their undifferentiated state and were also reported 

to express muscarinic and nicotinic acetylcholine receptors (Yuan et al., 2019; Abdu et 

al., 1987; Lopes et al., 2010).  The catecholaminergic similarities of neuroblasts also 

include their expression of tyrosine hydroxylase and dopamine-β-hydroxylase and these 

homogeneous neuroblast-like cells express butyryl-cholinesterase and 

acetylcholinesterase (Biedler et al., 1973).  In addition to increased production of 

neurotransmitter receptors and neuron-specific enzymes, the sub-cloned SH-SY5Y cells 
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have the property of increased excitability (Lopes et al., 2010; Påhlman et al., 1981).  SH-

SY5Y cells can also be differentiated to have a close resemblance with a mature neuron's 

morphology while preserving the expression of only some common specific neuronal 

markers (Påhlman et al., 1981; Nicholson, 2019).  For example, the differentiation of SH-

SY5Y cells with retinoic acid (RA) or phorbol ester 12-O-tetradecanoylphorbol-13-acetate 

(TPA), produces cells that closely resemble mature neurons. The SH-SY5Y 

neuroblastoma cells synthesize proteins unique to neuronal phenotypes (e.g. 

neurofilaments, and neuronal-specific enolase, etc) as well as the enzymes necessary 

for the biosynthesis of several neurotransmitters (choline acetyltransferase, dopamine 

beta-hydroxylase, tyrosine hydroxylase, etc).  Moreover, the differentiation mechanism in 

the SH-SY5Ys can fundamentally change the response of compounds such as the effects 

of neurosteroids (Grimm et al., 2014).  After treatment with neurosteroids like 

progesterone, 3α-androstenediol, testosterone, and estradiol, the undifferentiated cells 

tend to the response by increasing ATP mitochondrial biosynthesis (Grimm et al., 2016); 

however, mitochondrial activity in differentiated SH-SY5Y cells seems completely 

unresponsive to all neurosteroids (Grimm et al., 2016).  Although non-classical oestrogen-

receptors, progesterone and classical oestrogen- receptors are expressed in SH-SY5Y 

cells, they also appear to be a good model for evaluating the effects of androgens (Butler 

et al., 2001; Grimm et al., 2014; Grimm et al., 2016; Mendell, 2014).   

BPA results in drastic adverse effects on the nervous system especially on developing 

brains as they are known to deposit in fatty tissues by crossing the brain barrier.  The 

brain of the fetus is especially susceptible because of their relatively permeable blood-
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brain barrier and an immature xenobiotic-metabolizing system.  Particularly, the 

occurrence of attention deficit hyperactivity disorder and autism spectrum disorders has 

increased significantly, due to increased exposure of BPA in pregnancy (Zhou et al., 

2008).  BPA interferes with oestrogen-induced neuroprotective and neurotrophic effects 

in the hippocampus of the brain through cell-signaling pathways by inhibiting dendritic 

spine formation.  Although BPA has been previously classified as a weak estrogen, 

evidence suggests that it’s bioactivity is more complex.  Under some circumstances 

(particularly during development) inducing effects at doses up to 1, 000 fold lower than 

the lowest observed adverse effect level of BPA, induced mixed oestrogen 

agonist/antagonist effects in the brain.  (Alonso-Magdalena et al., 2012).  BPA in spite of 

having a weak binding affinity to classical oestrogen-receptors questioned the previously 

established mechanism of action of BPA by binding to classical oestrogen-receptors ERα 

and ERβ to mimic oestrogenic responses indicating poorly understood mechanism of 

action of BPA.  The evidence from (Gabor et al., 2015; Waters et al., 2015) work, which 

explains the role of non-classical GPER-agonist G-1 in inducing dendritic spine formation 

in the hippocampus of the mice specifically through JNK pathway has provided an in-site 

GPER regulation of synaptogenesis in the brain (Frick et al., 2015).  Thus, the 

investigation of GPER regulation in the brain may answer the BPA’s inhibitory effects on 

oestrogen-mediated dendritic spine formation through cell-signaling pathways. 

The highly proliferating immortalized mouse hippocampal neurons, mHippoE-14 and 

human-derived SH-SY5Y female neuroblastoma cell line both express GPER.  This 

makes both lines candidates to examining the oestrogen mediated responses of BPA.  
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BPA inhibits oestrogen-mediated responses at relatively low doses but the possible 

mechanism underlying these effects is poorly understood in the literature.  Hence, the 

primary objective of this project was to establish the possible mechanism of action of BPA 

by examining its effects on oestrogen receptor-mediated cell signaling pathways. 

Experimental Designs 

Solutions and reagents: 

1. Vehicle (2-Hydroxypropyl)-β-cyclodextrin (cyclodextrin; Sigma-Aldrich): 20% 

cyclodextrin was prepared by dissolving an accurate quantity of cyclodextrin in 

sterilized Milli-Q water. 

2. BPA: 100μM stock solution (Sigma-Aldrich) of BPA was prepared by dissolving an 

accurate quantity of BPA in the vehicle. 

3. 10nM BPA, 100nM BPA and 1000nM BPA: Working concentrations of BPA were 

prepared by diluting accurate volume of BPA from 100μM stock solution in 

Dulbecco’s Modified Eagle Medium (DMEM; Thermo Fisher Scientific) containing 

10% FBS and 1% penicillin-streptomycin (pen-strep;100 unit’s penicillin + 100μg 

streptomycin; Invitrogen). 

4. G-15: 200μM stock solution (Tocris, England) of G-15was prepared by dissolving 

an accurate quantity of G-15 in the vehicle. 
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5. 1nM, 3nM, 5nM, and 10nM G-15: Working concentrations of G-15 were prepared 

by diluting accurate volume of G-15 from 100μM stock solution in Dulbecco’s 

Modified Eagle Medium (DMEM; Thermo Fisher Scientific) containing 10% FBS 

and 1% penicillin-streptomycin (pen-strep;100 unit’s penicillin + 100μg 

streptomycin; Invitrogen). 

6. Laemmli sample buffer: 60nM tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 0.01% 

bromophenol blue, stored at -20C prior to use, was mixed with 7.5% 2-

mercaptoethanol just before sample preparation. 

7. 0.25%/0.53mM trypsin/Ethylenediaminetetraacetic acid (EDTA) solution: (1X 

Hank’s balanced salt solution (HBSS), 1.2 mg/mL NaHCO3, 0.46 mg/mL EDTA, 

2.5 mg/mL trypsin, 0.2μL/mL phenol red; Sigma-Aldrich, Oakville, Ontario, Canada 

8. Triton X protein lysis buffer.  50mM Tris, 150mM NaCl, 1% Triton X-100, pH 7.5 

containing dissolved protease inhibitors, 700 units of DNase I (Invitrogen), and 

5μM sodium orthovanadate (Na3VO4) (Sigma-Aldrich) 

9. Protease Inhibitor: 0.01 mg/mL leupeptin, 0.025 mg/mL aprotinin, 0.010 mg/mL 

pepstatin A; Roche, Sigma-Aldrich), 1mL of triton X protein lysis buffer was 

prepared by adding 1μL 1M AEBSF, 1μL 10mg/mL leupeptin, 1μL 25mg/mL 

aprotinin, 1μL 10mg/mL pepstatin A. 

Cell Cultures:  

mHippoE-14 cell lines. 
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The mHippoE-14 (#CLU198, Cedarlane) clonal cell lines (derived from embryonic mouse 

hippocampal neurons, immortalized by transfection with the SV40 viral T antigen) were 

cultured at 37°C and 5% CO2.  Briefly, cells were flash-thawed from -80° C into 75mm 

culture flasks, 1ml of cell suspension with 9ml of fresh medium.  Cells were maintained in 

DMEM with 10% fetal bovine serum and 1% penicillin-streptomycin (10 % regular 

medium).  Cells were grown to 70%-80% confluence and were either passaged 2-3 times 

per week or plated onto 60mm plates for experiments.  The cells were lifted from the 

bottom of the flask by using 1.5ml trypsin and re-suspended in various volumes of fresh 

10% regular medium depending on the number of treatment groups.  For each plate, 1ml 

of cell suspension was added to 3ml of fresh 10% regular medium for a total of 4ml per 

60 mm plates (VWR).  The cells were strictly monitored for passage number as previous 

findings in our laboratory showed that these cells change (morphological changes and 

slow rate of growth) above passage 30 but their phenotype is stable up to passage 

number 30.  To prepare plates for treatments, the cells were grown in 10% regular 

medium containing, ensuring continuous exposure of the cells to the consistent level of 

oestrogen present in the serum.  Cells were grown in 10% FBS medium, creating an in 

vitro environment similar to that found during normal prenatal development, including high 

levels of oestrogen.  The cells grown up to 70-80% confluence before treatment. 

Treatments  

To investigate the timeline for signaling pathway activation and determine the maximal 

effect of various concentrations, of BPA mHippoE-14 cells were treated with either vehicle 

(1 in 1000 dilution of 20% cyclodextrin) or working concentrations of BPA at 10, 100 or 
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1000nM BPA for 1, 4 and 6hours.  These doses of BPA were selected based on the FDA 

prescribed a safe dose of BPA for human exposure, which is 50000nM for in-vitro 

experiments (Vandenberg et al., 2009b; Shelnutt et al., 2013).  The highest dose of 

1000nM concentration of BPA used was at-least 50 times less concentrated dose of BPA, 

which is considered a safe dose of BPA for human exposure.  The evidence in the 

literature suggests that even a 1nM concentration of BPA was sufficient to mediate 

significant adverse effects (Ferguson et al., 2019).  Briefly, the respective working 

solutions were prepared by dissolving the stock BPA in 10% regular medium and the 

above-mentioned concentrations were directly added into the media of the plated cells, 

which is 4ul of respective working solutions into the respective plate.  The vehicle-

cyclodextrin treated plates were considered controls.  The cells were treated in such a 

way that samples for all time points were collected together.   

Protein collection 

The cells were harvested at respective time points by using triton X protein lysis.  For 

every 1mL of triton X protein lysis buffer was prepared by adding 1μL 1M AEBSF, 1μL 

10mg/mL leupeptin, 1μL 25mg/mL aprotinin, 1μL 10mg/mL pepstatin, a protease 

inhibitor, 5μL of 1mM sodium-ortho-vanadate and 700 units of DNase were added.  

Briefly, the medium was aspirated and 2ml of ice-cold 1X PBS was added to remove any 

remaining culture medium.  Lysis buffer (150 uL) with protease inhibitor was added to 

each plate and the proteins were collected using a cell scraper followed by transfer into 

a 1.7 ml Eppendorf tube.  The collected protein samples were rocked at 4°C for 15 

minutes and then centrifuged at 17, 530xg and 4°C for 15 minutes.  The supernatant 
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containing the protein was collected and a protein quantification assay was performed 

(Bradford, 1976).  The samples were then stored in 1.7mL Eppendorf tubes at -20°C until 

the time of western blot analysis. 

Western blot analysis 

Cell lysates (20μg protein/sample) (16µl of protein + Mille-Q water) were prepared for 

sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis by adding 8µl of 3X 

Laemelli sample buffer (60nM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 0.01% 

bromophenol blue, stored at -20C prior to use, was mixed with 7.5% 2-mercaptoethanol 

just before sample preparation.).  The samples were then heated at 95°C for 4 minutes 

using a vortex mixer heating block, centrifuged at 6000xg 1 minutes and loaded onto 10% 

SDS/polyacrylamide gels in a Mini-PROTEAN Tetra cell system (Bio-Rad) 

electrophoresis, (SDS-PAGE-10% mini separating gel and 4% mini stacking gel).  

Separation of protein-based on their molecular weight was achieved using a running 

buffer (0.1% SDS, 1.44% glycine, and 0.3% Tris in Milli-Q water) and 2 hours of 

electrophoresis at 100V.  The separated proteins in the gel were equilibrated with transfer 

buffer (final concentration: 0.582% Tris, 0.293 % glycine, 0.0107% SDS, and 20% 

methanol in Milli-Q water) for 10min and then transferred onto nitrocellulose membranes 

using a semi-dry transfer apparatus (Bio-Rad) at 25 V for 30 minutes.  Following the 

transfer, the nitrocellulose membranes were quickly rinsed in tris-buffered saline (TBS), 

containing 0.1% tween 20 (TBS-T-2.42% Tris and 8% NaCl in Milli-Q water, 0.1% Tween) 

before blocking either with 5% non-fat milk + 3% bovine serum albumin (BSA; Fisher 

Scientific) or 3% BSA alone in 0.1% TBS-T - Blocking conditions were dependant on the 
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primary antibody used; for ERK1/2 and Phospho (P)-ERK1/2- 5%milk+ 3%BSA, JNK and 

P-JNK- 3% BSA. After 1.5-2 hours of blocking, the membranes were rinsed for 10 min to 

rinse with 0.1% TBS-T and then incubated at 4°C overnight with one of the following 

primary antibodies: for total ERK1/2 (1:2000 dilution, p44/42-9102S, cell signaling 

technology, New England BioLabs, Whitby, Ontario), P-ERK1/2 (1:2000 dilution, P-

p44/42-9101S, cell signaling technology, New England BioLabs, Whitby, Ontario), total 

JNK (1:500 dilution, D-2:sc-7345, Santa Cruz Biotechnology) or P-JNK (1:2000 dilution, 

P-SAPK/JNK [Thr183/Tyr185] 9251, Cell Signaling Technology; New England BioLabs, 

Whitby, Ontario).  The next day blots were rinsed with 0.1% TBS-T for 10 min followed by 

incubation with either horseradish peroxidase (HRP)-conjugated anti-rabbit antibody 

(1:2500 dilution, Cell Signaling Technology, New England BioLabs, Whitby, Ontario) or 

anti-mouse antibody (1:2500 dilution, Cell Signaling Technology, New England BioLabs, 

Whitby, Ontario) in 0.1% TBS-T containing 3% BSA for 1 hour at room temperature.  

Finally, after rinsing with TBS-T for 30 minutes (two 5min X two 10 minutes’ rinses), bands 

on the nitrocellulose membranes were visualized with Luminata Forte Western HRP 

Substrate (Millipore) on the ChemiDoc™ MP imaging system (Bio-Rad, Department of 

Biomedical Sciences) at 54kDa and 46kDa for JNK and P-JNK and 44kDa and 42kDa for 

ERK1/2 and P-ERK1/2 respectively.  After visualization, the blots were rinsed with 0.1% 

TBS-T for 1 hour at room temperature and then re-probed for house-keeping protein β-

Actin (1:1000 dilution, 4967S, Cell Signaling Technology, New England BioLabs, Whitby, 

Ontario) overnight followed by anti-mouse secondary and visualization at 45kDa as 

described above. 
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Densitometric analysis 

Densitometric analysis for western blots was performed by using Image Lab 4.1 software 

for Mac (Bio-Rad).  The band density for JNK, P-JNK, ERK1/2, and P-ERK1/2 proteins 

was quantified relative to the density of β-Actin for each sample and the relative protein 

expression ratios of each treatment groups were compared to vehicle-treated control at 

54kDa isoform and 46kDa isoform for JNK and P-JNK and 44kDa and 42kDa for ERK1/2 

and P-ERK1/2 respectively. 

Statistical analysis 

The fold changes of P-JNK/total JNK at both 54kDa and 46kDA isoform of JNK and P-

ERK1/2 / total ERK1/2 at 44kDa and 44kDa of ERK1/2 relative to loading control β-actin 

at 45kDa were calculated for each concentration of BPA and G-15 as described above.  

For the experiments comparing the effect of various concentrations of BPA across 1hour, 

4hour and 6hour time courses, a two-way analysis of variance (ANOVA) was performed 

and for the experiments using only the 4hour time point, a one-way ANOVA was used 

followed by the Tukey-Kramer post-hoc multiple comparison tests (n=3).  The data were 

further analyzed for normality and homogeneity of variance by using Bartlett’s and 

Shapiro-Wilk tests.  If p values were more than 0.05 is the difference was considered 

statistically significant and represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and 

Δp=<0.0001.  All statistical analyses were performed using GraphPad Prism version 8.0 

and Microsoft Excel professional plus 2016 and all data were presented as mean ± SEM. 

 

Results 
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BPA inhibited the JNK phosphorylation in mHippoE-14 cell lines.   

Representative immunoblots (figure, 2.1) demonstrate BPA’s effect's on JNK 

phosphorylation with vehicle-treated control (20% cyclodextrin), 10nM BPA, 100nM BPA, 

and 1000nM BPA at 1hour, 4hour and 6hour time points respectively in mHippoE-14 cell 

samples.  The western blot (2.1A) depicting JNK phosphorylation (upper panel), total JNK 

(middle panel) at 54kDa and 46kDa isoform of JNK and β-Actin (lower panel) at 45kDa in 

control and BPA-treated mHippoE-14 cells.  Following densitometric analysis and 

normalization of P-JNK and JNK relative to the β-Actin loading control, data for each 

treatment were expressed as the fold changes in 54kDa isoform of JNK (figure 2.1B) and 

46kDa isoform of JNK (figure 2.1C) phosphorylation.  The semi-quantitative densitometric 

analysis for mHippoE-14 (figure 2.1A) cells confirmed that BPA treatments at 4hour and 

6hour time points significantly inhibited 54kDa JNK isoform phosphorylation compared to 

1hour [F (3, 24) = 120.8, p = <0.0001].  Similarly, phosphorylation of the 46kDa isoform 

of JNK was reduced following BPA treatments at 4hour and 6hour time points compared 

to 1 hour [F (3, 24) = 42.21, p = <0.0001], showing that an increase in the duration of 

treatment resulted in maximum inhibition.  Similarly, treatment with 100nM and 1000nM 

BPA significantly inhibited JNK activation, when compared to 10nM BPA for both the 

54kDa [F (2, 24) = 72.00, p = < 0.0001] and 46kDa [F (2, 24) = 39.81, p = <0.0001] 

isoforms of JNK.  Overall, both increasing the concentration and duration of treatment 

increased the effect BPA on inhibition of JNK phosphorylation for the 54kDa of [F (6, 24) 

= 9.001] and 46kDa [F (6, 24) = 4.180, P=0.0051] isoforms of JNK relative to control.  

Tukey-Kramer post-hoc tests revealed a significant decrease in the phosphorylation of 
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54kDa of JNK after treatment with 100nM BPA (p=0.0347) and 1000nM BPA (p=0.0032) 

for 1hour (p<0.0001) and after treatment with 10nM BPA, 100nM BPA and 1000nM BPA 

concentrations for 4hour and 6hour.  However, at the 1hour time point phosphorylation of 

the 46kDa isoform of JNK was not significantly inhibited by 10nM BPA, 100nM BPA, and 

1000nM BPA but all three concentrations significantly decreased phosphorylation 

(p<0.0001) after 4 and 6hour of treatment. 

 

 

Figure 2.1: Effect of BPA on JNK phosphorylation.  (A) Representative western blot 
of JNK phosphorylation (top panel), total JNK (middle panel), and β-Actin (lower 
panel) following 1, 4 and 6hours of treatment of mHippoE-14 cells with vehicle 
(cyclodextrin), 10nM BPA, 100nM BPA, and 1000nM BPA.  Data were analyzed by 

two-way ANOVA and statistical significance was set at p > 0.05, and represented as 
*p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 in the graph. P-JNK levels for both 
isoforms were significantly inhibited by 100 and 1000nM BPA at 4hour and 6hour time 
points while P-JNK after 1hour of treatment was significantly inhibited by 100 and 1000nM 
BPA for the 54kDa isoform of JNK only.  The increase in treatment time significantly 
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inhibited JNK phosphorylation for both the 54kDa isoform [F (2, 24) = 72.00, p = < 0.0001] 
and 46kDa isoform [F (2, 24) = 39.81, p= <0.0001].  Similarly, treatment with BPA (from 
10nM to 1000nM) resulted in a dose-dependent inhibition of both isoforms of JNK, where 
higher concentration of 1000nM BPA showed maximum inhibition following 4 and 6hours 
of treatment for the 54kDa [F (3, 24) = 120.8, p= <0.0001] and 46kDa [F (3, 24) = 42.21, 
p = <0.0001] isoforms of JNK.  A significant interaction effect was observed [F (6, 24) = 
9.001] for the 54kDa isoform and [F (6, 24) = 4.180, P=0.0051] in 46kDa isoforms.  Tukey-
Kramer post-hoc tests revealed significant inhibition of phosphorylation of the 54kDa JNK 
isoform following treatment with 100nM BPA (p=0.0347) and 1000nM BPA (p=0.0032) for 
1hour.  Similarly, 10nM BPA, 100nM BPA and 1000nM BPA significantly inhibited the 
phosphorylation of the 54kDa isoform of JNK after 4hour and 6hour of treatment 
(p<0.0001).  However, following 1hour of treatment phosphorylation of the 46kDa isoform 
was not inhibited but 10nM BPA, 100nM BPA, and 1000nM BPA significantly (p<0.0001) 
decreased phosphorylation after 4hour and 6hour treatment when compared to control 
samples. 
 

ERK1/2 phosphorylation was not significantly inhibited by BPA in mHippoE-14 

cell lines. 

The regulation of ERK1/2 phosphorylation was also assessed in mHippoE-14 (figure 2.2) 

cells following treatment with vehicle control (1 in 1000 dilution of 20% cyclodextrin) and 

10, 100, and 1000nM BPA for 1, 4 and 6 hours.  (Figure 2.2A) shows a representative 

western blot for P-ERK1/2 (upper panel) and total ERK1/2 (middle panel), for both 

isoforms (at 44kDa and 42kDa, respectively) relative to β-Actin (lower panel at 45kDa) in 

control and BPA-treated mHippoE-14 cells.  Following densitometric analysis and 

normalization of P-ERK1/2 and ERK1/2 to the β-actin loading control, data were 

expressed as the fold changes in ERK1/2 at 44kDa (figure 2.2B) and ERK1/2 at 42kDa 

(figure 2.2C) phosphorylation in 10nM BPA, 100nMBPA and 1000nM BPA treated 

samples relative to the cyclodextrin treated control.  Two-way ANOVA of the semi- 

quantitative densitometric data confirmed that in mHippoE-14 cells BPA did not alter 

phosphorylation at any of the time points (1, 4 and 6 hours) or doses (10, 100 and1000nM) 
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for either 44kDa ERK1/2 [F (3, 24) = 0.4325, P=0.7317)] and 42kDa [F (3, 32) = 0.8869, 

P=0.4584)] relative to vehicle treated cells.  However, a significant effect of treatment 

duration was observed for 44kDa ERK1/2 [F (2, 24) = 18.95, P<0.0001)] and 42kDa 

ERK1/2 [F (2, 32) = 3.387, P=0.0463)]) phosphorylation in BPA-treated cells.  Post-hoc 

analysis revealed the interaction was significant *for 44kDa ERK1/2[F (6, 24) = 3.416, 

P=0.0140)] following increasing concentrations of BPA but not with duration 42kDa [F (6, 

32) = 0.9534, P=0.4717)] but significant inhibition following 6 hours of treatment 

with1000nM BPA (p= 0.0073) was seen. 

     

          

Figure 2.2: Effect of BPA on ERK1/2 phosphorylation.  (A) Representative western 
blot of ERK1/2 phosphorylation (top panel), total ERK1/2 (middle panel), and β-
Actin (lower panel) following 1, 4 and 6hours of treatment of mHippoE-14 cells with 
vehicle (cyclodextrin), 10nM BPA, 100nM BPA and 1000nM BPA.  Data were 
analyzed by two-way ANOVA and statistical significance was set at p > 0.05, and 
represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 in graph.  Following 
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densitometric analysis and normalization of P-ERK1/2 and ERK1/2 to the β-Actin loading 
control, data were expressed as the fold changes in ERK1/2 (44kDa) (figure 2.2B) and 
ERK1/2 (42kDa) (figure 2.2C) phosphorylation in 10nM BPA, 100nMBPA and 1000nM 
BPA treated samples relative to the cyclodextrin treated control.  Two-way ANOVA of the 
semi- quantitative densitometric data confirmed that in mHippoE-14 cells BPA did not 
alter phosphorylation at any of the time points (1, 4 and 6 hours) or doses (10, 100 
and1000nM) for either (44kDa) [F (3, 24) = 0.4325, P=0.7317)] or (42kDa) [F (3, 32) = 
0.8869, P=0.4584)] relative to vehicle treated cells.  However, a significant effect of 
treatment duration was observed for (44kDa) [F (2, 24) = 18.95, P<0.0001)] and (42kDa) 
[F (2, 32) = 3.387, P=0.0463)]) phosphorylation in BPA-treated cells.  Post-hoc analysis 
revealed the interaction was significant *for (44kDa) isoform following increasing 
concentration of BPA [F (6, 24) = 3.416, P=0.0140)] but not with duration of treatment 
(42kDa) isoform [F (6, 32) = 0.9534, P=0.4717)] but significant inhibition following 6 hours 
of treatment with1000nM BPA (p= 0.0073) was seen. 
 
SH-SY5Y human neuroblastoma cells:  

SH-SY5Y human neuroblastoma cells (ATCC CRL2266) were cultured at 37°C and 5% 

CO2.  Briefly, cells were flash-thawed from -80° C into 75mm culture flasks, 1ml of cell 

suspension with 9ml of fresh medium.  Cells were maintained in the same medium used 

for the mHippoE cell line; DMEM with 10% fetal bovine serum and 1% penicillin-

streptomycin.  Cells were grown to 70%-80% confluence are either passaged once per 

week as these are slow-growing cells or plated in 60mm plates. The cells were lifted from 

the bottom of the flask with 1ml of trypsin and re-suspended in the various volume of fresh 

10% regular medium depending on the number of treatment groups.  For cell plating, 1ml 

of cell suspension was added to 3ml of fresh 10% regular medium for a total of 4ml per 

60 mm plates (VWR).  Cells were grown in medium containing 10% fetal bovine serum to 

ensure continuous exposure of the cells to serum oestrogen levels.  The cells were grown 

to 70-80% confluence before treatment.   

Treatments and protein collection. 
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Initially, only mHippoE-14 cells were considered to investigate signaling pathway 

activation and to determine the maximal effect of various concentrations of BPA.  Later, 

SH-SY5Y cells were adapted as they represent human cell lines expressing GPER. 

Maximum inhibition of JNK phosphorylation was observed after 4 and 6hours of treatment 

(10, 100 and 100nM BPA) in mHippoE-14 cells, so a 4hour time point was used for further 

investigations in mHippoE-14 cells.  Based on the mHippoE-14 experiment the SH-SY5Y 

cells were treated with BPA for 4 hours.  Along with previously established concentrations 

of 10nM BPA, 100nM BPA, 1000nM BPA, an additional 30nM and 300nM concentrations 

of BPA and 10nM G-15 doses were introduced and the additional plate was treated with 

G-15 to compare the effects of BPA with those of G-15, a known antagonist of GPER.  

These doses of BPA were selected based on the FDA prescribed a safe dose of BPA for 

human exposure, which is 50000nM for in-vitro experiments.  The highest dose of 

1000nM concentration of BPA was at-least 50 times less concentrated dose of BPA and 

evidence in the literature suggests that even 1nM concentration of BPA was sufficient to 

mediate significant adverse effects (Ferguson et al., 2019) and 10nM G-15 based on 

(Gingerich et al., 2010), where 10nM G-15 was sufficient to block neuroprotective effect 

of E2.  Briefly, the respective working solutions were prepared by dissolving the stock 

BPA in 10% regular medium and the above-mentioned concentrations were directly 

added into the media of the plated cells, which is 4ul of respective working solutions into 

the respective plate.  The vehicle-cyclodextrin treated plates were considered controls.  

The protein quantification, western blot analysis, densitometric analysis, and statistical 
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analysis for SH-SY5Y samples were performed similarly as previously explained in 

mHippoE-14 cell lines.  

Results.  

BPA inhibited JNK phosphorylation in SH-SY5Ycell lines.   

In agreement with data obtained from mHippoE-14 cells, BPA also inhibited JNK 

phosphorylation in SH-SY5Y cells.  (figure 2.3) which illustrates BPA’s effect on JNK 

phosphorylation with vehicle-treated control (1 in 1000 dilution of 20% cyclodextrin), 10nM 

BPA, 30nM BPA, 100nM BPA, 300nM BPA, and 1000nM BPA at 4hour time point 

respectively in SH-SY5Y cell samples.  Representative immunoblots (2.3A) depicting JNK 

phosphorylation (upper panel), total JNK (middle panel) at 54kDa and 46kDa isoform of 

JNK and β-Actin (lower panel) at 45kDa in control and BPA-treated SH-SY5Y cells.  

Following densitometric analysis and normalization of P-JNK and JNK to the β-Actin 

loading control, data were expressed as the fold changes in 54kDa isoform of JNK (figure 

2.3B) and 46kDa isoform of JNK (figure 2.3C) phosphorylation in 10nM BPA, 30nM BPA, 

100nM BPA, 300nM BPA, 1000nM BPA, and G-15 treated samples relative to the 

cyclodextrin treated control.  The semi-quantitative densitometric analysis for SH-SY5Y 

(figure 2.3B) cells confirmed that 54kDa isoform of JNK was significantly inhibited by BPA 

compared to control [F =167.9, p = <0.0001].  Similarly, the phosphorylation of the 46kDa 

isoform of JNK was also significantly decreased in BPA-treated samples [F=125.6, p = 

<0.0001], relative to vehicle-treated control.  Tukey-Kramer post-hoc tests revealed a 

significant decrease in the phosphorylation of both JNK isoforms following treatment with 

10nM, 30nM, 100nM, 300nM, 1000nM of BPA and 10nM of G-15 (p<0.0001).  The effects 
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produced by different doses of BPA were further examined for Four Parameter Logistic 

Regression by using sigmaplot 10 to evaluate dose-dependent response in SH-SY5Y 

cells.  Though dose-dependent inhibition was seen a good curve fit was not obtained 

because of the lack of data at BPA concentrations less than 10nM (i.e.  in the range of 

50-100% of the maximal response). 

  

 

Figure 2.3: Effect of BPA on JNK phosphorylation.  (A) Representative western blot 
of JNK phosphorylation (top panel), total JNK (middle panel), and β-Actin (lower 
panel) following 4hours of treatment of SH-SY5Y cells with vehicle (cyclodextrin), 
10nM BPA, 30nM, 100nM BPA, 300nM BPA, 1000nM BPA, and 10nM G-15.  Data were 
analyzed by one-way ANOVA and statistical significance was set at p > 0.05, and 
represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 in the graph.  
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Following densitometric analysis and normalization of P-JNK and JNK to the β-Actin 
loading control, data were expressed as the fold changes in 54kDa isoform of JNK (figure 
2.3B) and 46kDa isoform of JNK (figure 2.3C) phosphorylation in 10nM BPA, 30nM BPA, 
100nM BPA, 300nM BPA, 1000nM of BPA and G-15 treated samples relative to the 
cyclodextrin treated control.  The semi-quantitative densitometric analysis for SH-SY5Y 
(figure 2.3B) cells confirmed that 54kDa isoform of JNK was significantly inhibited by BPA 
compared to control [F =167.9, p = <0.0001].  Similarly, the phosphorylation of the 46kDa 
isoform of JNK was also significantly decreased in BPA-treated samples [F=125.6, p = 
<0.0001], relative to vehicle-treated control. Tukey-Kramer post-hoc tests revealed a 
significant decrease in the phosphorylation of both JNK isoforms following treatment with 
10nM, 30nM, 100nM, 300nM, 1000nM of BPA and 10nM of G-15 (p<0.0001). 
 
BPA inhibited the ERK1/2 phosphorylation in SH-SY5Ycell lines.   

In contrast to the results obtained in mHippoE-14 cells, ERK1/2 phosphorylation in SH-

SY5Y cells (figure 2.4) was inhibited following treatment with BPA for 4hours. In addition 

to the BPA doses used in mHippoE-14 cells, SH-SY5Y cells were treated with additional 

doses of 30nM BPA and 300nM BPA as well as the GPER inhibitor G-15.  A 

representative western blot (figure 2.4A) shows P-ERK1/2 (upper panel) and total ERK1/2 

(middle panel), for both 44kDa and 42kDa respectively relative to β -actin (lower panel at 

45kDa) levels in BPA and G-15-treated SH-SY5Y cells.  The fold changes in 44kDa (figure 

2.4B) and 42kDa (2.4C) in 10, 30, 100, 300 and 1000nM BPA treated cells relative to 

cyclodextrin treated controls were calculated following the densitometric analysis and 

normalization of the levels of phosphorylated ERK1/2 to total ERK1/2 and with the loading 

control β -actin.  ANOVA confirmed the phosphorylation of 44kDa ERK [F = 167.9, 

p=<0.0001] and 42kDa ERK [F=38.92, p=<0.0001] was significantly reduced in BPA-

treated cells relative to the vehicle-treated control. Tukey-Kramer post-hoc multiple 

comparison tests revealed a dose-dependent significant inhibition of 44kDa ERK 

phosphorylation in cells treated for 4hours with 30nM (p=0.0131), 100nM (p=0.0001) and 
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300nM, 1000nM BPA (p<0.0001).  Surprisingly 10nM BPA (p=0.0313) increased ERK1/2 

phosphorylation.  A similar pattern was observed for 42kDa ERK phosphorylation.  

Following 4 hours of treatment with 10nM BPA ERK1/2 phosphorylation was increased 

(p=0.0487) and a significant decrease in ERK1/2 phosphorylation was observed following 

treatment with 100nM (p=0.0109), 300nM (p= 0.0005) and 1000nM BPA (p<0.0001) at 

4hour treatment samples.  Treatment of SH-SY5Y cells for 4 hours with 10nM G-15 

significantly reduced the phosphorylation of both isoforms (p<0.0001).  The effects 

produced by different doses of BPA on ERK phosphorylation were further examined for 

Four Parameter Logistic Regression using Sigmaplot 10.  The data did not fit the 

theoretical dose-inhibition curve, primarily because of the evidence for stimulation of ERK 

phosphorylation at a BPA concentration of 10nM.   
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Figure 2.4: Effect of BPA on ERK1/2 phosphorylation.  (A) Representative western 
blot of ERK1/2 phosphorylation (top panel), total ERK1/2 (middle panel), and β-
Actin (lower panel) following 4hours of treatment of SH-SY5Y cells with vehicle 
(cyclodextrin), 10nM BPA, 30nM, 100nM BPA, 300nM BPA, 1000nM BPA, and 10nM 
G-15.  Data were analyzed by one-way ANOVA and statistical significance was set at p 

> 0.05, and represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 in the 
graph.  Following densitometric analysis and normalization of P-ERK1/2 and ERK1/2 to 
the β-Actin loading control, data were expressed graphically as the fold changes.  The 
phosphorylation in 44kDa ERK [F = 167.9, p=<0.0001] and 42kDa ERK [F=38.92, 
p=<0.0001] was significantly reduced in BPA-treated cells relative to the vehicle-treated 
control. Tukey-Kramer post-hoc multiple comparison tests revealed a dose-dependent 
significant inhibition of 44kDa ERK phosphorylation in cells treated for 4hours with 30nM 
(p=0.0131), 100nM (p=0.0001) and 300nM, 1000nM BPA (p<0.0001).  Surprisingly 10nM 
BPA (p=0.0313) increased ERK1/2 phosphorylation.  A similar pattern was observed for 
42kDa ERK phosphorylation.  Following 4 hours of treatment with 10nM BPA ERK1/2 
phosphorylation was increased (p=0.0487) and a significant decrease in ERK1/2 
phosphorylation was observed following treatment with 100nM (p=0.0109), 300nM (p= 
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0.0005) and 1000nM BPA (p<0.0001) at 4hour treatment samples.  Treatment of SH-
SY5Y cells for 4 hours with 10nM G-15 significantly reduced the phosphorylation of both 
isoforms (p<0.0001). 
 
Comparative study of BPA and G-15  

After establishing a time-course for the maximum effects of BPA on JNK and ERK1/2 

phosphorylation, experiments to determine the possible mechanism of action of BPA 

were initiated.  First, the effects of the selective GPER antagonist G-15 were compared 

to the effects produced by 10, 30, 100, 300 and 1000nM BPA on JNK phosphorylation. 

The concentrations tested were 1, 3, 5 and 10nM G-15 (based on Gingerich et al., 2010, 

where 1nM-10nM G-15 doses were sufficient to block the neuroprotective effect of E2), 

for both mHippoE-14 and SH-SY5Y cell lines.  The treatments were completed as 

previously described when mHippoE-14 cells and SH-SY5Y cells were 70- 80% confluent 

and cells were treated for 4hours. The working concentrations of both BPA and G-15 were 

prepared by dissolving calculated quantities of stock BPA and G-15 with 10% regular 

medium and 4ul of working solutions were then added to the 4 ml of media on the 

respective treatment plates.  Protein quantification and western blot analysis were 

completed as described above. 

 
Results 

BPA inhibits JNK Phosphorylation similar to the synthetic GPER-antagonist G-15 

in mHippoE-14 cells. 

Since the data with SH-SY5Ys indicated that BPA and the GPER antagonist, G-15, had 

similar effects on JNK and ERK1/2 phosphorylation, the dose-response effects for both 

treatments were determined in mHippoE-14 cells.  Figure, 2.5 demonstrate BPA’s effect 
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on JNK phosphorylation with vehicle-treated control (1 in 1000 dilution of 20% 

cyclodextrin), 10nM, 30nM, 100nM, 300nM 1000nM of BPA, 1nM, 3nM, 5nM, and 10nM 

G-15 at 4hour time point respectively in mHippoE-14 cell samples. The representative 

immunoblots (2.5A) depicting JNK phosphorylation (upper panel), total JNK (middle 

panel) at 54kDa and 46kDa isoform of JNK and β-Actin (lower panel) at 45kDa in control 

and BPA-treated mHippoE-14 cells.  Following densitometric analysis and normalization 

of P-JNK and JNK to the β-Actin loading control, data were expressed as the fold changes 

in 54kDa isoform of JNK (2.5B) and 46kDa isoform of JNK (2.5C) phosphorylation in 

10nM, 30nM, 100nM, 300nM, 1000nM and 1nM, 3nM, 5nM, and 10nM of G-15 treated 

samples relative to the cyclodextrin-treated controls.  Semi-quantitative densitometric 

analysis for mHippoE-14 (figure 2.5B) cells confirmed that phosphorylation of the 54kDa 

isoform of JNK was significantly inhibited by BPA compared to control [F =87.30, p = 

<0.0001]. Similarly, the phosphorylation of the 46kDa isoform of JNK was significantly 

decreased in BPA-treated samples [F= 19.74, p = <0.0001], relative to vehicle-treated 

control. Tukey-Kramer post-hoc tests revealed a significant decrease in the 

phosphorylation of 54kDa JNK isoforms following treatment with 10nM, 30nM, 100nM, 

300nM, 1000nM of BPA and 10nM of G-15 (p<0.0001). A significant decrease in the 

phosphorylation of the 46kDa isoform following treatment with of 10nM BPA (p= 0.0476), 

30nM BPA (p= 0.0012), 100nM BPA (p= 0.0001), 300nM BPA (p= 0.0021) and 1000nM 

BPA, 1nM G-15, 3nM G-15, 5nM G-15 and 10nM 15 (p<0.0001).  As before, the effects 

produced by different doses of BPA and G-15 on JNK phosphorylation could not be fitted 

to standard dose-response relationships, because of the lack of data below 10nM BPA.   
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Figure 2.5: (A) Representative western blot of JNK phosphorylation (upper panel), 
total JNK (middle panel) and β-Actin (lower panel) at 4hour time point with vehicle 
(cyclodextrin), 10nM BPA, 30nM BPA, 100nM BPA, 300nM BPA, 1000nM BPA, 1nM 
G-15, 3nM G-15, 5nM G-15 and 10nM G-15 in mHippoE-14cell samples: Data were 
analyzed by two-way ANOVA and statistical significance was set at p > 0.05, and 
represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 in graph.  Following 
denstitometric analysis and normalization of P-JNK and JNK to the β-Actin loading 
control, data were expressed as the fold changes in 54kDa isoform of JNK (2.5B) and 
46kDa isoform of JNK (2.5C) phosphorylation in 10nM, 30nM, 100nM, 300nM, 1000nM 
and 1nM, 3nM, 5nM, and 10nM of G-15 treated samples relative to the cyclodextrin 
treated control.  The semi-quantitative densitometric analysis for mHippoE-14 (figure 
2.5B) cells confirmed that 54kDa isoform of JNK was significantly inhibited by BPA 
compared to control [F =87.30, p = <0.0001].  Similarly, the phosphorylation of the 46kDa 
isoform of JNK was also significantly decreased in BPA-treated samples [F= 19.74, p = 
<0.0001], relative to vehicle treated control. Tukey-Kramer post-hoc tests revealed a 
significant decrease in the phosphorylation of 54kDa JNK isoforms following treatment 
with 10nM, 30nM, 100nM, 300nM, 1000nM of BPA and 10nM of G-15 (p<0.0001).  
Similarly, a significant decrease in the phosphorylation 46kDa isoform following treatment 
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with 10nM BPA (p= 0.0476), 30nM BPA (p= 0.0012), 100nM BPA (p= 0.0001), 300nM 
BPA (p= 0.0021) and 1000nM BPA, 1nM G-15, 3nM G-15, 5nM G-15 and 10nM 15 
(p<0.0001).   
  

BPA also inhibits JNK in SH-SY5Y cells. 

Since preliminary data with SH-SY5Ys already revealed that BPA and the GPER 

antagonist, G-15, had similar effects on JNK and ERK1/2 phosphorylation, the dose-

response effects for both treatments were determined and compared in SH-SY5Y cells 

(figure 2.6).   BPA’s effects on JNK phosphorylation were determined in vehicle treated 

control (1 in 1000 dilution of 20% cyclodextrin), 10nM, 30nM, 100nM, 300nM 1000nM of 

BPA, 1nM, 3nM, 5nM, and 10nM G-15 after 4hour in SH-SY5Y cells. Representative 

immunoblots (2.6A) depicting JNK phosphorylation (upper panel), total JNK (middle 

panel) at 54kDa and 46kDa isoform of JNK and β-Actin (lower panel) at 45kDa are shown 

for control, BPA and G15-treated SH-SY5Y cells.  Following densitometric analysis and 

normalization of P-JNK and JNK to the β-Actin loading control, data were expressed as 

the fold changes in 54kDa isoform of JNK (2.6B) and 46kDa isoform of JNK (2.6C) 

phosphorylation in 10nM, 30nM, 100nM, 300nM, 1000nM and 1nM, 3nM, 5nM, and 10nM 

of G-15 treated samples relative to the cyclodextrin-treated control.  Semi-quantitative 

densitometric analysis for SH-SY5Y (figure 2.6B) cells confirmed that phosphorylation of 

the 54kDa isoform of JNK was significantly inhibited by BPA and G-15 compared to 

control [F = 80.82, p = <0.0001].  Similarly, phosphorylation of the 46kDa isoform of JNK 

was significantly decreased in BPA and G-15-treated samples [F= 35.39, p = <0.0001], 

relative to vehicle treated control. Tukey-Kramer post-hoc tests revealed a significant 

decrease in the phosphorylation of 54kDa JNK isoforms following treatment with 10nM, 
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30nM, 100nM, 300nM, 1000nM of BPA and 10nM of G-15 (p<0.0001).  Similarly, a 

significant decrease in the phosphorylation 46kDa isoform following treatment with of 

10nM BPA 10nM BPA (p= 0.0050), 30nM BPA (p= 0.0004) and 100nM BPA, 300nM BPA, 

1000nM BPA, 1nM G-15, 3nM G-15, 5nM G-15 and 10nM 15 (p<0.0001).   

 

Figure 2.6: Representative western blot (A) of JNK phosphorylation (upper panel), 
total JNK (middle panel) and β-Actin (lower panel) at 4hour time point with vehicle 
(cyclodextrin), 10nM BPA, 30nM BPA, 100nM BPA, 300nM BPA, 1000nM BPA, 1nM 
G-15, 3nM G-15, 5nM G-15 and 10nM G-15 in SH-SY5Y samples: Data were analyzed 

by two-way ANOVA and statistical significance was set at p > 0.05, and represented as 
*p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 in graph. Following denstitometric 
analysis and normalization of P-JNK and JNK to the β-Actin loading control, data were 
expressed as the fold changes in 54kDa isoform of JNK (2.6B) and 46kDa isoform of JNK 
(2.6C) phosphorylation in 10nM, 30nM, 100nM, 300nM, 1000nM and 1nM, 3nM, 5nM, 
and 10nM of G-15 treated samples relative to the cyclodextrin treated control.  The semi-
quantitative densitometric analysis for SH-SY5Y (figure 2.6B) cells confirmed that 54kDa 
isoform of JNK was significantly inhibited by BPA and G-15 compared to control [F = 
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80.82, p = <0.0001].  Similarly, the phosphorylation of the 46kDa isoform of JNK was also 
significantly decreased in BPA and G-15-treated samples [F= 35.39, p = <0.0001], relative 
to vehicle treated control. Tukey-Kramer post-hoc tests revealed a significant decrease 
in the phosphorylation of 54kDa JNK isoforms following treatment with 10nM, 30nM, 
100nM, 300nM, 1000nM of BPA and 10nM of G-15 (p<0.0001).  Similarly, a significant 
decrease in the phosphorylation 46kDa isoform following treatment with of 10nM BPA 
10nM BPA (p= 0.0050), 30nM BPA (p= 0.0004) and 100nM BPA, 300nM BPA, 1000nM 
BPA, 1nM G-15, 3nM G-15, 5nM G-15 and 10nM 15 (p<0.0001). 
 
Discussion. 
The results presented here indicated that BPA significantly inhibits the activation of JNK, 

as demonstrated by reduced JNK phosphorylation following treatment with BPA in 

mHippoE-14 cells. Phosphorylation of both JNK isoforms was observed following 

treatment with 10nM, 100nM and 1000nM BPA for 4hour and 6hours but not after 1hour 

in mHippoE-14 samples.  Except for a reduction in ERK phosphorylation following 6 hours 

of treatment with 1000nM BPA, ERK1/2 phosphorylation was not altered by BPA 

treatment in this cell line.  The total interaction effect was significant with increasing 

concentrations and duration of treatments.  Similarly, BPA significantly inhibits the 

activations of JNK and ERK1/2, as demonstrated by reduced JNK and ERK1/2 

phosphorylation following 4hour treatment with BPA in SH-SY5Y cells.  The total 

interaction effect was significant with increasing concentration at 4hour treatment. All 

doses of G-15 tested resulted in the inhibition of JNK phosphorylation in both mHippoE-

14 and SH-SY5Y cells, suggesting that the inhibitory potency of BPA was approximately 

100-300 fold less than that of G-15.   

Several animal and human studies have confirmed that gestational exposure to BPA has 

an adverse effect on the developing brain and can alter behavior after birth (Palanza et 

al., 2002; Perera et al., 2012). BPA exposure has been linked to increased anxiety, an 
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elevated risk of autistic behavior and changes in social behavior along with impaired 

memory and learning (Leranth et al., 2008).  Although the mechanisms through which 

BPA exerts these effects are not known, oestrogen receptors have been implicated.  BPA 

inhibits oestrogen induced spine formation in the hippocampus (Inagaki et al., 2012; 

Leranth et al., 2008; MacLusky et al., 2005; Bowman, 2014). These studies determined 

that BPA inhibits oestrogen induced responses at very low doses, below those considered 

as safe doses of BPA for human exposure and it has been suggested that BPA can induce 

genomic responses at concentrations below the levels at which ERs are expected to be 

activated (Inadera et al., 2015).  If BPA can modulate ER function at low concentrations, 

this could have serious implications for brain development. 

Oestrogens are known to play a vital role in the regulation of cognition, learning and 

memory recognition.  The hippocampus synthesizes oestrogens and impaired long-term 

memory recognition may occur by inhibiting this oestrogen production.  Oestrogens 

impact learning and memory-based processes by triggering modifications in the brains of 

rodents via increased long-term potentiation (LTP) and dendritic spine density (DSD) 

formation associated with memory task performance (Kramar et al., 2009; Frick et al., 

2015; Vierk et al., 2015). Fundamental changes due to oestrogen modulation are 

observed in many tasks, including social, spatial and object recognition (OR) (Phan et al., 

2011).  New memory development may also be affected by BPA as it tends to interact 

with mechanisms of neuronal plasticity.  BPA decreases synaptic density of membrane 

receptors by triggering rapid cellular responses through non-genomic signaling pathways.  

Although BPA has a poor binding affinity to classical oestrogen receptors (Alonso-
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Magdalena et al., 2012), BPA could interfere with downstream signaling pathways or alter 

the ability of the receptors to attract co-activators or repressors to produce specific cellular 

responses.   

Cell signaling pathways are considered crucial regulators of normal physiological 

processes.  The ERK1/2 signaling pathway is accepted as an essential regulator of 

different aspects of mammalian function including cell survival, cell proliferation, cell 

death, metabolism, and DNA repair (Lee et al., 2008).  JNK signaling pathway is an 

essential regulator of cellular processes, such as cell death, T-cell differentiation, 

regulation of synaptic and structural plasticity of neurons, axon maintenance, and 

elongation, insulin signaling negative regulation, and fat deposition, (Yamasaki et al., 

2012; Arranz et al., 2002).  The hippocampus plays a pivotal role in the number of 

cognitive abilities of the brain, such as regulation of emotional (Phillips and LeDoux, 

1992), behavioral (Good and Honey, 1997; Frye et al., 1996), and perhaps most 

particularly learning and memory processes (Morgan et al., 1986).  Similarly, activation 

of JNK has also implicated in cognitive processes.  The G-1-mediated activation of JNK 

through GPER-induced phosphorylation is associated with rapid spine formation in the 

hippocampus (Gabor et al., 2015).  The results of the present study demonstrate that 

BPA and G-15-mediated inhibition of GPER have similar effects on cell signaling 

pathways, suggesting that BPA could be modulating the effects of oestrogen through 

modulating GPER activation. 

 GPER is expressed in the plasma membrane of multiple cell types (Brailoui et al., 2007; 

Cheng et al., 2011) and was reported to be localized along with intracellular structures 
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like the Golgi apparatus (Revankar et al., 2005) and endoplasmic reticulum.  In the brain, 

GPER is highly expressed in the hippocampus, prefrontal cortex, striatum, and, 

hypothalamus (Brailoiu et al., 2007) and was found to be expressed on to dendritic spines, 

axons, and terminals of pyramidal neurons, interneurons and glial cells (Waters et al., 

2015). If BPA inhibits the effects of oestrogen-by inhibiting GPER, this could provide some 

answers to the poorly understood mechanism of action of BPA.  Rather than binding to 

classical oestrogen receptor ERα and ERβ, BPA could bind to non-classical oestrogen 

receptors to produce inhibitory effects on cell signaling pathways at very low 

concentrations (Inadera, 2015b).  In the experiments presented here, the BPA mediated 

inhibitory effects on JNK and ERK1/2 phosphorylation were greater in SH-SY5Y cells, 

indicating that either the human GPER is more susceptible to BPA or the SH-SY5Y cell 

line is more sensitive to the effects of BPA: this difference in sensitivity is explored further 

in the next chapter of this thesis.  Although the comparison of BPA’s effects on JNK and 

ERK1/2 phosphorylation with those of G-15 support the hypothesis that BPA affects 

GPER-mediated JNK phosphorylation, it does not demonstrate that BPA is itself a GPER 

antagonist because there are multiple signaling pathways that converge on JNK 

phosphorylation. Additional experiments looking at direct interactions between bisphenols 

and selective GPER antagonists are needed, to further explore the underlying 

mechanisms. 

Conclusion  

BPA inhibited JNK phosphorylation in both mHippoE-14 and SH-SY5Y cell lines at low 

concentrations.  These inhibitory effects occur at concentrations that have been 
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considered safe for human exposure by regulatory agenesis.  The study also proposed a 

possible mechanism of action of BPA, in that its effects resemble those of G-15, a 

synthetic antagonist of GPER, suggesting BPA could be modulating GPER activation in 

these cell lines. 
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CHAPTER-3: COMPARISON OF THE EFFECTS OF BPA, BPS AND BPF 
ON JNK AND ERK PHOSPHORYLATION IN MHIPPOE-14 AND SH-

SY5Y CELL LINES. 
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Introduction 

Ideally, alternatives used to substitute a product of concern should be harmless, or at 

least less toxic than the initially used substance(s).  Before being introduced into the 

market, the safety of the chemicals used as substitutes for BPA was not thoroughly 

investigated.  Chemicals that turn out to be as detrimental as the originals have been 

described as "regrettable substitutions". For example, due to the detrimental effects 

produced by bisphenol A (BPA) on metabolism as well as the nervous, reproductive and 

endocrine systems, it was banned from use in plastics and resins, which made the 

manufacturers replace BPA with analogs.  BPS and BPF, the most commonly substituted 

alternates of BPA, having structural similarity with the parent compound BPA (figure 3.1), 

suggesting they could have similar health effects. 

     

The figure 3.1: Structures of BPA, BPS, and BPF: These structures demonstrate the 

close structural similarity of these compounds, however, three-dimensional structural 
analysis of BPA indicates the presence of bulky groups, which makes it more water-
soluble when compared to BPS and BPF.  Image adapted from (Rochester and Bolden, 
2015) 

BPS and BPF have gradually replaced BPA in the production of epoxy resins and 

polycarbonate plastics that are used in the production of food and beverage containers.  

Their concentrations have been gradually increasing in human blood and urine samples, 

along with their increased distribution in the environment.  Increased concentrations of 
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BPS and BPF give insight into the increased use of these analogs worldwide in 

comparison to other BPA analogs (figure 3.2).  It has been well established that these 

BPA analogs belong to the category of endocrine-disrupting chemicals, similar to their 

parent compound BPA.  Hence, due to the structural similarities of BPS and BPF to BPA, 

these compounds may have similar toxicological effects on the nervous system 

(Rosenfeld, 2017). 

             

Figure 3.2: Wide-spread exposure to BPs: The concentration ratios of BPA, BPAF, 
BPAP, BPB, BPF, BPP, BPS and BPZ in human urine, food, indoor dust, sediment, 
sludge, and water.  The human urine A is a urinary concentration of these analogs in the 
general population and human urine B is the urinary concentration of people living near 
to BPs production factory.  This graph implies growing evidence of BPA replacement by 
its analogs among them BPF and BPS are the two major substitutes.  Image adapted 
from Chen et al (2016). 

Neuronal death is a common event in all neurodegenerative diseases.  The mechanisms 

leading to neuron death are often not well understood, however, a number of proteins 

involved in neuronal cell death have been identified. The caspases are the most well-

characterized class of proteins involved in regulating apoptotic neuronal death by causing 

degradation of DNA and cell shrinkage (Subramaniam and Unsicker, 2010).  Although 
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caspases play a key role in cell death, growing evidence indicates that cells can undergo 

programmed cell death in a caspase-independent manner (Tait, 2008). An increasing 

number of studies have linked the abnormal activation of extracellular signal-regulated 

kinase (ERK1/2) and c-jun N-terminal kinase (JNK) with neuronal death, in both in-vitro 

and in-vivo models.  MAPK signaling pathways are also implicated in cellular processes 

that contributed to synaptic transmission and plasticity by promoting the expression of 

synaptic proteins and the formation of dendritic spines.   

Similarly, these cell signaling pathways are implicated in the neuro-toxicological effects 

of BPA.  Since BPS and BPF share similar structural properties to BPA (Eladak et al., 

2015), these compounds may show similar inhibitory effects on oestrogen induced 

dendritic spine formation in the hippocampus of the brain (Grignard et al., 2012).  As JNK 

and ERK1/2 signaling pathways play a crucial role in the regulation of neuronal cell 

structure, morphology, differentiation, growth and normal physiological functions of these 

neurons (Johnson and Nakamura, 2007), evaluating the effects of BPS and BPF on JNK 

and ERK1/2 phosphorylation in comparison to BPA could provide insight idea on their 

potential impact on hippocampal dendritic spine formation.  Thus, this study established 

the effect of BPS and BPF on JNK and ERK1/2 signaling using mHippoE-14 and SH-

SY5Y cell lines.  In addition to assessing the effects of different concentrations of these 

analogs, the role of the G-protein-coupled oestrogen receptor (GPER) was also 

investigated. 

Experimental Designs:  
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Solutions and reagents: 

1. The vehicle, BPA, G-15, Laemelli sample buffer, trypsin/EDTA solution, 

Triton X protein lysis buffer, Protease Inhibitor were prepared as previously 

explained in chapter 2. 

2. BPS: 100μM stock solution (Sigma-Aldrich) of BPS was prepared by dissolving an 

accurate quantity of BPS in the vehicle.   

3. BPF: 100μM stock solution (Sigma-Aldrich) of BPF was prepared by dissolving an 

accurate quantity of BPF in the vehicle. 

4. 10nM, 30nM, 100nM, 300nM and 1000nM BPS and BPF: Working concentrations 

of BPS and BPF were prepared by diluting accurate volume of BPS and BPF from 

100μM stock solution in Dulbecco’s Modified Eagle Medium (DMEM; Thermo 

Fisher Scientific) containing 10% FBS and 1% penicillin-streptomycin (pen-

strep;100 unit’s penicillin + 100μg streptomycin; Invitrogen). 

Cell Cultures:  

mHippoE-14 cell lines. 

The mHippoE-14 (#CLU198, Cedarlane) clonal cell lines were cultured at 37°C and 5% 

CO2.  Briefly, cells were flash-thawed from -80° C into 75mm culture flasks, 1ml of cell 

suspension with 9ml of fresh medium.  Cells were maintained in DMEM with 10% fetal 

bovine serum and 1% penicillin-streptomycin (10 % regular medium).  Cells were grown 

to 70%-80% confluence and were either passaged 2-3 times per week or plated onto 
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60mm plates for experiments.  The cells were lifted from the bottom of the flask by using 

1.5ml trypsin and re-suspended in various volumes of fresh 10% regular medium 

depending on the number of treatment groups.  For each plate, 1ml of cell suspension 

was added to 3ml of fresh 10% regular medium for a total of 4ml per 60 mm plates (VWR).  

To prepare plates for treatments, the cells were grown in 10% regular medium containing, 

ensuring continuous exposure of the cells to the consistent level of oestrogen present in 

the serum.  The cells grew up to 70-80% confluence prior to treatment. 

Treatments 

In this chapter, the experiments were designed to compare the effects produced by BPS 

and BPF to BPA.  Therefore, 10nM, 100nM, and 1000nM BPA were added to mHippo-

E14 cell lines and the effects on JNK and ERK1/2 phosphorylation produced by BPA were 

compared with 10nM, 30nM, 100nM, 300nM and 1000nM of either BPS or BPF.  The 

vehicle-treated plates were considered as experimental controls and additional G-15 

treated plates to compare the effects of BPS and BPF to the effects of inhibiting the GPER 

receptor (see below). The doses were based on the BPA and G-15 treatments used in 

chapter 2 and the same doses of BPS and BPF as BPA was used and the cells were 

treated for 4 hours.  Treatments were added directly into the medium of the plated 

mHippoE-14 (4ul of respective working solutions into respective plates and all the 

treatment groups are collected together at the 4hour time point). 
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Protein collection 

The cells were harvested at respective time points by using triton X protein lysis (1mL of 

triton X protein lysis buffer was prepared by adding 1μL 1M AEBSF, 1μL 10mg/mL 

leupeptin, 1μL 25mg/mL aprotinin, 1μL 10mg/mL pepstatin, a protease inhibitor, 5μL of 

1mM sodium-ortho-vanadate and 700 units of DNase).  Briefly, the medium was aspirated 

and 2ml of ice-cold 1X PBS was added to remove any remaining culture medium.  Lysis 

buffer (150uL) with protease inhibitor was added to each plate and the proteins were 

collected using a cell scraper followed by transfer into a 1.7 ml Eppendorf tube.  The 

collected protein samples were rocked at 4°C for 15 minutes and then centrifuged at 17, 

530xg and 4°C for 15 minutes.  The supernatant containing the protein was collected and 

a protein quantification assay was performed (Bradford, 1976).  The samples were then 

stored in 1.7mL Eppendorf tubes at -20°C until the time of western blot analysis. 

Western blot analysis 

Western blot was carried out as previously explained in chapter 2.  Briefly, cell lysates 

(20μg protein/sample) (16ul of protein+ milli-Q water) were prepared for SDS 

polyacrylamide gel electrophoresis by adding 8ul of 3X Laemelli sample buffer.  The 

samples were then heated at 95°C for 4 minutes using a vortex mixer heating block, 

centrifuged at 6000xg 1 minutes and loaded onto 10% SDS/polyacrylamide gels in a Mini-

PROTEAN Tetra cell system electrophoresis.  Separation of protein-based on their 

molecular weight was achieved using a running buffer and 2 hours of electrophoresis at 

100V.  The separated proteins in the gel were equilibrated with transfer buffer for 10min 
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and then transferred onto nitrocellulose membranes using a semi-dry transfer apparatus 

at 25 V for 30 minutes.  Following the transfer, the nitrocellulose membranes were quickly 

rinsed by TBS, containing 0.1% tween before blocking either with 5% non-fat milk + 3% 

BSA or 3% BSA alone in 0.1% TBS-T.  Blocking conditions were dependant on the 

primary antibody used; for ERK1/2 and P-ERK1/2- 5%milk+ 3%BSA, JNK and P-JNK- 

3% BSA. After 1.5-2 hours of blocking, the membranes were rinsed for 10 min to rinse 

with 0.1% TBS-T and then incubated at 4°C overnight with one of the following primary 

antibodies: for total-ERK1/2, P-ERK1/2, total-JNK or P-JNK.  The next day blots were 

rinsed with 0.1% TBS-T for 10 min followed by incubation with either HRP-conjugated 

anti-rabbit antibody or anti-mouse in 0.1% TBS-T containing 3% BSA for 1 hour at room 

temperature.  Finally, after rinsing with TBS-T for 30 minutes (two 5min X two 10 minutes’ 

rinses), bands on the nitrocellulose membranes were visualized with Luminata Forte 

Western HRP Substrate on the ChemiDoc™ MP imaging system at 54kDa and 46kDa 

for JNK and P-JNK and 44kDa and 42kDa for ERK1/2 and P-ERK1/2 respectively.  After 

visualization, the blots were rinsed with 0.1% TBS-T for 1 hour at room temperature and 

then re-probed for house-keeping protein β-Actin overnight followed by anti-mouse 

secondary and visualization at 45kDa as described above. 

Densitometric analysis 

Densitometric analysis for western blots was performed by using Image Lab 4.1 software 

for Mac (Bio-Rad).  The band density for JNK, P-JNK, ERK1/2, and P-ERK1/2 proteins 

was quantified relative to the density of β-Actin for each sample and the relative protein 

expression ratios of each treatment groups were compared to vehicle-treated control at 
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54kDa isoform and 46kDa isoform for JNK and P-JNK and 44kDa and 42kDa for ERK1/2 

and P-ERK1/2 respectively. 

Statistical analysis 

The fold changes of P-JNK/total JNK at both 54kDa and 46kDA isoform of JNK and P-

ERK1/2 / total ERK1/2 at 44kDa and 44kDa of ERK1/2 relative to loading control β -actin 

at 45kDa were calculated for each concentration of BPA, BPS, BPF and G-15 as 

described above.  For the experiments of a 4hour time point, a one-way ANOVA was 

used followed by the Tukey-Kramer post-hoc multiple comparison tests (n=3).  The data 

were further analyzed for normality and homogeneity of variance by using Bartlett’s and 

Shapiro-Wilk tests.  If p values were more than 0.05 is the difference was considered 

statistically significant and represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and 

Δp=<0.0001.  All statistical analyses were performed using GraphPad Prism version 8.0 

and Microsoft Excel professional plus 2016 and all data were presented as mean ± SEM. 

Results 

Inhibition of JNK phosphorylation by BPA, BPS and BPF in mHippoE-14 cell lines.   

The effects of various doses of BPS and BPF on JNK phosphorylation were compared to 

the effects of BPA in mHippoE-14 cells.  Based on the results from chapter 2, a 4hour 

treatment time was selected, and BPA was administered at doses of 10, 100 and 1000 

nM. The effects of BPA were compared with either 10, 30, 100, 300 and 1000nM of BPS 

and BPF.  The western blot (3.3A) depicting JNK phosphorylation (upper panel), total JNK 

(middle panel) at 54kDa and 46kDa isoform of JNK and β-Actin (lower panel) at 45kDa in 
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control and BPA-treated and BPS-treated mHippoE-14 cells.  Following densitometric 

analysis and normalization of P-JNK and JNK to the β-Actin loading control, data were 

expressed as the fold changes in 54kDa isoform of JNK (figure 3.3B) and 46kDa isoform 

of JNK (figure 3.3C) phosphorylation in above-mentioned concentrations of BPA, BPS, 

and 10nM G-15 treated samples relative to the cyclodextrin treated control.  The semi-

quantitative densitometric analysis confirmed that BPA, BPS and G-15 treatments 

significantly inhibited the phosphorylation of the 54kDa [(F=21.37, P<0.0001)] and 46kDa 

isoforms of JNK [(F= 23.29, P<0.0001)] relative to vehicle-treated control samples.  

Tukey-Kramer post-hoc multiple comparison tests revealed significant inhibition of 54kDa 

JNK phosphorylation at all concentrations of BPA, BPS, and G-15 (p<0.0001).  Similarly, 

for the 46kDa isoform of JNK phosphorylation at 10nM concentrations of BPA (p= 0.0001) 

and all the other concentrations of BPA, BPS, and G-15 (p<0.0001) 
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Figure 3.3: Effect of BPA and BPS on JNK phosphorylation.  (A) Representative 
western blot of JNK phosphorylation (top panel), total JNK (middle panel), and β-
Actin (lower panel) following 4hours of treatment of mHippoE-14 cells with 
vehicle (cyclodextrin), 10nM BPA, 100nM BPA, 1000nM BPA, 10nM BPS, 30nM 
BPS, 100nM BPS, 300nM BPS, 1000nM BPS and 10nM G-15.  Data were analyzed 

by one-way ANOVA and statistical significance was set at p > 0.05, and represented as 
*p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 in the graph.  Following 
densitometric analysis and normalization of P-JNK and JNK to the β-Actin loading 
control, data were expressed as the fold changes in 54kDa isoform of JNK (figure 3.3B) 
and 46kDa isoform of JNK (figure 3.3C) phosphorylation for all treatment groups.  The 
semi-quantitative densitometric analysis confirmed that BPA, BPS and G-15 treatments 
significantly inhibited the phosphorylation of the 54kDa [(F=21.37, P<0.0001)] and 
46kDa isoforms of JNK [(F= 23.29, P<0.0001)] relative to vehicle-treated control 
samples.  Tukey-Kramer post-hoc multiple comparison tests revealed significant 
inhibition of 54kDa JNK phosphorylation at all concentrations of BPA, BPS, and G-15 
(p<0.0001).  Similarly, for the 46kDa isoform of JNK phosphorylation at 10nM 
concentrations of BPA (p= 0.0001) and all the other concentrations of BPA, BPS, and 
G-15 (p<0.0001). 
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The western blot (3.4A) depicts JNK phosphorylation (upper panel), total JNK (middle 

panel) at 54kDa and 46kDa isoform of JNK and β-Actin (lower panel) at 45kDa in control 

and BPA-treated and BPF-treated mHippoE-14 cells.  Following densitometric analysis 

and normalization of P-JNK and JNK to the β-Actin loading control, data were expressed 

as the fold changes in 54kDa isoform of JNK (figure 3.4B) and 46kDa isoform of JNK 

(figure 3.4C) phosphorylation in above-mentioned concentrations of BPA, BPF, and 10nM 

G-15 treated samples relative to the cyclodextrin treated control.  Semi-quantitative 

densitometric analysis confirmed that all BPA, BPF and G-15 treatments significantly 

inhibited JNK phosphorylation for both the 54kDa isoform [(F=115.8, P<0.0001)] and the 

46kDa isoform [(F= 35.87, P<0.0001)] relative to vehicle-treated control samples.  Tukey-

Kramer post-hoc multiple comparison tests revealed significant inhibition of 

phosphorylation for both isoforms for all of the concentrations tested (p<0.0001) when 

compared to vehicle-treated samples.  Similar to the effects of BPA, BPS, and BPF, the 

GPER antagonist G-15 also significantly inhibited the phosphorylation of 54kDa and 

46kDa JNK (p<0.0001) in mHippoE-14 cells.   
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Figure 3.4: Effect of BPA and BPF on JNK phosphorylation.  (A) Representative 
western blot of JNK phosphorylation (top panel), total JNK (middle panel), and β-
Actin (lower panel) following 4hours of treatment of mHippoE-14 cells with 
vehicle (cyclodextrin), 10nM BPA, 100nM BPA, 1000nM BPA, 10nM BPF, 30nM 
BPF, 100nM BPF, 300nM BPF, 1000nM BPF and 10nM G-15.  Data were analyzed by 

one-way ANOVA and statistical significance was set at p > 0.05, and represented as 
*p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 in graph (n=3).  Following 
densitometric analysis and normalization of P-JNK and JNK to the β-Actin loading 
control, data were expressed as the fold changes in 54kDa isoform of JNK (figure 3.4B) 
and 46kDa isoform of JNK (figure 3.4C) phosphorylation for all treatment groups.  The 
semi-quantitative densitometric analysis confirmed that all BPA, BPF and G-15 
treatments significantly inhibited JNK phosphorylation for both the 54kDa isoform 
[(F=115.8, P<0.0001)] and the 46kDa isoform [(F= 35.87, P<0.0001)] relative to vehicle-
treated control samples.  Tukey-Kramer post-hoc multiple comparison tests revealed 
significant inhibition of phosphorylation for both isoforms for all of the concentrations 
tested (p<0.0001) when compared to vehicle-treated samples.  Similar to the effects of 
BPA, BPS, and BPF, the GPER antagonist G-15 also significantly inhibited the 
phosphorylation of 54kDa and 46kDa JNK (p<0.0001) in mHippoE-14 cells. 

 
 



 

 

78 

 

ERK1/2 phosphorylation was downregulated by BPS and BPF in both mHippoE-
14 

The effects of BPA BPS and BPF on ERK1/2 activation was also assessed in mHippoE-

14 cells at the same doses described above.  Based on the results from chapter 2, 

4hour treatment time was selected, and BPA was administered at doses of 10, 100 and 

1000nM. The effects of BPA were compared with either 10, 30, 100, 300 and 1000nM of 

BPS and BPF as previously explained for JNK phosphorylation. 

The western blot (3.5A) depicts ERK1/2 phosphorylation (upper panel), total ERK1/2 

(middle panel) at 44kDa and 42kDa isoform of ERK1/2 and β-Actin (lower panel) at 

45kDa in control and BPA-treated and BPS-treated mHippoE-14 cells (n=3).  Following 

densitometric analysis and normalization of P-ERK1/2 and ERK1/2 to the β-Actin 

loading control, data were expressed as the fold changes in 44kDa isoform of ERK1/2 

(figure 3.5B) and 42kDa isoform of ERK1/2 (figure 3.5C) phosphorylation in above-

mentioned concentrations of BPA, BPS, and 10nM G-15 treated samples relative to the 

cyclodextrin treated control.  Semi-quantitative densitometric analysis confirmed that 

phosphorylation of the 44kDa and 42kDa isoforms of ERK1/2 was inhibited by 4hour 

BPS and G-15 treatments [44kDa (F= 200.5, P<0.0001) and 42kDa (F= 6.256, 

P=0.0003)] relative to vehicle-treated control samples.  Tukey-Kramer post-hoc multiple 

comparison tests revealed significant inhibition of 44kDa isoform of ERK1/2 

phosphorylation at all concentrations of BPS (p<0.0001) and 1000nM BPA (p=0.0160).  

Similarly, phosphorylation of the 42kDa isoform of ERK1/2 was significantly inhibited by 

30nM BPS (p= 0.0337), 100nM BPS(p=0.0077) and 300nM, 1000nM concentrations of 

BPS (p<0.0001). 
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Figure 3.5: Effect of BPA and BPS on ERK1/2 phosphorylation.  (3.5A) 
Representative western blot of ERK1/2 phosphorylation (top panel), total ERK1/2 
(middle panel), and β-Actin (lower panel) following 4hours of treatment of 
mHippoE-14 cells with vehicle (cyclodextrin), 10nM BPA, 100nM BPA, 1000nM 
BPA, 10nM BPS, 30nM BPS, 100nM BPS, 300nM BPS, 1000nM BPS and 10nM G-
15.  Data were analyzed by one-way ANOVA and statistical significance was set at p > 

0.05, and represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 in graph 
(n=3).  Following densitometric analysis and normalization of P-ERK1/2 and ERK1/2 to 
the β-Actin loading control, data were expressed as the fold changes in 44kDa isoform 
of ERK1/2 (figure 3.5B) and 42kDa isoform of ERK1/2 (figure 3.5C) phosphorylation for 
all treatment groups.  The semi-quantitative densitometric analysis confirmed that 
phosphorylation of the 44kDa and 42kDa isoforms of ERK1/2 was inhibited by 4hour 
BPS and G-15 treatments [44kDa (F= 200.5, P<0.0001) and 42kDa (F= 6.256, 
P=0.0003)] relative to vehicle-treated control samples.  Tukey-Kramer post-hoc multiple 
comparison tests revealed significant inhibition of 44kDa isoform of ERK1/2 
phosphorylation at all concentrations of BPS (p<0.0001) and 1000nM BPA (p=0.0160).  
Similarly, phosphorylation of the 42kDa isoform of ERK1/2 was significantly inhibited by 
30nM BPS (p= 0.0337), 100nM BPS(p=0.0077) and 300nM, 1000nM concentrations of 
BPS (p<0.0001). 
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The western blot (3.6A) depicts ERK1/2 phosphorylation (upper panel), total ERK1/2 

(middle panel) at 44kDa and 42kDa isoform of ERK1/2 and β-Actin (lower panel) at 

45kDa in control and BPA-treated and BPF-treated mHippoE-14 cells (n=3).  Following 

densitometric analysis and normalization of P-ERK1/2 and ERK1/2 to the β-Actin 

loading control, data were expressed as the fold changes in 44kDa isoform of ERK1/2 

(figure 3.6B) and 42kDa isoform of ERK1/2 (figure 3.6C) phosphorylation in above-

mentioned concentrations of BPF, and 10nM G-15 treated samples relative to the 

cyclodextrin treated control.  The semi-quantitative densitometric analysis confirmed 

that BPA, BPF, and G-15 treatments significantly inhibited 44kDa ERK1/2 

phosphorylation [(F=84.07, P<0.0001)] and 42kDa ERK1/2 phosphorylation [(F= 46.13, 

P<0.0001)] relative to vehicle-treated control samples.  Tukey-Kramer post-hoc multiple 

comparisons tests revealed phosphorylation of both isoforms of ERK1/2 were 

significantly inhibited by all concentrations of BPF (p<0.0001) and G-15 (p<0.0001) at 

both 44kDa and 42kDa isoforms of ERK1/2.   
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Figure 3.6: Effect of BPA and BPF on ERK1/2 phosphorylation.  (3.6A) 
Representative western blot of ERK1/2 phosphorylation (top panel), total ERK1/2 
(middle panel), and β-Actin (lower panel) following 4hours of treatment of 
mHippoE-14 cells with vehicle (cyclodextrin), 10nM BPA, 100nM BPA, 1000nM 
BPA, 10nM BPF, 30nM BPF, 100nM BPF, 300nM BPF, 1000nM BPF and 10nM G-15.  
Data were analyzed by one-way ANOVA and statistical significance was set at p > 0.05, 
and represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 in graph 
(n=3).  Following densitometric analysis and normalization of P-ERK1/2 and ERK1/2 to 
the β-Actin loading control, data were expressed as the fold changes in 44kDa isoform 
of ERK1/2 (figure 3.6B) and 42kDa isoform of ERK1/2 (figure 3.6C) phosphorylation for 
all treatment groups.  The semi-quantitative densitometric analysis confirmed that BPF 
and G-15 treatments significantly inhibited 44kDa ERK1/2 phosphorylation [(F=84.07, 
P<0.0001)] and 42kDa ERK1/2 phosphorylation [(F= 46.13, P<0.0001)] relative to 
vehicle-treated control samples.  Tukey-Kramer post-hoc multiple comparisons tests 
revealed phosphorylation of both isoforms of ERK1/2 were significantly inhibited by all 
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concentrations of BPF (p<0.0001) and G-15(p<0.0001) at both 44kDa and 42kDa 
isoforms of ERK1/2. 

SH-SY5Y human neuroblastoma cells:  

SH-SY5Y human neuroblastoma cells (ATCC CRL2266) were cultured at 37°C and 5% 

CO2.  Briefly, cells were flash-thawed from -80° C into 75mm culture flasks, 1ml of cell 

suspension with 9ml of fresh medium.  Cells were maintained in DMEM with 10% fetal 

bovine serum and 1% penicillin-streptomycin.  Cells were grown to 70%-80% 

confluence are either passaged once per week as these are slow-growing cells or 

plated in 60mm plates.  The cells were lifted from the bottom of the flask with 1ml of 

trypsin and re-suspended in the various volume of fresh 10% regular medium 

depending on the number of treatment groups.  For cell plating, 1ml of cell suspension 

was added to 3ml of fresh 10% regular medium for a total of 4ml per 60 mm plates 

(VWR).  Cells were grown in medium containing 10% fetal bovine serum to ensure 

continuous exposure of the cells to serum oestrogen levels.  The cells were grown to 

70-80% confluence prior to treatment.  The treatments, collection, and quantification of 

proteins, western blot analysis, densitometric and statistical analysis were performed as 

previously explained in mHippoE-14 cell lines.   

 
Results 

Inhibition of JNK phosphorylation by BPA, BPS, and BPF in SH-SY5Y cell lines.   

The effects of various doses of BPS and BPF on JNK phosphorylation were compared 

to the effects of BPA in SH-SY5Y cells.  Based on the results from chapter 2, a 4hour 
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treatment time was used.  However, in SH-SY5Y cells only 10nM, 100nM, and 1000nM 

concentrations of BPA, BPS, and BPF were used for treatments.  

The western blot (3.7A) depicting JNK phosphorylation (upper panel), total JNK (middle 

panel) at 54kDa and 46kDa isoform of JNK and β-Actin (lower panel) at 45kDa in 

control and BPA-treated and BPS-treated SH-SY5Y cells.  Following densitometric 

analysis and normalization of P-JNK and JNK to the β-Actin loading control, data were 

expressed as the fold changes in 54kDa isoform of JNK (figure 3.7B) and 46kDa 

isoform of JNK (figure 3.7C) phosphorylation in above-mentioned concentrations of 

BPA, BPS, and 10nM G-15 treated samples relative to the cyclodextrin treated control.  

In SH-SY5Y cell lines semi-quantitative densitometric analysis confirmed BPA, BPS and 

BPF treatments significantly inhibited the phosphorylation of the 54kDa [(F= 18.67, 

P<0.0001)] and 46kDa [(F= 85.89, P<0.0001)] isoforms of JNK relative to vehicle-

treated control samples.  Tukey-Kramer post-hoc multiple comparison tests revealed 

the inhibition of phosphorylation for both isoforms was significant at all concentrations of 

BPA, BPS, BPF, GPER antagonist G-15 (p<0.0001) compared to the vehicle-treated 

sample in both 54kDa isoform of JNK and 46kDa isoform of JNK. 



 

 

84 

 

 

Figure 3.7: Effect of BPA, BPS, and BPF on JNK phosphorylation.  (3.7A) 
Representative western blot of JNK phosphorylation (top panel), total JNK 
(middle panel), and β-Actin (lower panel) following 4hours of treatment of SH-
SY5Y cells with vehicle (cyclodextrin), 10nM, 100nM, 1000nM BPA, BPS, BPF, and 
10nM G-15.  Data were analyzed by one-way ANOVA and statistical significance was 
set at p > 0.05, and represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and 
Δp=<0.0001 in graph (n=3).  Following densitometric analysis and normalization of P-
JNK and JNK to the β-Actin loading control, data were expressed as the fold changes in 
54kDa isoform of JNK (figure 3.7B) and 46kDa isoform of JNK (figure 3.7C) 
phosphorylation for all treatment groups.  In SH-SY5Y cell lines semi-quantitative 
densitometric analysis confirmed BPA, BPS and BPF treatments significantly inhibited 
the phosphorylation of the 54kDa [(F= 18.67, P<0.0001)] and 46kDa [(F= 85.89, 
P<0.0001)] isoforms of JNK relative to vehicle-treated control samples.  Tukey-Kramer 
post-hoc multiple comparison tests revealed the inhibition of phosphorylation for both 
isoforms was significant at all concentrations of BPA, BPS, BPF, GPER antagonist G-15 
(p<0.0001) compared to the vehicle-treated sample in both 54kDa isoform of JNK and 
46kDa isoform of JNK. 

Inhibition of ERK1/2 phosphorylation by BPA, BPS, and BPF in SH-SY5Y cell 

lines.   



 

 

85 

 

The western blot (3.8A) depicts ERK1/2 phosphorylation (upper panel), total ERK1/2 

(middle panel) at 44kDa and 42kDa isoform of ERK1/2 and β-Actin (lower panel) at 

45kDa in control and BPA-treated and BPS-treated mHippoE-14 cells (n=3).  Following 

densitometric analysis and normalization of P-ERK1/2 and ERK1/2 to the β-Actin 

loading control, data were expressed as the fold changes in 44kDa isoform of ERK1/2 

(figure 3.8B) and 42kDa isoform of ERK1/2 (figure 3.8C) phosphorylation in above-

mentioned concentrations of BPA, BPS, and 10nM G-15 treated samples relative to the 

cyclodextrin treated control.  The semi-quantitative densitometric analysis confirmed 

that BPA, BPA, BPF, and G-15 treatments significantly inhibited 44kDa ERK1/2 

phosphorylation [ F (14.96, P<0.0001)] and 42kDa ERK1/2 phosphorylation [(F= 36.32, 

P<0.0001)] relative to vehicle-treated control samples.  Tukey-Kramer post-hoc multiple 

comparisons test revealed a significant inhibition of 44kDa ERK1/2 phosphorylation 

following treatment with 10nM (p=0.011), 100nM and 1000nM BPA (p<0.0001), 10nM 

(p=0.0013), 100nM and 1000nM BPS(p<0.0001), and 10nM (p=0.0003), 100nM and 

1000nM BPF (p<0.0001).  Similarly, phosphorylation of the 42kDa isoform of ERK1/2 

was inhibited at all concentrations of BPA, BPS, and BPF (p<0.0001) except 10nM 

BPA, which did not significantly inhibit ERK1/2 phosphorylation.  Similar to the effects of 

BPA, BPS, and BPF, the GPER antagonist G-15 also significantly inhibited the 

phosphorylation of 44kDa and 42kDa ERK1/2 (p<0.0001) in SH-SY5Y cells. 
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Figure 3.8: Effect of BPA, BPS, and BPF on ERK1/2 phosphorylation.  (3.8A) 
Representative western blot of JNK phosphorylation (top panel), total JNK 
(middle panel), and β-Actin (lower panel) following 4hours of treatment of SH-
SY5Y cells with vehicle (cyclodextrin), 10nM, 100nM, 1000nM BPA, BPS, BPF, and 
10nM G-15.  Data were analyzed by one-way ANOVA and statistical significance was 

set at p > 0.05, and represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and 
Δp=<0.0001 in graph (n=3).  Following densitometric analysis and normalization of P-
ERK1/2 and ERK1/2 to the β-Actin loading control, data were expressed as the fold 
changes in 44kDa isoform of ERK1/2 (figure 3.8B) and 42kDa isoform of ERK1/2 (figure 
3.8C) phosphorylation for all treatment groups.  The semi-quantitative densitometric 
analysis confirmed that BPA, BPA, BPF, and G-15 treatments significantly inhibited 44 
kDa ERK1/2 phosphorylation [ F (14.96, P<0.0001)] and 42kDa ERK1/2 
phosphorylation [(F= 36.32, P<0.0001)] relative to vehicle-treated control samples.  
Tukey-Kramer post-hoc multiple comparisons test revealed a significant inhibition of 
44kDa ERK1/2 phosphorylation following treatment with 10nM (p=0.011), 100nM and 
1000nM BPA (p<0.0001), 10nM (p=0.0013), 100nM and 1000nM BPS(p<0.0001), and 
10nM (p=0.0003), 100nM and 1000nM BPF (p<0.0001).  Similarly, phosphorylation of 
the 42kDa isoform of ERK1/2 was inhibited at all concentrations of BPA, BPS, and BPF 
(p<0.0001) except 10nM BPA, which did not significantly inhibit ERK1/2 
phosphorylation.  Similar to the effects of BPA, BPS, and BPF, the GPER antagonist G-
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15 also significantly inhibited the phosphorylation of 44kDa and 42kDa ERK1/2 
(p<0.0001) in SH-SY5Y cells. 

Trypan Blue Cell Viability Assay 

Trypan blue exclusion cell viability assays were performed as previously described 

(Mendell et al., 2018).  The mHippoE-14 and SH-SY5Y cells were plated as described in 

chapter 2.  Once the required confluence was reached (70 to 80 %) various 

concentrations of BPA, BPS and BPF were added directly to each plate and the effects 

on cell viability compared to plates treated with 10nM G-15. The additional doses of 1nM, 

3nM, 5nM and 10nM G-15 were added in subsequent experiments.  After 4 hours, the 

media was removed and set aside so the cells could be lifted off of the plate using trypsin.  

Once the cells were lifted, they were re-suspended in the media that had been removed 

from the plate.  The cell viability was evaluated by mixing equal volumes of cell 

suspension with a 0.4 % trypan blue dye.  This mixture of cells and dye was loaded onto 

a hemocytometer and the number of non-viable cells (stained blue) and viable cells were 

counted.   

Statistical Significance. 

The viability of both SH-SY5Y and mHippoE-14 cells was calculated as % viable cells = 

[1.00 – (#blue cells ÷ # total cells)] × 100 after treating with 10nM, 100nM, and 1000nM 

BPA, BPS, and BPF and 1nM, 3nM, 5nM and 10nM of G-15.  Data were analyzed by 

one-way ANOVA followed by the Tukey-Kramer post-hoc multiple comparison tests 

(n=3).  If p values were more than 0.05 is the difference was considered statistically 

significant and represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001.  All 

statistical analyses were performed using GraphPad Prism version 8.0. 
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Results 

Bisphenols decrease cell viability 

The trypan blue exclusion assay was carried out to determine whether 10nM, 100nM, and 

1000nM concentrations of BPA, BPS, and BPF alter cell viability in mHippoE-14 (figure-

3.9 and 3.10) and SH-SY5Y (figure 3.11 and 3.12) cells.   

In mHippoE-14 cells, the higher concentrations of BPA, BPS, and BPF induced significant 

loss of cell viability [F (11.16, p<0.0001)] relative to vehicle-treated control.  Tukey-Kramer 

post-hoc multiple comparison tests revealed a significant loss of cell viability at 

concentrations of 1000nM BPA (p= 0.0178), 1000nM BPS (p= 0.0059), 1000nM BPF 

(p=0.0066).  Inhibition of GPER with 10nM G-15 also significantly reduced cell viability 

(p= 0.0006).  Additional doses of 1nM, 3nM, and 5nM G-15 were also analyzed and 

showed a significant decrease in cell viability [F (19.46, p=0.0008)].  Tukey-Kramer 

multiple comparisons test confirmed the significant loss of cell viability following both 5nM 

(p= 0.0068) and 10nM (p= 0.0008) G-15 treatment compared to control (respective graph-

3.10 and treatment mediated morphological changes in mHippoE-14 figure- 3.9) 
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Figure 3.9: Microscope images (magnification- 10X) of mHippoE-14 cells treated 
with BPA, BPS, and BPF.  These images are represented as before treatment (BT) and 
4hour after treatment (AT) with 1000nM of each BPs.  Qualitatively BPA, BPS and BPF 
did not appear to alter the structural morphology of mHippoE-14 cells. 
 

 

Figure 3.10- Graphical representation of percentage loss of cell viability in 
mHippoE-14 cells after treatment with 10nM, 100nM, 1000nM BPA, BPS, BPF and 
1nM, 3nM, 5nM, 10nM G-15.  Data were analyzed by one-way ANOVA and statistical 
significance was set at p > 0.05, and represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 
and Δp=<0.0001 in graph (n=3).  The calculation is graphically represented as % viable 
cells = [1.00 – (#blue cells ÷ # total cells)] × 100 for 10nM, 100nM and 1000nM BPA, BPS 
and BPF (figure 3.10A) and 1nM, 3nM, 5nM and 10nM G-15 (figure 3.10B).  In mHippoE-
14 cells, the higher concentrations of BPA, BPS, and BPF induced significant loss of cell 
viability [F (11.16, p<0.0001)] relative to vehicle treated control.  Tukey-Kramer post-hoc 
multiple comparison tests revealed a significant loss of cell viability at concentrations of 
1000nM BPA (p= 0.0178), 1000nM BPS (p= 0.0059), 1000nM BPF (p=0.0066).  Inhibition 
of GPER with 10nM G-15 also significantly reduced cell viability (p= 0.0006).  Additional 
doses of 1nM, 3nM and 5nM G-15 were also analysed and showed significant decrease 
in cell viability [F (19.46, p=0.0008)].  Tukey-Kramer multiple comparisons test confirmed 
significant loss of cell viability following both 5nM (p= 0.0068) and 10nM (p= 0.0008) G-
15 treatment compared to control. 
 
Similarly, in SH-SY5Y cells cell viability was reduced after BPA, BPS, and BPF 

treatments.  In SH-SY5Y cells 10nM, 100nM, and 1000nM concentrations of BPA, BPS, 

BPF, and G-15 resulted in significant loss of cell viability [F (100.2, p<0.0001)] relative to 
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vehicle-treated control.  Additional 1nM, 3nM and 5nM concentrations of G-15 were 

analyzed and showed significant effects on cell viability [F (19.46, p= 0.0001)].  Tukey-

Kramer multiple comparisons tests confirmed the significant loss of cell viability following 

treatment with 5nM G-15 (p= 0.0117) and 10nM G-15 (p< 0.0001) relative to control-

treated cells. 

   

   
 

    
 
Figure 3.11: Microscope images (magnification- 10X) of SH-SY5Y cells treated with 
BPA, BPS, and BPF.  These images are represented as before treatment (BT) and 4hour 

after treatment (AT) with 1000nM of each BPs.  Qualitatively BPA, BPS and BPF appear 
to alter the structural morphology of SH-SY5Y cells. 
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Figure 3.12- Graphical representation of percentage loss of cell viability in SH-
SY5Ycells after treatment with 10nM, 100nM, 1000nM BPA, BPS, BPF and 1nM, 3nM, 
5nM, 10nM G-15.  Data were analyzed by one-way ANOVA and statistical significance 

was set at p > 0.05, and represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and 
Δp=<0.0001 in graph (n=3).  The calculation is graphically represented as % viable cells 
= [1.00 – (#blue cells ÷ # total cells)] × 100 for 10nM, 100nM and 1000nM BPA, BPS and 
BPF (figure 3.12A) and 1nM, 3nM, 5nM and 10nM G-15 (figure 3.12B).  In SH-SY5Y cells 
cell viability was reduced after BPA, BPS, and BPF treatments.  In SH-SY5Y cells 10nM, 
100nM, and 1000nM concentrations of BPA, BPS, BPF, and G-15 resulted in significant 
loss of cell viability [F (100.2, p<0.0001)] relative to vehicle-treated control.  Additional 
1nM, 3nM and 5nM concentrations of G-15 were analyzed and showed significant effects 
on cell viability [F (19.46, p= 0.0001)].  Tukey-Kramer multiple comparisons test confirmed 
the significant loss of cell viability following treatment with 5nM G-15 (p= 0.0117) and 
10nM G-15 (p< 0.0001) relative to control-treated cells. 
 
Discussion 
 
The data presented here suggest that BPS and BPF have similar inhibitory effects on 

cell signaling cascades as BPA.  For example, BPA inhibited JNK phosphorylation in a 

concentration-dependent manner, where maximum inhibition was seen at the highest 

dose of 1000nM in both mHippoE-14 and SH-SY5Y cell lines.  Similarly, BPS and BPF 

inhibited JNK phosphorylation in a concentration-dependent manner, where maximum 

inhibition was found at the highest dose of 1000nM BPS and BPF in both cell lines.  

ERK1/2 phosphorylation was not inhibited by BPA even at the highest concentration of 

1000nM in mHippoE-14 cell lines.  In contrast, BPS and BPF significantly inhibited 

ERK1/2 phosphorylation in a concentration-dependent manner with maximum inhibition 

occurring following treatment with 1000nM BPS and BPF.  However, all three analogs, 

BPA, BPS and BPF significantly inhibited JNK phosphorylation in SH-SY5Y cells. 

Phosphorylation of both ERK1/2 isoforms was inhibited in a concentration-dependent 

manner with maximal inhibition detected following treatment with 1000nM BPA, BPS, 
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and BPF in SH-SY5Y cells.  The GPER antagonist G-15 also inhibited JNK and ERK1/2 

phosphorylation in both mHippoE-14 and SH-SY5Y cell lines.   

As BPS and BPF are structural analogs of BPA, it is not therefore particularly surprising 

that they may have similar cellular effects (Rochester and Bolden, 2015).  Since 

treatment with G-15 mimicked the effects of BPA, BPS, and BPF, the data also suggest 

that the observed alterations in signaling pathway activation may be occurring through 

GPER.  BPA has weak oestrogenic activity and its binding efficacy for classical 

oestrogen receptors was reported to be low in comparison to estradiol (Alonso-

Magdalena et al., 2012).  However, BPA’s binding affinity for non-classical estrogen 

receptors was higher and more closely mimic oestrogenic activity (Viñas and Watson, 

2013a; Viñas and Watson, 2013b; Sheng et al., 2018).  Interestingly, BPS binds to non-

classical oestrogen receptors with the same potency as BPA (Viñas and Watson 2013a, 

2013b) suggesting it could also mimic oestrogenic activity in low concentrations.  

Studies have reported that low concentrations of BPS alter MAPK pathway activation 

and activate caspase 8 (Viñas and Watson 2013a, 2013b) mediated apoptosis-like 

BPA.   

The resemblance between the effects of BPA and its analogs suggests that like BPA, 

low doses of BPS and BPF could cause significant neurological disruptions, particularly 

if exposure occurs within crucial periods including developmental, childhood and 

adulthood.  For example, BPA downregulates Akt, ERK1/21/2, JNK, insulin, GSK3β 

signaling and upregulates the expression of β-amyloid precursor (β-APP) protein and 

tau (Fang et al., 2015).  These alterations could contribute to abnormal clinical 
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consequences.  Similarly, the developmental and adult-hood exposure of BPA analogs 

in animal models resulted in behavioral (Kim et al., 2015) and neuro-endocrine 

disruptors (Castro et al., 2015).  Similar to BPA, the administration of BPA analogs in 

animals resulted in increased hyperactive behavior, anxiety and depression (Ohtani et 

al., 2017a) along with delayed social interaction, maternal care (Catanese and 

Vandenberg, 2017b), and habituation processes (Castro et al., 2015). 

Thus, the proposed study suggests that BPS and BPF could have significant effects in 

regulating JNK and ERK1/2 signaling in the brain which could have important 

downstream consequences.  This possibility is supported by studies in which these 

analogs were reported to gene expression in several brain areas including the 

hypothalamus, medial preoptic area and prefrontal cortex of the zebrafish (Cano-

Nicolau et al., 2016; Huang et al., 2016).  The present study also suggests that BPA 

and its analogs may have different effects depending on the cell type or signaling 

pathway examined.  For example, ERK1/2 phosphorylation in mHippoE-14 was not 

inhibited by BPA while BPS and BPF had significant inhibitory effects on both ERK1/2 

and JNK signaling pathways.  In contrast, BPA did decrease ERK1/2 phosphorylation in 

SH-SY5Y cells.  Thus, BPA and its analogs could alter the function of specific neurons 

and brain regions differently.  As previously discussed, (introduction) the JNK and 

ERK1/2 signaling cascades are essential regulators of different aspects of mammalian 

physiology, including cell survival, cell proliferation, cell death, metabolism, and DNA 

repair.  The downregulation of ERK1/2 and JNK signaling mainly results in pathological 

and previous findings support that BPA, BPS and BPF exhibit oestrogenic activity by 
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interfering with synthesis and availability of circulating concentrations of oestrogen-

sensitive genes (Cano-Nicolau et al., 2016; Huang et al., 2016).  Moreover, the data 

presented in this chapter suggest that BPA and its analogs mediate their adverse 

effects on cell signaling pathways by binding to GPER.  Alterations in GPER-mediated 

cell signaling could interfere with dendritic spine formation and synaptic plasticity.  

Hence, a better understanding of the mechanisms mediating the adverse effects of BPS 

and BPF on neurons is necessary to prevent these compounds from having significant 

adverse neurological effects as a result of environmental exposure.   

The trypan blue cell viability assay confirmed that BPA, BPS, and BPF have toxic 

effects on both mHippoE-14 and SH-SY5Y cells establishing their neurotoxic behavior 

in dose-dependent manner.  The mechanisms responsible for this cell loss is not 

known, however, in literature higher doses of BPA were reported to induce 

mitochondrial loss, cytochrome c release, oxidative stress, a decrease in membrane 

potential, a downregulation of the protective Bcl-2 family of genes and cell signaling 

pathways, the upregulation of caspases-3, alterations in calcium/calmodulin-dependent 

kinase 2 phosphorylation and calmodulin (caM) expression and apoptosis (Qian et al., 

2015; Mas et al., 2018).  Future research is necessary to evaluate more precisely the 

crucial developmental sensitivity windows and gender-specific effects of these and other 

BP analogs. 
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Conclusion.   

BPA inhibited JNK phosphorylation in both mHippoE-14 and SH-SY5Y cell lines as 

established previously in chapter 2.  Similarly, BPS and BPF resulted in significant 

inhibition of JNK phosphorylation.  These analogs, being structurally similar to BPA, 

expressed a similar, but not identical, pattern of downregulation of cell signaling 

pathways.  ERK1/2 signaling in mHippoE-14 cells was not significantly inhibited by BPA 

while treatment with BPS and BPF significantly reduced ERK1/2 activation. Similar 

effects were observed following treatment with the GPER antagonist G-15, suggesting 

this receptor could be involved in modulating the effects BPA, BPS, and BPF. Since 

BPA alternatives are being increasingly introduced to avoid the potential health 

problems associated with BPA, further testing is required to determine whether these 

compounds also result in adverse biological effects.   
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CHAPTER-4: EFFECTS OF BPA, BPS AND BPF IN COMBINATION 
WITH G-1 AND G-15. 
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Introduction 

Oestrogens play a significant role in a variety of behaviors including cognition modulation 

and the processes which are involved in learning and memory.  Estrone (E1), estradiol 

(E2) and estriol (E3) are the main natural oestrogens in humans that regulate normal 

oestrogen mediated biological responses in cells (Sharma and Prossnitz, 2011).  

Oestrogens are primarily synthesized in the ovaries beginning with the conversion of 

cholesterol to androgens. Smaller amounts of oestrogens are produced in other tissues 

such as the brain, liver, ovaries, adipose tissues, bones and heart.  It is well established 

that the hippocampus synthesizes its oestrogens to mediate a variety of oestrogenic 

responses in neurons (Sharma and Prossnitz, 2011).  Oestrogens have been reported to 

alter the structure of dendritic spines in the hippocampus and the plasticity of these spines 

has been associated with learning and memory (Kramar et al., 2009; Frick et al., 2015; 

Vierk et al., 2015).  For example, any changes in the structure of existing spines or the 

growth and formation of new spines alters the function of neurons including the process 

of long-term potentiation which is associated with learning and memory (Frick et al., 2015; 

Gabor et al., 2015). The role of oestrogen in mediating dendritic spine formation, in 

addition to increased spine density in the CA1 region of the hippocampus is well 

established (Sellers et al., 2015).  These biological responses of oestrogen are mediated 

by oestrogen receptors (ERs) such as the nuclear receptors, ERα and ERβ and the G-

protein-coupled ER (GPER) which is located primarily in the cell membrane (Lu and 

Herndon, 2017).  The ERα and ERβ receptors are a well-established class of receptors 

found largely in the cytosol.  Oestrogen binding to the receptors triggers translocation to 
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the nucleus and the modulation of gene transcription.  Some ERα and ERβ receptors 

associate with the membrane and regulate non-genomic effects through activation of 

kinase signaling pathways through the metabotropic glutamate receptors (mGluRs) 

receptors.  The mGluRs involved in ERK1/2-mediated protein synthesis is through a 

genomic mechanism by CREB to mediate epigenetic processes (Frick et al., 2015).  A 

relatively newly established class of ER receptor, GPER has also been studied 

extensively to establish its oestrogen mediated responses.  GPER is expressed in most 

brain regions (Brailoiu et al., 2007) and during development, GPER mRNA levels were 

reported to rise until adulthood and drop again once adulthood is reached.  Electron 

microscope evaluation of the hippocampal CA1 and dorsal striatum regions of the brain 

revealed that GPER was primarily localized to small axonal terminals, post-synaptic 

structures, dendritic shafts, dendritic spines (near post-synaptic density (PSD) markers) 

and unmyelinated axons (figure:4.1) (Brailoiu et al., 2007). 
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Figure 4.1: Subcellular localization of GPER- mainly expressed in small axonal 

terminals, post-synaptic structures, dendritic shaft, dendritic spines, and unmyelinated 
axons. Figure adapted from (Brailoiu et al., 2007) 

As previously discussed in the literature review section of the thesis, GPER plays a role 

in the rapid, non-genomic signaling of estradiol.  An important molecular mechanism 

mediating the effects of GPER in the brain is through the JNK signaling cascade (Frick et 

al., 2015), however, it is also well established that GPER responses are mediated through 

either activation or inhibition of different cell signaling pathways.  For example, the GPER 

mediated responses are regulated by either ERK1/2 or cAMP in cancer cells.  In 

pancreatic-beta-cell derived cell lines, G-1-mediated activation of GPER is associated 

with activation of PI3K, ERK1/2, and Ca2+ mobilization and the GPER antagonist G-15 

significantly inhibited these responses (Sharma and Prossnitz, 2011).  Therefore, in 

addition to our proposed hypothesis, that GPER responses are mediated through either 

activation or inhibition of JNK signaling, the neuronal effects of GPER could also be JNK-

independent.  Support for this is now beginning to emerge in neuronal tissue.  For 

example, G-1 had neuroprotective effects similar to oestrogen by activating the PI3K 

pathway upon glutamate-induced toxicity in hippocampal cell lines (Lu and Herndon, 

2017). 

GPER signaling is mediated through Gα and Gβγ to either increase the production of 

cAMP or the activation of ERK1/21/2 and PI3K (Lu and Herndon, 2017).  The ERK1/2-

mediated responses activate metalloproteinases (MMPs) through src, by releasing 

heparin-bound epidermal growth factor (EGF).  Endothelial nitric oxide synthase (eNOS) 

is also activated following the activation of ERK1/2 and PI3K (Lu and Herndon, 2017).  
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GPER activates cAMP by membrane-associated guanylate kinases (MAGUK) activation 

of adenylyl cyclase (AC) resulting in the binding of CREB to response elements to mediate 

transcription.  Finally, activation of protein kinase A stimulates calcium channels and 

internalization of GPER in-tern activates intermediate calcium-dependent potassium 

channels (SKCa/IKCa).  However, further research is necessary to establish the inter-

relationship of ERα, ERβ, and GPER mediated oestrogen signaling in particular tissues 

and diseases. 

                   

Figure, 4.2: Possible mechanisms of G-Protein coupled oestrogen receptor 
activation. GPER signaling is mediated through Gα and Gβγ to increase the production 
of cAMP and activation of ERK1/21/2 and PI3K.  The ERK1/2 pathway is activated by 
metalloproteinases (MMPs) through src, by releasing heparin-bound epidermal growth 
factor (EGF).  Endothelial nitric oxide synthase (eNOS) also gets activated due to the 
activation of ERK1/2 and PI3K (Lu and Herndon, 2017).  GPER activates cAMP by 
adenylyl cyclase enzymes (AC) to stimulate CREB-mediated transcription.  This pathway 
is also activated by membrane-associated guanylate kinases (MAGUK).  Finally, cAMP 
stimulates protein kinase A associated calcium channel hyperpolarization and 
internalization of ligand-bound GPER in-tern activates intermediate calcium-dependent 
potassium channels (SKCa/IKCa).  Figure adapted from (Lu and Herndon, 2017) 
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Hippocampal GPER activation is distinct from the classical oestrogen receptor (ER)α and 

ERβ by signaling a divergent specific JNK pathway (Kim et al., 2016) and it 

mediates cellular events that modulate the structure and function of hippocampal neurons 

(Frick et al., 2015; Gabor et al., 2015; Kim et al., 2016).  Thus, G-15 a synthetic antagonist 

of GPER inhibits JNK phosphorylation and its associated structural and behavioral 

benefits in the hippocampus.  As previously discussed, the JNK signaling cascade is a 

crucial regulator of normal cell physiology including cell-proliferation, cell-death, 

inflammation, and repair of DNA and its inhibition results in abnormal consequences 

(Frick et al., 2015; Gabor et al., 2015; Kim et al., 2016).  Moreover, GPER modulates 

dendritic spine formation as evidenced by G-1 treatment in ovariectomized mice, which 

induced dendritic spine formation similar to oestrogens (Gabor et al., 2015).  This GPER 

mediated dendritic spine formation is mediated through the JNK signaling cascade.  This 

suggests that modulators of GPER activation and JNK signaling could alter the dendritic 

spine.  Though the results presented in chapter 2 of this thesis suggest the antagonistic 

activity of BPA on JNK signaling could be mediated by GPER, this was based on 

performing a comparative analysis of G-15 and BPA on JNK phosphorylation.  This 

comparative analysis indicates there is a correlation, but it does not demonstrate that the 

BPA-mediated responses are mediated through GPER, since activation of GPER was 

occurring as a result of exposure to factors in fetal bovine serum (FBS), which include 

oestrogens as well as a multitude of other hormones and growth factors.  BPA analogs 

that share similar structural properties with BPA may work through similar mechanisms; 

but inhibition of responses in FBS does not establish these responses are oestrogen-



 

 

102 

 

dependent.  The proposed objective of the experiments described in this chapter 4 was 

to determine whether BPA inhibits JNK activation via the GPER, under conditions in which 

GPER is selectively stimulated by G-1.  The specific GPER agonist G-1 was previously 

established to activate JNK phosphorylation at 10nM concentrations (Gingerich et al., 

2010.  Thus, the study examined the concentration-dependent effects of BPA, BPS, and 

BPF on G-1-induced JNK phosphorylation in both mHippoE-14 and SH-SY5Y cells in the 

absence of physiological oestrogens. 

Experimental Designs:  

Solutions and reagents: 

1. Vehicle, BPA, G-15, BPS, BPF stock concentration was prepared as previously 

explained in chapter 2 and 3. 

2. Laemmli sample buffer, trypsin/EDTA solution, Triton X protein lysis buffer, 

Protease Inhibitor were prepared as previously explained in chapter 2. 

3. G-1: 200 μM stock solution (Tocris, England) of G-1 was prepared by dissolving 

an accurate quantity of G-1 in the vehicle. 

4. 10nM, 100nM, 1000nM, BPA, BPS, BPF; 10nM G-1 and 10nM G-15: Working 

concentrations of BPA, BPS, BPF, G-1, and G-15 were prepared by diluting 

accurate volume of respective stock concentration in Dulbecco’s Modified Eagle 

Medium (DMEM; Thermo Fisher Scientific) containing 5% CS-FBS and 1% 

penicillin-streptomycin (pen-strep;100 unit’s penicillin + 100 μg streptomycin; 

Invitrogen). 
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5. 10nM, 100nM, 1000nM, BPA, BPS, BPF; 10nM G-1 and 10nM G-15: Working 

concentrations of BPA, BPS, BPF, G-1, and G-15 were prepared by diluting 

accurate volume of respective stock concentration in Dulbecco’s Modified Eagle 

Medium (DMEM; Thermo Fisher Scientific) containing 1% CS-FBS and 1% 

penicillin-streptomycin (pen-strep;100 unit’s penicillin + 100 μg streptomycin; 

Invitrogen). 

Cell Cultures:  

mHippoE-14 cell lines. 

The mHippoE-14(#CLU198, Cedarlane) clonal cell lines Cells were grown and plated in 

DMEM containing 10% (VWR) fetal bovine serum and 1% penicillin-streptomycin as 

previously explained in chapter 2.  For treatment, 10% FBS media was aspirated and 

each plate was fed with 4ml of medium containing 5% charcoal-stripped FBS (CS-FBS) 

in place of the regular FBS to remove endogenous oestrogen in the media.  The cells 

were left with CS-FBS medium for 16hours before treatment to ensure complete removal 

of the effects of oestrogen from the regular 10% FBS DMEM medium.  The cells were 

grown to 70-80% confluence before each treatment. 

SH-SY5Y human neuroblastoma cells (ATCC):  

SH-SY5Y human neuroblastoma cells were cultured at 37°C and 5% CO2 and grown as 

previously explained in chapter 2.  However, the day before cell plating, the regular 

medium containing 10% FBS (VWR) was aspirated and replaced with 5% CS-FBS 

medium to avoid the physiological effects of oestrogen from 10% FBS medium.  The cells 

were grown to 70-80% confluence before each treatment in 5% CS-FBS medium. 
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Treatments and Protein collection. 

Effects of BPA, BPS, BPF effects on JNK and ERK1/2 phosphorylation in mHippoE-

14 and SH-SY5Y cells grown in the absence of oestrogen in 5% CS-FBS medium. 

In this experiment, the effects of BPA, BPS, and BPF on cells grown in 5% CS-FBS 

medium (oestrogen free) were examined.  Cells were treated with 1 in 1000 dilution of 

20% cyclodextrin (vehicle) ,10nM G-1 or 10nM, 100nM or 1000nM BPA, BPS or BPF for 

4 hours.  Additional plates were treated with 10nM G-15 or a combination of 10nM G-1 

with G-15.  The G-1 was used to activate GPER and is considered as a positive control, 

while G-15 was used to selectively inhibit GPER and served as a negative control.  These 

doses of BPA BPS and BPF were selected based on the results presented in chapters 2 

and 3.  The doses of G-1 and G-15 were based on previously established doses 

(Gingerich et al.  2010), where 10nM G-1 was sufficient to activate GPER and 10nM G-

15 inhibited GPER mediated responses.  The respective working solutions were prepared 

as previously described in this chapter and treatments were directly added into the media 

of the plated cells, with 4ul of respective working solution added to each plate.  The cells 

were treated in such a way that all the treatment groups collected at the 4hour treatment 

time point.  The protein lysis buffer did not contain DNA-ase so the collected proteins 

were subjected to slight Sonication for 10 seconds following its quantification, western 

blot analysis as previously explained in chapter 2. 

Results 
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In preliminary experimental results, phosphorylation of JNK in samples obtained from the 

vehicle (control) and G-1-treated mHippoE-14 cells were similar suggesting a hormone 

(oestrogen) response was still present in vehicle-treated cells.  This was further supported 

by the effects of G-15 alone.  Since JNK phosphorylation was inhibited by this GPER 

antagonist, this suggests oestrogen still present in the media.  A representative 

immunoblot for JNK phosphorylation is shown in figure 4.3 and a corresponding blot 

showing ERK1/2 phosphorylation is shown in figure 4.4.   

 

Figure, 4.3: JNK phosphorylation in mHippoE-14 cells.  Cells were grown in DMEM 
containing 5% charcoal-stripped fetal bovine serum (5% CS-FBS) and treated with 
10nM G-1 alone or in combination with 10 to 1000nM BPA, BPS or BPF or 10nM G-
15 for 4 hours.  Representative western blot shows 54kDa and 46kDa JNK 
phosphorylation (top panel) relative to total JNK (middle panel) and β-Actin (lower 
panel) expression.  The responses in control and G-1-treated samples are similar, 

implying hormone effects are still present in the serum concentrations used and still have 
to be reduced to detect the effect of oestrogen receptor activation.   
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Figure, 4.4: ERK1/2 phosphorylation in mHippoE-14 cells.  Cells were grown in 
DMEM containing 5% charcoal-stripped fetal bovine serum (5% CS-FBS) and 
treated with 10nM G-1 alone or in combination with 10 to 1000nM BPA, BPS or BPF 
or 10nM G-15 for 4 hours.  Representative western blot shows 44kDa and 42kDa 
ERK1/2 phosphorylation (top panel) relative to total JNK (middle panel) and β-Actin 
(lower panel) expression.  The responses in control and G-1-treated samples are 

similar, implying hormone effects are still present in the serum concentrations used and 
still have to be reduced to detect the effect of oestrogen receptor activation.   

Given the results in cells cultured and treated in 5% CS-FBS, serum concentrations were 

reduced from 5% to 1% to further reduce any possible effects from oestrogen present in 

FBS.  Cells were treated with the medium containing 1 % CS-FBS for 16 hours and 

treated as described above for 5% CS-FBS treatments in mHippoE-14 and SH-SY5Y 

cells.   

Briefly, to determine whether BPA and its analogs can modulate GPER-mediated JNK 

phosphorylation, cells grown in 1% CS-FBS, the cells were treated with 10nM, 100nM, 

1000nM BPA, BPS or BPF alone or in combination with 10nM G-1 in 1% CS-FBS 

medium.  These results were compared with those obtained from cells treated with 10nM 

G-15 or the combination of 10nM G-1+G-15.  As described above, treatments were added 

directly into the plates of both mHippoE-14 and SH-SY5Y cells for 4hour. 
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The protein collection, quantification, western blot analysis, densitometric analysis were 

performed as previously explained in chapter 2. 

Statistical analysis 

The fold changes of P-JNK/total JNK at both 54kDa and 46kDA isoform of JNK and P-

ERK1/2/ total ERK1/2 at 44kDa and 42kDa of ERK1/2 relative to loading control β -actin 

at 45kDa were calculated for each concentration of G-1, BPA, BPS, BPF, G-15, and G-

15+G-1.  One-way ANOVA was used followed by the Tukey-Kramer post-hoc multiple 

comparison tests (n=3) for 4-hour treatments.  The data were further analyzed for 

normality and homogeneity of variance by using Bartlett’s and Shapiro-Wilk tests.  If p 

values were more than 0.05 is the difference was considered statistically significant and 

represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001.  All statistical 

analyses were performed using GraphPad Prism version 8.0 and Microsoft Excel 

professional plus 2016 and all data were presented as mean ± SEM. 

Results 

Effects of BPA, BPS and BPF on JNK phosphorylation in mHippoE-14 cells grown 

in the absence of media oestrogen in 1% CS-FBS. 

The effect of BPA, BPS, and BPF was analyzed in cells treated in a medium containing 

1% CS-FBS to remove oestrogens from the culture medium.  A representative 

immunoblot showing the effects of BPA, BPS, and BPF on JNK phosphorylation in 

mHippoE-14 cells is shown in figure 4.5A. Cells were treated with 10nM G-1 or 10nM, 

100nM, or 1000nM BPA, BPS or BPF.  Control cells were treated with vehicle ( 1 in 1000 
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dilution of 20% cyclodextrin) and to assess the role of GPER, cells were treated with 10nM 

G-15 with and without 10nM G-1+G-15.  The effects of treatments on P-JNK are shown 

in the upper panel followed by total JNK (middle panel) and corresponding β-Actin (lower 

panel) for the same cell samples.  Relative to control samples phosphorylation of the 

54kDa and 46kDa isoforms of JNK was reduced following treatment with G-15 and BPF.   

In mHippoE-14 cells, the semi-quantitative densitometric analysis determined 

(represented graphically as figure 4.5B for 54kDa and 4.5C for 46kDa isoforms of JNK) 

that BPA, BPS and BPF had no statistically significant effect on JNK phosphorylation.  

However, G-1 and G-15 significantly altered JNK phosphorylation in both the 54kDa 

[(F=35.59, P<0.0001)] and 46kDa [(F= 23.35, P<0.0001)] isoforms of JNK relative to 

vehicle-treated control samples.  Tukey-Kramer post-hoc multiple comparisons tests 

revealed that the 54kDa isoform of JNK was significantly activated by G-1 (P=0.0044) 

and phosphorylation was significantly decreased in the G-15 and G-1+G-15 treated 

samples (P<0.0001) compared to G-1, while BPA, BPS, and BPF treatment had no 

significant effect compared to the vehicle-treated control sample on JNK phosphorylation.  

Similarly, for the 46kDa isoform of JNK, G-15 and G-1+G-15 significantly reduced 

phosphorylation (P<0.0001) compared to G-1 and the activation of phosphorylation 

following G-1 treatment was not statistically significant. BPA, BPS, and BPF did not affect 

phosphorylation when they are added by themselves, compared to the vehicle-treated 

control sample in the absence of oestrogen in the medium.   
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Figure, 4.5: Effect of BPA, BPS, BPF, G-1, and G-15 on JNK phosphorylation 
mHippoE-14 cells grown in media with 1 % CS-FBS.  (A) Representative 
immunoblot showing JNK phosphorylation (upper panel) relative to total JNK 
(middle panel) and β-Actin (lower panel) in cells treated for 4 hours with 20% 
cyclodextrin (control), 10nM G-1, 10nM, 100nM, and 1000nM BPA, BPS, BPF, 
10nM G-15 or 10nM G-1+G-15: Semi-quantitative densitometric measurements are 

represented graphically for fold changes of 54kDa (4.5B) and 46kDa (4.5C) JNK 
phosphorylation normalized to total JNK and relative to β-Actin.  Data were assessed by 
one-way ANOVA and differences were considered statistically significant when p values 
were less than 0.05, represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and 
Δp=<0.0001 (n=3).  In mHippoE-14 cells, the BPA, BPS, and BPF had no significant 
effect on JNK phosphorylation, however, G-1 significantly activated and G-15 
significantly inhibited JNK phosphorylation in both the 54kDa [(F=35.59, P<0.0001)] and 
46kDa [(F= 23.35, P<0.0001)] isoform of JNK relative to vehicle-treated control 
samples.  Tukey-Kramer post-hoc multiple comparisons tests revealed that G-1 induced 
phosphorylation (p= 0.0044), G-15 and G-1+G-15 inhibited the phosphorylation 
(P<0.0001) of 54kDa JNK compared to G-1 but G-1 induced JNK activation was not 
statistically significant.  BPA, BPS, and BPF did not affect as well.  Similarly, 46kDa JNK 
phosphorylation was significantly reduced by G-15 and G-1+G-15 (P<0.0001) compared 
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to G-1 but G-1 induced activation of JNK phosphorylation was not statistically 
significant.  while BPA, BPS, and BPF did not affect as well on JNK phosphorylation.   
 

Effects of BPA, BPS and BPF on ERK1/2 phosphorylation in mHippoE-14 cells 

grown in the absence of oestrogen (1% CS-FBS medium). 

The effect of BPA, BPS, and BPF was analyzed in cells treated in a medium containing 

1% CS-FBS to remove oestrogens from the culture medium.  A representative 

immunoblot showing the effects of BPA, BPS, and BPF on ERK1/2 phosphorylation in 

SH-SY5Y cells is shown in figure 4.6A. Cells were treated with 10nM G-1 or 10nM, 

100nM, or 1000nM BPA, BPS or BPF.  Control cells were treated with vehicle (20% 

cyclodextrin) and to assess the role of GPER, cells were treated with 10nM G-15 with and 

without 10nM G-1+G-15.  The effects of treatments on P-ERK1/2 are shown in the upper 

panel followed by total ERK1/2 (middle panel) and corresponding β-Actin (lower panel) 

for the same cell samples.  Relative to control samples phosphorylation of the 44kDa and 

42kDa isoforms of ERK1/2 appeared lighter following treatment with G-15 and BPF.   

In mHippoE-14 cells, the semi-quantitative densitometric analysis determined 

(represented graphically as figure 4.6B for 44kDa and 4.6C for 44kDa isoforms of 

ERK1/2) that BPA and BPS had no statistically significant effect on ERK1/2 

phosphorylation.  However, BPF, G-1, and G-15 significantly altered ERK1/2 

phosphorylation in both the 44kDa [(F= 13.57, P<0.0001)] and 42kDa [(F= 23.35, 

P<0.0001)] isoforms of ERK1/2 relative to vehicle-treated control samples.  Tukey-

Kramer post-hoc multiple comparisons tests revealed that the 44kDa isoform of ERK1/2 
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was not significantly activated by G-1.  However, ERK phosphorylation was significantly 

decreased in the10nM BPF (p= 0.0003), 100nM BPF(P<0.0001), 1000nM 

BPF(P<0.0001), 10nM G-15(P<0.0001) and 10nM G-1+G-15 (p=0.0002) in the absence 

of oestrogen, while BPA and BPS treatment had no significant effect compared to G-1.  

Similarly, in 46kDa isoform of JNK, ERK1/2 phosphorylation was significantly decreased 

in 10nM, 100nM, 1000nM BPF, 10 G-15 and G-1+G-15 (P<0.0001), but G-1 not 

significantly activated the phosphorylation, while BPA and BPS did not have any effect in 

the absence of oestrogen.  Cyclodextrin treated vehicle group has no effect on ERK1/2 

phosphorylation indicating replacing 10 % FBS with 1 % CS-FBS reduced the hormone 

content of the media.  Thus, these findings indicate that when BPA and BPS were treated 

by themselves in the absence of oestrogen, they do not seem to have any effect on 

ERK1/2 phosphorylation.  However, BPF even though in the absence of oestrogen they 

seem to have inhibitory effects on ERK phosphorylation indicating oestrogen independent 

effect of BPF. 
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Figure 4.6: Effect of BPA, BPS, BPF, G-1, and G-15 on ERK1/2 phosphorylation 
SH-SY5Y cells grown in media with 1 % CS-FBS.  (A) Representative immunoblot 
showing ERK1/2 phosphorylation (upper panel) relative to total ERK1/2 (middle 
panel) and β-Actin (lower panel) in cells treated for 4 hours with 20% cyclodextrin 
(control), 10nM G-1, 10nM, 100nM, and 1000nM BPA, BPS, BPF, 10nM G-15 or 
10nM G-1+G-15: Semi-quantitative densitometric measurements are represented 

graphically for fold changes of 44kDa (B) and 42kDa (C) ERK1/2 phosphorylation 
normalized to total ERK1/2 and relative to β-Actin.  Data were assessed by one-way 
ANOVA and differences were considered statistically significant when p values were 
less than 0.05, represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 
(n=3).  In SH-SY5Y cells, the BPA, and BPS had no significant effect on ERK1/2 
phosphorylation.  However, BPF, G-1, and G-15 significantly altered ERK1/2 
phosphorylation in both the 44kDa [(F= 13.57, P<0.0001)] and 42kDa [(F= 23.35, 
P<0.0001)] isoforms of ERK1/2 relative to vehicle-treated control samples.  Tukey-
Kramer post-hoc multiple comparisons tests revealed that the 44kDa isoform of ERK1/2 
was not significantly activated by G-1.  However, ERK phosphorylation was significantly 
decreased in the10nM BPF (p= 0.0003), 100nM BPF(P<0.0001), 1000nM 
BPF(P<0.0001), 10nM G-15(P<0.0001) and 10nM G-1+G-15 (p=0.0002) in the absence 
of oestrogen, while BPA and BPS treatment had no significant effect compared to G-1.  
Similarly, in 46kDa isoform of JNK, ERK1/2 phosphorylation was significantly decreased 
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in 10nM, 100nM, 1000nM BPF, 10 G-15 and G-1+G-15 (P<0.0001), G-1 did not 
significantly activate phosphorylation, while BPA and BPS did not have any effect in the 
absence of oestrogen.  Cyclodextrin treated vehicle group has no effect on ERK1/2 
phosphorylation indicating replacing 10 % FBS with 1 % CS-FBS reduced the hormone 
content of the media.  
 

Effects of BPA, BPS and BPF on JNK phosphorylation in SH-SY5Y cells grown in 

the absence of media oestrogen (1% CS-FBS). 

The effects of BPA, BPS, and BPF was analyzed in SH-SY5Y cells treated in a medium 

containing 1% CS-FBS to remove oestrogens from the culture medium.  A representative 

immunoblot showing the effects of BPA, BPS, and BPF on JNK phosphorylation in SH-

SY5Y cells is shown in figure 4.7A. Cells were treated with 10nM G-1 or 10nM, 100nM, 

or 1000nM BPA, BPS or BPF.  Control cells were treated with vehicle (20% cyclodextrin) 

and to assess the role of GPER, cells were treated with 10nM G-15 with and without 10nM 

G-1+G-15.  The effects of treatments on P-JNK are shown in the upper panel followed by 

total JNK (middle panel) and corresponding β-Actin (lower panel) for the same cell 

samples.  Relative to control samples phosphorylation of the 54kDa and 46kDa isoforms 

of JNK appeared lighter following treatment with G-15 and BPF.   

In SH-SY5Y cells, the semi-quantitative densitometric analysis determined (represented 

graphically as figure 4.7B for 54kDa and 4.7C for 46kDa isoforms of JNK) that BPA, BPS 

and BPF had no statistically significant effect on JNK phosphorylation.  However, G-1 and 

G-15 significantly altered JNK phosphorylation in both the 54kDa [(F= 20.41, P<0.0001)] 

and 46kDa [(F= 9.629, P<0.0001)] isoform of JNK relative to vehicle-treated control 

samples.  Tukey-Kramer post-hoc multiple comparisons tests revealed that G-15 and G-
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1+G-15 inhibited the phosphorylation (P<0.0001) of 54kDa JNK but G-1 activation was 

not statistically significant.  BPA, BPS, and BPF did not affect when compared to G-1 

treated samples.  Similarly, 46kDa JNK phosphorylation was significantly reduced by G-

15(P<0.0001) and G-1+G-15 (p=0.0012) but G-1 did not statistically activate JNK 

phosphorylation.  BPA, BPS, and BPF did not affect phosphorylation in the absence of 

oestrogen at 4hour.   

 

 
Figure, 4.7: Effect of BPA, BPS, BPF, G-1, and G-15 on JNK phosphorylation of 
SH-SY5Y cells grown in media with 1 % CS-FBS.  (A) Representative immunoblot 
showing JNK phosphorylation (upper panel) relative to total JNK (middle panel) 
and β-Actin (lower panel) in cells treated for 4 hours with 20% cyclodextrin 
(control), 10nM G-1, 10nM, 100nM, and 1000nM BPA, BPS, BPF, 10nM G-15 or 
10nM G-1+G-15: The semi-quantitative densitometric measurements are represented 
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graphically for fold changes of 54kDa (B) and 46kDa (C) JNK phosphorylation 
normalized to total JNK and relative to β-Actin.  Data were assessed by one-way 
ANOVA and differences were considered statistically significant when p values were 
less than 0.05, represented as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 
(n=3).  In mHippoE-14 cells, the BPA, BPS, and BPF had no significant effect on JNK 
phosphorylation, however, G-1 significantly activated and G-15 significantly inhibited 
JNK phosphorylation in both the 54kDa [(F= 20.41, P<0.0001)] and 46kDa [(F= 9.629, 
P<0.0001)] isoform of JNK relative to vehicle-treated control samples.  Tukey-Kramer 
post-hoc multiple comparisons tests revealed that G-15 and G-1+G-15 inhibited the 
phosphorylation (P<0.0001) of 54kDa JNK but G-1 activation was not statistically 
significant.  BPA, BPS, and BPF did not affect when compared to G-1 treated samples.  
Similarly, 46kDa JNK phosphorylation was significantly reduced by G-15(P<0.0001) and 
G-1+G-15 (p=0.0012) but G-1 did not statistically, activated JNK phosphorylation.  
While BPA, BPS, and BPF did not affect the phosphorylation in the absence of 
oestrogen at 4hour.   
 

Effects of BPA, BPS and BPF on ERK1/2 phosphorylation in SH-SY5Y cells grown 

in the absence of physiological oestrogen (1% CS-FBS medium). 

The effect of BPA, BPS, and BPF was analyzed in SH-SY5Y cells treated in a medium 

containing 1% CS-FBS to remove oestrogens from the culture medium.  A representative 

immunoblot showing the effects of BPA, BPS, and BPF on ERK1/2 phosphorylation in 

SH-SY5Y cells is shown in figure 4.8A. Cells were treated with 10nM G-1 or 10nM, 

100nM, or 1000nM BPA, BPS or BPF.  Control cells were treated with vehicle (1 in 1000 

dilution of 20% cyclodextrin) and to assess the role of GPER, cells were treated with 10nM 

G-15 with and without 10nM G-1+G-15.  The effects of treatments on P-ERK1/2 are 

shown in the upper panel followed by total ERK1/2 (middle panel) and corresponding β-

Actin (lower panel) for the same cell samples.  Relative to control samples 

phosphorylation of the 44kDa and 42kDa isoforms of ERK1/2 was reduced following 

treatment with G-15 and BPF.   
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In SH-SY5Y cells, the semi-quantitative densitometric analysis determined (represented 

graphically as figure 4.8B for 44kDa and 4.8C for 44kDa isoforms of ERK1/2) that BPA 

and BPS had no statistically significant effect on ERK1/2 phosphorylation.  However, 

BPF, G-1, and G-15 significantly altered ERK1/2 phosphorylation in both the 44kDa [(F= 

31.55, P<0.0001)] and 42kDa [(F= 34.72.16, P<0.0001)] isoforms of ERK1/2 relative to 

vehicle-treated control samples.  Tukey-Kramer post-hoc multiple comparisons tests 

revealed that the 44kDa isoform of ERK1/2 was significantly activated by G-1 (p= 0.0345) 

and phosphorylation was significantly decreased in 10nM, 100nM, 1000nM BPF, 10nM 

G-15 and 10nM G-1+G-15 (P<0.0001), while BPA and BPS treatment had no significant 

effect compared to G-1.  Similarly, the 42kDa isoform of ERK1/2 G-1 didn’t significantly 

activate ERK1/2 phosphorylation (p= 0.5961) though we can see the trend of activation 

and the phosphorylation was significantly decreased in 10nM, 100nM, 1000nM BPF, 10 

G-15 and G-1+G-15 (P<0.0001), while BPA and BPS did not affect the ERK 

phosphorylation compared to G-1 at 4hour. Cyclodextrin treated vehicle group has no 

effect on ERK1/2 phosphorylation indicating replacing 10 % FBS medium with 1 % CS-

FBS medium reduced the hormone (oestrogen) content of the media.  Thus, these 

findings indicate that when BPA and BPS were treated by themselves in the absence of 

oestrogen, they do not seem to have any effect on ERK1/2 phosphorylation.  However, 

BPF even though in the absence of oestrogen they seem to have inhibitory effects on 

ERK phosphorylation indicating oestrogen independent effect of BPF. 
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Figure 4.8: Effect of BPA, BPS, BPF, G-1, and G-15 on ERK1/2 phosphorylation SH-
SY5Y cells grown in media with 1 % CS-FBS.  (A) Representative immunoblot 
showing ERK1/2 phosphorylation (upper panel) relative to total ERK1/2 (middle 
panel) and β-Actin (lower panel) in cells treated for 4 hours with 20% cyclodextrin 
(control), 10nM G-1, 10nM, 100nM, and 1000nM BPA, BPS, BPF, 10nM G-15 or 10nM 
G-1+G-15:  Semi-quantitative densitometric measurements are represented graphically 

for fold changes of 44kDa (B) and 42kDa (C) ERK1/2 phosphorylation normalized to total 
ERK1/2 and relative to β-Actin.  Data were assessed by one-way ANOVA and differences 
were considered statistically significant when p values were less than 0.05, represented 
as *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and Δp=<0.0001 (n=3).  In SH-SY5Y cells, the 
BPA, and BPS had no significant effect on ERK1/2 phosphorylation.  However, BPF, G-
1, and G-15 significantly altered ERK1/2 phosphorylation in both the 44kDa [(F= 31.55, 
P<0.0001)] and 42kDa [(F= 34.72.16, P<0.0001)] isoforms of ERK1/2 relative to vehicle-
treated control samples.  Tukey-Kramer post-hoc multiple comparisons tests revealed 
that the 44kDa isoform of ERK1/2 was significantly activated by G-1 (p= 0.0345) and 
phosphorylation was significantly decreased in 10nM, 100nM, 1000nM BPF, 10nM G-15 
and 10nM G-1+G-15 (P<0.0001), while BPA and BPS treatment had no significant effect 
compared to G-1.  Similarly, the 42kDa isoform of ERK1/2 G-1 didn’t significantly activate 
ERK1/2 phosphorylation (p= 0.5961) though we can see the trend of activation and the 
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phosphorylation was significantly decreased in 10nM, 100nM, 1000nM BPF, 10 G-15 and 
G-1+G-15 (P<0.0001), while BPA and BPS did not affect the ERK phosphorylation 
compared to G-1 at 4hour.   

Effects of BPA, BPS, and BPF on G-1 induced JNK phosphorylation in mHippoE-
14 cells grown in the absence of media oestrogen (1% CS-FBS) 

The effect of BPA, BPS, and BPF on G-1-induced JNK phosphorylation was analyzed in 

media with 1%CS-FBS in SH-SY5Y cells.  A representative immunoblot demonstrating 

the effects of BPA, BPS, and BPF on G-1-induced JNK phosphorylation is shown in figure 

4.9A.  Cells were treated with vehicle (1 in 1000 dilution of 20% cyclodextrin) or 10nM G-

1 with or without 10nM, 100nM, and 1000nM BPA, BPS, or BPF.  Cells were also treated 

with 10nM G-15, the GPER antagonist, alone or in combination with 10nM G-1. The effect 

of treatments on JNK phosphorylation is shown in the upper panel followed by total JNK 

(middle panel) and corresponding β-Actin (lower panel) from the same samples.  Relative 

to vehicle-treated samples G-1 treatment appeared to increase the phosphorylation of 

both JNK isoforms and BPA, BPS, BPF, and G-15 appeared to inhibit the G-1-induced 

phosphorylation of 54kDa and 46kDa JNK in SH-SY5Y cells.   

In mHippoE-14 cells, semi-quantitative densitometric analysis confirmed (represented 

graphically as figure 4.9B for 54kDa and 4.9C for 46kDa isoforms of JNK) that BPA, BPS, 

BPF, and G-15 significantly decreased the G-1-induced phosphorylation of both the 

54kDa [(F= 23.30, P<0.0001)] and 46kDa [(F= 13.60, P<0.0001)] isoforms of JNK.  

Tukey-Kramer post-hoc multiple comparisons tests revealed that phosphorylation of the 

54kDa isoform of JNK was significantly increased following 4hour treatment with G-1 (p= 

0.0041) and this increase was prevented when cells were treated with G-1 and G-15 

(P<0.0001).  This G-1 induced JNK phosphorylation was also significantly inhibited by all 
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doses of BPA10nM (p=0.0347), 100nM (p=0.0011) and 1000nM (p<0.0001), BPS 10nM 

(p=0.0090), 100nM (p=0.0013) and 1000nM (p=0.0002) and BPF 10nM (p=0.0008), 

100nM (p=0.0005) and 1000nM (p<0.0001) below the levels of control.  Although 

phosphorylation of the 46kDa isoform of JNK appeared to be activated by G-1 the 

densitometric values were not statistically significant.  (p= 0.1997).  In comparison to G-

1 treatment alone 46kDa JNK phosphorylation in cells treated with G-1 in combination 

with 100nM BPA (p=0.0489), 1000nM BPA (p=0.0011), 100nM BPS (p=0.0237), 1000nM 

BPS (p=0.0033), 10nM BPF 9p=0.0004), 100nM BPF (p=0.0025), 1000nM BPF 

(p=0.0015), and G-15 (P=0.0002) was significantly reduced below the levels of control.  

Thus, these findings indicate that all three BP’s which seem to have no effect on JNK 

phosphorylation in the absence of oestrogen exhibited inhibitory effects, decreasing the 

phosphorylation below the levels of control, in the presence of G-1.  Hence the data 

indicates that the effects of BP’s may be influenced by the presence of oestrogen and in 

addition to GPER meditated effects some additional mechanisms might be involved in 

rapid inhibitory effects on JNK phosphorylation of these BP’s. 
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Figure 4.9: Effects of BPA, BPS, and BPF on G-1-induced JNK phosphorylation.  
(A) Representative immunoblot demonstrating JNK phosphorylation (upper panel) 
relative to total JNK (middle panel) and β-Actin in mHippoE-14 cells treated with 
20% cyclodextrin (vehicle control) or 10nM G-1 with or without 10nM, 100nM, and 
1000nM BPA, BPS or BPF. The role of GPER was also assessed in cells treated with 
10nM G-15 alone or with10nM G-1- The semi-quantitative densitometric measurements 
are represented graphically for fold changes of 54kDa(B) and 46kDa (C) isoforms of 
phosphorylated JNK (P-JNK) / total JNK relative to the β-Actin loading control for each 
sample.  Data were analyzed by ANOVA and were considered different if the p-value was 
less than 0.05; represented as either *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and 
Δp=<0.0001 (n=3).  In mHippoE-14 cells, BPA, BPS and BPF significantly inhibited 
phosphorylation for both the 54kDa [(F= 23.30, P<0.0001)] and 46kDa [(F= 13.60, 
P<0.0001)] isoforms of JNK.  Tukey-Kramer post-hoc multiple comparisons test revealed 
that G-1 induced 54kDa JNK phosphorylation (p= 0.0041) and this activation was 
significantly inhibited by co-treatment with G-15 (P<0.0001), 10nM BPA (p=0.0347), 
100nM BPA (p=0.0011) and 1000nM BPA (p<0.0001), 10nM BPS (p=0.0090), 100nM 
BPS (p=0.0013) and 1000nM BPS (p=0.0002) and 10nM BPF (p=0.0008), 100nM BPF 
(p=0.0005) and 1000nM BPF (p<0.0001).  The phosphorylation of the 46kDa isoform of 
JNK was not statistically activated by G-1 (p= 0.1997) in comparison to control treatment 
alone.  However, the phosphorylation of 46kDa JNK was decreased in cells treated with 
G-1 in combination with 100nM BPA (p=0.0489), 1000nM BPA (p=0.0011), 100nM BPS 
(p=0.0237), 1000nM BPS (p=0.0033), 10nM BPF (p=0.0004), 100nM BPF (p=0.0025), 
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1000nM BPF (p=0.0015) and G-15 (P=0.0002).  These BP’s where having no effect on 
JNK phosphorylation, when they are treated by themselves in the absence of oestrogen 
but they suddenly turned as inhibiting JNK phosphorylation in the presence of G-1. 

Effects of BPA, BPS, and BPF on G-1 induced ERK1/2 phosphorylation in mHippoE-
14 cells grown in the absence of media oestrogen (1% CS-FBS).   

The effects of BPA, BPS, and BPF on ERK1/2 phosphorylation were analyzed in medium 

containing 1% CS-FBS to reduce the level of hormones in the media.  A representative 

immunoblot demonstrating the effects of BPA, BPS and BPF, G-15, and G-1-induced 

ERK1/2 phosphorylation is shown in figure 4.10A. Phosphorylation in vehicle-treated 

control (20% cyclodextrin) cells was compared to phosphorylation following treatment 

with 10nM G-1 alone or in combination with 10nM, 100nM, and 1000nM BPA, BPS, or 

BPF.  To assess the specific role of GPER, cells were also treated with 10nM G-15 alone 

or in combination with 10nM G-1.  Phosphorylation of ERK1/2 is shown in the upper panel 

followed by total ERK1/2 (middle panel) and corresponding β-Actin (lower panel) for each 

sample.  The treatment of mHippoE-14 cells with G-1 appeared to increase the 

phosphorylation of both ERK1/2 isoforms and this phosphorylation appears to be inhibited 

G-15.   

In mHippoE-14 cells, semi-quantitative densitometric analysis confirmed (represented 

graphically as figure 4.10B for 44kDa and 4.10C for 44kDa isoforms of ERK1/2) that BPS 

and BPF significantly inhibited G-1-induced ERK1/2 for both the 44kDa [(F= 63.67, 

P<0.0001)] and 42kDa [(F=60.40, P<0.0001)] isoforms of ERK1/2.  Tukey-Kramer post-

hoc multiple comparisons tests revealed that compared to control, phosphorylation of the 

44kDa isoform of ERK1/2 was significantly increased following 4hours of treatment with 

G-1 (p= 0.0044) and decreased following treatment with G-15 alone or in combination 
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with G-1(P<0.0001).  In comparison to G-1 treatment alone, in 44kDa ERK1/2 

phosphorylation of cells treated with G-1 in combination with all doses of BPS, BPF was 

significantly inhibited (P<0.0001) below the levels of controls.  BPA, in comparison with 

G-1 treatment alone it reduced ERK1/2 phosphorylation to the levels of controls but not 

below the levels of controls as shown by BPS and BPF.  Similarly, for in comparison to 

control cells phosphorylation of the 42kDa isoform of ERK1/2 is induced by G-1(p= 

0.0233) and in G-15 and G-1+G-15 treated samples phosphorylation is reduced 

(P<0.0001).  Both BPS and BPF significantly inhibited 42kDa ERK1/2 phosphorylation 

(P<0.0001) at all doses tested to below the levels of control, but BPA, in comparison with 

G-1 treatment alone it reduced ERK1/2 phosphorylation to the levels of control but it was 

not statistically significant.  The fact that BPAs densitometric analysis similar to control 

suggests BPA prevents G-1-induced ERK1/2 activation at 4hour, which is specifically 

mediated through GPER compared to the vehicle-treated control sample.  However, BPS 

and BPF may act through a number of pathways to have additional effects.  BPS, added 

by itself in the absence of oestrogen, did not seem to have any effect on ERK1/2 

phosphorylation; but in the presence of G-1, it had inhibitory effects, decreasing ERK1/2 

phosphorylation.  BPF, which was inhibiting ERK1/2 phosphorylation even in the absence 

of oestrogen seemed to have significant additional inhibitory effects in the presence of G-

1.   
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Figure 4.10: Effects of BPA, BPS and BPF on G-1-induced ERK1/2 phosphorylation.  
(A) Representative immunoblot demonstrating ERK1/2 phosphorylation (upper 
panel) relative to total ERK1/2 (middle panel) and β-Actin in mHippoE-14 cells 
treated with 20% cyclodextrin (vehicle control) or 10nM G-1 with or without 10nM, 
100nM, and 1000nM BPA, BPS or BPF. The role of GPER was also assessed in cells 
treated with 10nM G-15 alone or with10nM G-1.  The semi-quantitative densitometric 
measurements are represented graphically for fold changes of 44kDa(B) and 42kDa (C) 
isoforms of phosphorylated ERK1/2 (P-ERK1/2) / total ERK1/2 relative to the β-Actin 
loading control for each sample.  Data were analyzed by ANOVA and were considered 
different if the p-value was less than 0.05; represented as either *p=<0.05, ֍p=<0.005, 
ᴥp=<0.0005 and Δp=<0.0001 (n=3).  In mHippoE-14 cells, the semi-quantitative 
densitometric analysis confirmed that BPS and BPF significantly inhibited G-1-induced 
ERK1/2 for both the 44kDa [(F= 63.67, P<0.0001)] and 42kDa [(F=60.40, P<0.0001)] 
isoforms of ERK1/2.  Tukey-Kramer post-hoc multiple comparisons tests revealed that 
compared to control, phosphorylation of the 44kDa isoform of ERK1/2 was significantly 
increased following 4 hours of treatment with G-1 (p= 0.0044) and decreased following 
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treatment with G-15 alone or in combination with G-1(P<0.0001).  In comparison to G-1 
treatment alone, the 44kDa ERK1/2 phosphorylation in cells treated with G-1 in 
combination with all doses of BPS, BPF was significantly inhibited (P<0.0001) below the 
levels of controls.  BPA, in comparison with G-1 treatment alone it reduced ERK1/2 
phosphorylation to the levels of controls but it was not statistically significant.  Similarly, 
for in comparison to control cells phosphorylation of the 42kDa isoform of ERK1/2 is 
induced by G-1(p= 0.0233) and in G-15 and G-1+G-15 treated samples phosphorylation 
is reduced (P<0.0001).  Both BPS and BPF significantly inhibited 42kDa ERK1/2 
phosphorylation (P<0.0001) at all doses tested to below the levels of control, but BPA, in 
comparison with G-1 treatment alone it reduced ERK1/2 phosphorylation to the levels of 
control but it was not statistically significant.  The fact that BPAs densitometric analysis 
similar to control suggests BPA prevents G-1-induced ERK1/2 activation at 4hour, which 
is specifically mediated through GPER compared to the vehicle-treated control sample.  
However, BPS and BPF seem to act through a number of pathways to have additional 
rapid effects. 

Effects of BPA, BPS, and BPF on G-1 induced JNK phosphorylation in SH-SY5Y 
cells grown in the absence of media oestrogen (1% CS-FBS). 

The effects of BPA, BPSand BPF on G-1-induced JNK phosphorylation were analyzed in 

media with 1%CS-FBS in SH-SY5Y cells.  A representative immunoblot demonstrating 

the effects of BPA, BPS, and BPF on G-1-induced JNK phosphorylation is shown in figure 

4.11A.  Cells were treated with vehicle (20% cyclodextrin) or 10nM G-1 with or without 

10nM, 100nM, and 1000nM BPA, BPS, or BPF.  Cells were also treated with 10nM G-15, 

the GPER antagonist, alone or in combination with 10nM G-1.  The effect of treatments 

on JNK phosphorylation is shown in the upper panel followed by total JNK (middle panel) 

and corresponding β-Actin (lower panel) from the same samples.  Relative to vehicle-

treated samples G-1 treatment appeared to increase the phosphorylation of both JNK 

isoforms and BPA, BPS, BPF, and G-15 appeared to inhibit the G-1-induced 

phosphorylation of 54kDa and 46kDa JNK in SH-SY5Y cells.   

In SH-SY5Y cells, semi-quantitative densitometric analysis confirmed (represented 

graphically as figure 4.11B for 54kDa and 4.11C for 46kDa isoforms of JNK) that BPA, 
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BPS, BPF, and G-15 significantly decreased the G-1-induced phosphorylation of both the 

54kDa [(F= 42.57, P<0.0001)] and 46kDa [(F= 13.60, P<0.0001)] isoforms of JNK.  

Tukey-Kramer post-hoc multiple comparisons tests revealed that phosphorylation of the 

54kDa isoform of JNK was significantly increased following 4hour treatment with G-1 (p= 

0.0029) and this increase was prevented when cells were treated with G-1 and G-15 

(P<0.0001).  The G-1 induced JNK phosphorylation was also inhibited by all doses of 

BPA, BPS and BPF (p<0.0001).  The 46kDa isoform of JNK was also significantly 

increased following 4hour treatment with G-1 (p= 0.0002) and this increase was 

prevented when cells were treated with G-1 and G-15 (P<0.0001).  G-1 activated JNK 

phosphorylation was inhibited by all doses of BPA, BPS and BPF (p<0.0001), below the 

levels observed in the vehicle control.  Thus, all three BP’s seem to have no detectable 

effect on JNK phosphorylation in the absence of oestrogen, but exert significant inhibitory 

effects, decreasing JNK phosphorylation below control in the presence of G-1.  Hence, 

the data indicate that the effects of BP’s may be influenced by the presence of oestrogen 

and are probably not mediated simply via direct competition for GPER, since such a 

mechanism would be expected to result in effects qualitatively similar to those of G-15. 
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Figure 4.11: Effects of BPA, BPS and BPF on G-1-induced JNK phosphorylation.  
(A) Representative immunoblot demonstrating JNK phosphorylation (upper panel) 
relative to total JNK (middle panel) and β-Actin in SH-SY5Y cells treated with 20% 
cyclodextrin (vehicle control) or 10nM G-1 with or without 10nM, 100nM, and 
1000nM BPA, BPS or BPF. The role of GPER was also assessed in cells treated with 
10nM G-15 alone or with10nM G-1 The semi-quantitative densitometric measurements 
are represented graphically for fold changes of 54kDa(B) and 46kDa (C) isoforms of 
phosphorylated JNK (P-JNK) / total JNK relative to the β-Actin loading control for each 
sample.  Data were analyzed by ANOVA and were considered different if the p-value was 
less than 0.05; represented as either *p=<0.05, ֍p=<0.005, ᴥp=<0.0005 and 
Δp=<0.0001 (n=3).  In SH-SY5Y cells, the semi-quantitative densitometric analysis 
confirmed that BPA, BPS, BPF, and G-15 significantly decreased the G-1-induced 
phosphorylation of both the 54kDa [(F= 42.57, P<0.0001)] and 46kDa [(F= 13.60, 
P<0.0001)] isoforms of JNK.  Tukey-Kramer post-hoc multiple comparisons tests 
revealed that phosphorylation of the 54kDa isoform of JNK was significantly increased 
following 4hour treatment with G-1 (p= 0.0029) and this increase was prevented when 
cells were treated with G-1+G-15 and G-15 (P<0.0001).  The G-1 activated JNK 
phosphorylation was also inhibited by all doses of BPA, BPS and BPF (p<0.0001).  In 
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46kDa isoform of JNK, the phosphorylation was significantly increased following 4hour 
treatment with G-1 (p= 0.0002) and this increase of phosphorylation was prevented when 
cells were treated with G-15 and G-1+G-15 (P<0.0001).  The G-1 induced JNK 
phosphorylation was also inhibited by all doses of BPA, BPS and BPF (p<0.0001).  Thus, 
the data suggest G-1 activated the JNK phosphorylation in the absence of oestrogen in 
the media indicating 1% CS FBS and this phosphorylation of JNK was inhibited by the 
BPA, BPS, and BPF below the levels of control indicating the involvement of additional 
mechanisms in addition to GPER mediated response to inhibit JNK phosphorylation in 
presence of G-1.   

Effects of BPA, BPS, and BPF on G-1 induced ERK1/2 phosphorylation in SH-SY5Y 
cells grown in the absence of oestrogen (1% CS-FBS).   

The effects of BPA, BPS, and BPF on ERK1/2 phosphorylation were analyzed in medium 

containing 1%CS-FBS medium to reduce the hormone levels in the culture medium.  A 

representative immunoblot showing the effects of BPA, BPS and BPF, G-15 and G-1-

induced ERK1/2 phosphorylation is shown in figure 4.12A. Phosphorylation in vehicle-

treated control (1 in 1000 dilution of 20% cyclodextrin) cells was compared to 

phosphorylation following treatment with 10nM G-1 alone or in combination with 10nM, 

100nM, and 1000nM BPA, BPS, or BPF.  To assess the specific role of GPER, cells were 

also treated with 10nM G-15 alone or in combination with 10nM G-1. Phosphorylation of 

ERK1/2 is shown in the upper panel followed by total ERK1/2 (middle panel) and 

corresponding β-Actin (lower panel) for each sample.  The treatment of SH-SY5Y cells 

with G-1 appeared to increase the phosphorylation of both ERK1/2 isoforms and this 

phosphorylation appears to be inhibited by some doses or BPS and BPF and G-15.   

Tukey-Kramer post-hoc multiple comparisons tests revealed that compared to control, 

phosphorylation of the 44kDa isoform of ERK1/2 was significantly increased following 4 

hours of treatment with G-1 (p= 0.0012) and decreased following treatment with G-15 

alone or in combination with G-1(P<0.0001).  In comparison to G-1 treatment alone, 
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44kDa ERK1/2 phosphorylation in cells treated with G-1 in combination with all doses of 

BPS, BPF was significantly inhibited (P<0.0001) below the levels of control.  BPA, in 

comparison with G-1 treatment alone it reduced G-1 activated ERK1/2 phosphorylation 

to the levels of control at 4hour.  Similarly, for in comparison to control cells 

phosphorylation of the 42kDa isoform of G-15 and G-1+G-15 treated samples 

phosphorylation is reduced (P<0.0001) but G-1 induced ERK1/2 activation was not 

statistically significant.  Both BPS and BPF significantly inhibited 42kDa ERK1/2 

phosphorylation (P<0.0001) at all doses tested, but BPA, in comparison with G-1 

treatment alone it reduced ERK1/2 phosphorylation but it was not statistically significant.  

Thus, the data suggest G-1 induced ERK1/2 phosphorylation can be inhibited by a 

synthetic GPER antagonist G-15 in media without oestrogen.  Similarly, BPS and BPF 

inhibited G-1 induced ERK1/2 phosphorylation to values below control levels but BPA 

reduced ERK1/2 phosphorylation was less that G-1 – so returned near to control levels 

but not below control levels in SH-SY5Y cell lines indicating inhibition of GPER specific 

ERK1/2 phosphorylation of BPA.  These findings also indicate that BPS, when it was 

treated by itself in the absence of oestrogen, does not have any effect on ERK1/2 

phosphorylation but in the presence of G-1, it suddenly had inhibitory effects by 

decreasing ERK1/2 phosphorylation.  BPF, which was inhibiting ERK1/2 phosphorylation 

even in the absence of oestrogen, exhibits powerful inhibitory effects in the presence of 

G-1.   
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Figure 4.12: Effects of BPA, BPS and BPF on G-1-induced ERK1/2 phosphorylation.  
(A) Representative immunoblot demonstrating ERK1/2 phosphorylation (upper 
panel) relative to total ERK1/2 (middle panel) and β-Actin in SH-SY5Y cells treated 
with 20% cyclodextrin (vehicle control) or 10nM G-1 with or without 10nM, 100nM, 
and 1000nM BPA, BPS or BPF. The role of GPER was also assessed in cells treated 
with 10nM G-15 alone or with10nM G-1 The semi-quantitative densitometric 

measurements are represented graphically for fold changes of 44kDa(B) and 42kDa (C) 
isoforms of phosphorylated ERK1/2 (P-ERK1/2) / total ERK1/2 relative to the β-Actin 
loading control for each sample.  Data were analyzed by ANOVA and were considered 
different if the p-value was less than 0.05; represented as either *p=<0.05, ֍p=<0.005, 
ᴥp=<0.0005 and Δp=<0.0001 (n=3).  In SH-SY5Y cells, the semi-quantitative 
densitometric analysis confirmed that BPS and BPF significantly inhibited G-1-induced 
ERK1/2 for both the 44kDa [(F= 66.78, P<0.0001)]and 42kDa [(F= 23.20, P<0.0001)] 
isoforms of ERK1/2.  Tukey-Kramer post-hoc multiple comparisons tests revealed that 
compared to control, phosphorylation of the 44kDa isoform of ERK1/2 was significantly 
increased following 4 hours of treatment with G-1 (p= 0.0012) and decreased following 
treatment with G-15 alone or in combination with G-1(P<0.0001).  In comparison to G-1 
treatment alone, 44kDa ERK1/2 phosphorylation in cells treated with G-1 in combination 
with all doses of BPS, BPF was significantly inhibited (P<0.0001) below the levels of 
control.  BPA, in comparison with G-1 treatment alone it reduced G-1 activated ERK1/2 
phosphorylation to the levels of control at 4hour.  Similarly, for in comparison to control 
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cells phosphorylation of the 42kDa isoform of G-15 and G-1+G-15 treated samples 
phosphorylation is reduced (P<0.0001) but G-1 induced ERK1/2 activation was not 
statistically significant.  Both BPS and BPF significantly inhibited 42kDa ERK1/2 
phosphorylation (P<0.0001) at all doses tested, but BPA, in comparison with G-1 
treatment alone it reduced ERK1/2 phosphorylation but it was not statistically significant.   

Discussion 

The objective of these experiments was to evaluate specific GPER mediated responses 

of BPA, BPS, and BPF either in the presence or absence of concurrent treatment with G-

1.  Therefore, cells were grown in media containing charcoal-stripped serum, from which 

steroids and other small molecules have been removed.  Treatment with 10nM G-1 

significantly activated JNK and ERK1/2 phosphorylation in some of the treatments in 

mHippoE-14 and SH-SY5Y cells in the absence of oestrogen, an effect that was inhibited 

by 10nM of the selective GPER antagonist, G-15, in both cell lines.  This indicates that 

the GPER receptor was active in these cells, even in the absence of oestrogen. However, 

BPA, BPS and BPF at 10nM, 100nM and 1000nM concentrations did not affect JNK 

phosphorylation in media containing 1 % CS-FBS when they were added by themselves.  

This suggests that the BPs do not themselves directly act on GPER, since if they did, they 

would exert effects like those of either G-1 or G-15, in the same medium.  BPA and its 

analogs only appear to display inhibition of JNK phosphorylation when they are added in 

the presence of hormones in the medium (non-stripped FBS chapters 2 and 3) or with 

addition of G-1 (this chapter).   

    Unlike BPA and BPS, BPF significantly inhibited ERK1/2 phosphorylation in charcoal 

stripped serum, in both the mHippoE-14 and SH-SY5Y cell lines.  These results were 
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consistent with previously established results in chapter 3, where BPF had a greater 

inhibitory effect on ERK1/2 phosphorylation in both the cell lines. 

 Following concurrent treatment with G-1, all doses of BPA, BPS, and BPF tested 

significantly inhibited the G-1- mediated activation of JNK phosphorylation in both 

mHippoE-14 and SH-SY5Y cell lines.  If these effects were GPER specific, then all BP’s 

might have inhibited the GPER specific activation of JNK phosphorylation by G-1, back 

to the level of control.   BPS and BPF, but not BPA, significantly inhibited ERK1/2 

phosphorylation in a concentration-dependent manner.   

The results presented in this chapter suggest BPA and its analogs could significantly 

impact GPER signaling and in addition to some additional pathways, which yet need to 

be further evaluated.  The contribution of oestrogen to the process of dendritic spine 

formation, memory, learning, and cognition (Kramar et al., 2009; Frick et al., 2015) was 

well established but the last objective results in chapter 3 establishes the criteria of these 

rapid effects of BP’s directly depends on the levels of oestrogen.  The reasons why BP’s 

were considered as safe initially in classical tests of oestrogenisity assays because these 

assays were performed in ovariectomized animals, where BPA acts only as a very weak 

uterotrophic agonist, in the absence of oestrogen. However, as the brain itself makes 

oestrogen even after removal of the ovaries (Frick et al., 2015) the lack of a systemic 

effect cannot be taken as predictive of what may happen centrally.  The action of BPA 

and its analogs to inhibit ERK and GPER-mediated signaling may thus be important, even 

under conditions of low circulating oestrogen concentrations. This could lead to adverse 

neuro-endocrinological clinical consequences by altering brain and its behavior in-spite 
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of weak binding affinity for classical oestrogen receptors ERα and ERβ E2 (Alonso-

Magdalena et al., 2012; Vandenberg et al., 2009; Fang et al., 2000).  Activation of GPER 

was reported to mediate the formation of dendritic spines and increase spine density in 

the CA1 region of the hippocampus in overecitemzed mice within 40 minutes of exposure 

to G-1 (Gabor et al., 2015).  This G-1-induced formation of spines and the rapid effects 

on GPER-mediated plasticity suggest these changes could be due to either activation of 

cell signaling pathways or actin-cytoskeletal re-modulation and alterations in scaffolding 

protein like SAP97 (Yuan‐Yuan Zhang et al., 2019).  However, (Lu and Herndon, 2017) 

demonstrated GPER dependent oestrogen mediated intracellular calcium is necessary 

for the neurological functions of GPER. Intracellular calcium plays a key role in the 

regulation of neuronal plasticity and GPER mediated protein phosphorylation is 

necessary for protein kinase to activate L-type calcium channels and potassium channels 

(SKCa/IKCa).   

GPER has been reported to mediate many 17β-estradiol mediated neurological effects 

including protection from glutamate-induced toxicity, antidepressant effects by 

desensitizing 5-HT receptors, ischemic damage after stroke, cognitive function in females 

after menopause, and improved memory and learning by dendritic spine formation 

(Srivastava and Evans, 2013; Brailoiu et al., 2007; Lu and Herndon, 2017).  Although it is 

well established that 17β-estradiol effects are mediated through GPER, future research 

on the interrelationship of oestrogen signaling mediated through both classical and non-

classical receptors (ERα, ERβ, and GPER) should be established.   
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The present study established the GPER mediated effects of BPA, BPS, and BPF through 

G-1-induced JNK and ERK1/2 phosphorylation and also suggest the involvement of some 

additional mechanisms of these BP’s in addition to GPER.  For example, (Belcher et al., 

2008) describes in cerebellar granule cells, the oestrogen regulated ERK1/2 signaling is 

mediated through the involvement of Src-kinase and protein phosphatase.  Specifically, 

PP2A gets activated by E2 by an independent signaling pathway acting as a regulator of 

cell events.  (Chen et al., 2001) describes the involvement of M3/6 protein phosphatase 

in hydrogen peroxide-induced oxidative stress-mediated through downregulation of JNK 

phosphorylation in LNCaP, HEK293, and Tsu-Pr1 prostate cancer cells.  BP’s by being 

reactive oxygen compounds might act similar to protein phosphatase by inhibiting protein 

kinase pathways. 

As previously mentioned, the JNK and ERK1/2 signaling cascade are essential regulators 

of different aspects of mammalian physiology, including cell survival, cell proliferation, cell 

death, metabolism, and DNA repair.  The downregulation of ERK1/2 and JNK activity 

mainly results in pathological conditions (Lee et al., 2008; Yamasaki., et al 2012; Arranz 

et al., 2002).  The low doses of BPA used in our study suggest this compound can cause 

significant neurological disruptions with low exposure, particularly if it occurs within crucial 

periods including developmental, childhood and adulthood (Rubin et al., 2001; Somm et 

al., 2009; Ryan et al., 2010).  The BPA alternatives, BPS and BPF, share a similar 

structure and as demonstrated in this study, exert similar, albeit not identical, effects, 

suggesting they may be as harmful as BPA (Viñas and Watson 2013a, 2013b).  Hence, 

investigations of BPA analogs as alternatives for BPA-free plastics are necessary as 
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exposure to these alternatives may not be safer than BPA.  These studies are crucial 

factors in determining the potential consequences of these compounds on growth and 

behavior, especially in brains during vulnerable developmental periods (high oestrogen).  

A better understanding of the impact and mechanisms mediating the adverse effect of 

BPS and BPF on neuron function during pregnancy and after birth is necessary to prevent 

these compounds from having significant adverse neurological effects in children. 

Conclusion. 

The mechanism through with BPA mimics its oestrogenic responses is poorly understood 

in the literature.  The present study established specific GPER mediated inhibitory effects 

on cell signaling pathways.  BPA, BPS, and BPF significantly inhibited GPER induced 

JNK and ERK1/2 phosphorylation in a concentration-dependent manner in addition to 

some un-understood pathways, which yet needs to be examined.  In addition, BPF 

inhibited these signaling pathways in the absence of oestrogen indicating this compound 

could be more toxic than BPA and BPS as it showed oestrogen independent mechanism. 

Although BPA alternatives are now being increasingly introduced to avoid the problems 

associated with BPA, most are not tested thoroughly for potential adverse biological 

effects. This study establishes a comparative evaluation of the adverse effects of BPA 

with BPS and BPF on GPER-induced cell signaling pathways.  The results indicate that 

in-vitro, BPS and BPF are at least as potent as BPA when it comes to inhibiting JNK and 

ERK cell signaling pathways.  In fact, BPF, maybe even more potent.  Further analysis of 

the long-term in-vivo effects of BPS and BPF are needed to determine whether these 

alternatives are safer than BPA.   
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CHAPTER 5: OVERALL CONCLUSIONS, SIGNIFICANCE, AND FUTURE 
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Overall conclusion 

Several animal and human studies have confirmed that gestational, developmental, 

childhood and adulthood exposure to BPA has an adverse effect on brain structure and 

function, as well as behavior. BPA exposure can lead to anxiety, autistic behavior, 

changes in social behavior and impaired memory and learning (Alonso-Magdalena et al., 

2012; Vandenberg, 2009; Fang et al., 2000; Reynolds and Lane, 2008; Tyrer et al., 2005; 

Zhou et al., 2008; Bale et al., 2010; Henningsson et al., 2009; Richter et al., 2007).  

Although the mechanisms have not been fully elucidated, oestrogen receptors have been 

implicated in these changes.  Oestrogen plays a vital role in the regulation of normal 

physiological conditions in the cell and its role in dendritic spine formation in the 

hippocampus of the brain is well accepted (Frick et al., 2015; Gabor et al., 2015; Inagaki 

et al., 2012; Leranth et al., 2008; MacLusky et al., 2005; Bowman, 2014). 

 BPA rapidly inhibits oestrogen induced spine formation in the hippocampus at very low 

doses, which are considered as safe for human exposure.  BPA has been reported to 

induce these responses at concentrations below the levels at which BPA is expected to 

bind to the classical nuclear oestrogen receptors (ERs) (Alonso-Magdalena et al., 2012; 

Vandenberg et al., 2009).  The binding affinity of BPA to classical oestrogen receptors 

would be expected to alter the ability of the receptors to attract co-activators or repressors 

to produce or inhibit specific genomic cellular responses.  However, BPA has at least 10, 

000 times less binding affinity to classical oestrogen receptor ERα compared to 17-β 

estradiol (Fang et al., 2000). This suggests BPA may decrease spine density and synaptic 

plasticity by triggering rapid cellular responses through non-classical mechanisms.  Since 
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BPA inhibits oestrogen-mediated inhibitory responses at concentrations below what 

would be required to modulate activity at classical receptors ERα and ERβ, the effects 

could be mediated by non-classical receptors such as the membrane-bound G-protein-

coupled receptors, GPER.  

 Chapter 2 established the effects of BPA on JNK and ERK signaling pathways using 

mHippoE-14 and SH-SY5Y.  These cells were selected to study molecular mechanisms 

underlying BPA’s effect as these cell lines readily expresses functional GPER (Gingerich 

et al., 2010; Yuan et al., 2019).  Results from chapter established the inhibitory effect of 

BPA on JNK and ERK1/2 phosphorylation in both cell lines.  Cells were grown in 10% 

FBS medium, creating an in vitro environment similar to that found during normal prenatal 

development, including high levels of oestrogen. 

 As cell signaling pathways are considered crucial regulators of normal physiological and 

pathological conditions in cells, abnormal signaling resulting from BPA exposure could 

alter neuron structure and function. The effects of BPA were similar to the effects 

observed when cells were treated with the GPER antagonist G-15, suggesting BPA could 

be inhibiting oestrogen induced phosphorylation of ERK1/2 and JNK through the inhibition 

of GPER. The synthetic GPER antagonist G-15 inhibited JNK and ERK1/2 

phosphorylation in a concentration-dependent manner similar to the effects of BPA.  Even 

1nM concentration of G-15 significantly inhibited JNK and ERK1/2 phosphorylation.  In 

terms of mediating inhibition of JNK phosphorylation in the presence of FBS, BPA 

appears to be approximately 100-300 fold less potent than G-15, which is a highly potent 

and selective GPER antagonist (Figure 2.6).  
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GPER is highly expressed in most parts of the brain including the hippocampus, prefrontal 

cortex, striatum, and hypothalamus and it is found on various neuron types and structures 

including dendritic spines, interneurons, axons, terminals of pyramidal neurons, and glial 

cells (Brailoiu et al., 2007).  If BPA is acting through GPER, it could have wide-spread 

consequences on brain function and behavior.  However, similar patterns of inhibition of 

media-induced JNK and ERK1/2 phosphorylation by both BPA and G-15 in mHippoE-14 

and SH-SY5Y cell lines only suggest that BPA-mediated inhibitory actions could be 

through GPER.  Further research is required to establish the role of GPER in the inhibitory 

responses BPA.   

Even without evidence of a mechanism, this study demonstrates that in the presence of 

pregnancy, levels of hormones (in medium containing normal fetal bovine serum) that 

even a low dose of 10nM BPA significantly inhibits JNK and ERK1/2 phosphorylation.  

These findings suggest that under physiological conditions BPA could have detrimental 

effects on neuron and brain function, even at very low concentrations 

Concerns over the potential adverse effects of BPA led government regulatory agencies 

in several countries to ban the use of BPA (Konieczna et al., 2015).  The plastic 

manufacturer responded by replacing BPA with analogs that have slight structural 

modifications, in comparison to BPA. Unfortunately, these substitutes were introduced 

without testing for the safety parameter of these new substances (Usman and Ahmad, 

2016).  BPA analogs have become the topic of concern among the researchers as by 

sharing common structural features these analogs might act via similar mechanisms and 

have the same detrimental effects as BPA.  As most of these compounds are not yet 
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analyzed for adverse effects and compared to BPA, the objective of chapter 3 was to 

assess the effects of BPS and BPF on media-induced phosphorylation of cell signaling 

pathways and compared the effects to those observed following BPA treatment.  BPS 

and BPF were selected as they are the most commonly used alternatives to BPA in the 

production of polycarbonate plastics, epoxy resins and food storage containers including 

baby bottles (Usman and Ahmad, 2016; Kitamura et al., 2005; Viñas and Watson 2013a, 

2013b).   

As expected, BPS and BPF inhibited media-induced JNK and ERK1/2 phosphorylation 

in both mHippoE-14 and SH-SY5Y cell lines. However, in some cases, the inhibitory 

effects of BPS and BPF on ERK1/2 signaling were greater than those observed for the 

same doses of BPA.  These findings suggest BPS and BPF are more potent 

antagonists than BPA or that BPA may be a partial agonist, acting as both agonistic and 

antagonistic effects in the presence of a full agonist.  The inhibitory effects of BPS and 

BPF were similar to those observed after treatment of the cells with the GPER 

antagonist G-15, EXCEPT that in the absence of oestrogen from the medium, none of 

the BPs had effects on JNK phosphorylation, while G-15 still exerted inhibitory effects.  

Studies have reported that BPS in lower concentrations seems to affect the MAPK 

pathway and activates caspase 8 (Viñas and Watson 2013a, 2013b) mediated 

apoptosis similar to BPA.  Similar to BPA, developmental and adult-hood exposure of 

BPA analogs in animal models behavioral and neuroendocrine consequences. For 

example, pregnant mice exposed to tetrabromobisphenol A (TBBPA) or BPS, or BPF, 

documented to reduced social interactions, increased anxiety and depression in 
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offspring (Kim et al., 2015; Ohtani et al., 2017b).  The female CD1 mice compromised 

with maternal care (Catanese and Vandenberg, 2017a), and abnormality of testicular 

pathology (Shi et al., 2017) of offspring on exposure to BPS in pregnancy.  In Wistar 

female rats, behavioral disruptions due to alteration of gene-regulating dopamine-

serotonin on BPS and BPF exposure is documented by (Castro et al., 2015).  However, 

all these preliminary research data suggest that these analogs instead of being a safer 

substitute to BPA, have similar or even more toxic nature (Eladak et al., 2015).   

The inhibitory effects produced by BPs in ERK1/2 and JNK phosphorylation were more 

severe in SH-SY5Y cells in comparison with mHippoE-14 cell lines, indicating that 

sensitivity may be different in different cell types and/or different species.  Cell viability 

assays were conducted to evaluate whether these differences in the ERK1/2 and JNK 

phosphorylation were similar to the effect of these compounds on cell toxicity.  The cell 

viability assays confirmed that higher concentrations of BPA and its analogs resulted in 

significant reductions in cell viability with significant loss of SH-SY5Y being detected at 

lower doses of BPA, BPS, and BPF as compared to mHippoE-14 cells.  Therefore, the 

SH-SY5Y cells were more sensitive to the toxicity induced by BPA and its analogs.  It is 

not known whether the expression level of hormone receptors such as GPER is different 

between the cell lines or whether human hormone receptors are more sensitive to the 

effects of BPs than the mouse receptors.  

Although mechanisms of cell death were not investigated in the present study, higher 

doses of BPA have been reported to induce mitochondrial mass loss, cytochrome-c-

release, oxidative stress, decreased membrane potential, downregulation of expression 



 

 

141 

 

of the Bcl-2 family of proteins, downregulation of signaling pathways, upregulation of 

caspases-3 and alterations in calcium/calmodulin-dependent kinase 2 phosphorylation 

and calmodulin (caM) expression which could contribute to BPA mediated apoptosis 

(Qian et al., 2015; Mas et al., 2018).  In the present study, BPS and BPF showed similar 

patterns of loss of cell viability compared to BPA, suggesting similar toxic mechanisms 

could be activated in cells treated with these analogs. Further studies to establish the 

mechanisms involved in BPS and BPF mediated cell apoptosis in comparison to BPA are 

required.  Recent studies have demonstrated the increased concentration of BPS and 

BPF has been detected in human urine samples as well as in the environment and water, 

reflecting the increased usage and exposure to these BPA analogs (Chen et al., 2016). 

Studies are required to further evaluate the potential adverse effects associated with 

these analogs to provide recommendations for their future use. 

The results in chapters 2 and 3 compared the inhibitory effect of the specific GPER 

antagonist G-15 with all BP’s, but provided no indication as to whether the inhibition of 

JNK phosphorylation observed was mediated via GPER.  Therefore, chapter 4 examined 

the specific GPER mediated responses of BPs by selectively activating GPER with the 

specific receptor agonist G-1 in cells grown in the absence of media hormones such as 

oestrogen.  In cells grown in 1 % charcoal-stripped fetal bovine serum (1% CS-FBS).  

BPA, BPS, and BPF did not affect JNK phosphorylation, when they are incubated with 

the cells by themselves, indicating that in the absence of media hormones BPA, BPS, 

and BPF do not inhibit JNK phosphorylation.  Similar effects were observed for ERK1/2 

phosphorylation at different concentrations of BPA and BPS.  However, BPF seems to 
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have a significant inhibitory effect on ERK1/2 phosphorylation, even in the absence of 

hormones, suggesting BPF can inhibit JNK and ERK1/2 phosphorylation through both 

hormone-dependent and independent mechanisms.  

Concurrent treatment of cells with the GPER specific agonist G-1 (10nM), significantly 

activated JNK and ERK1/2 phosphorylation in the absence of media hormones. Co-

treatment with G-15 significantly inhibited this increase in JNK and ERK1/2 

phosphorylation.  Although BPA, BPS and BPF did not affect JNK phosphorylation, when 

added by themselves, all three BP’s inhibited JNK phosphorylation in the presence of G-

1.  Hence, it appears that the adverse effects of BP’s may be influenced by the presence 

of oestrogen and GPER-meditated effects may alter susceptibility to the inhibitory effects 

of BPs on JNK phosphorylation.  Similarly, when BPA and BPS were added by 

themselves in charcoal-stripped FBS, they had no significant effect on ERK1/2 

phosphorylation.  However, even in the absence of hormones, BPF appears to have 

significant inhibitory effects on ERK phosphorylation. 

Although BPA alternatives are now being increasingly introduced to avoid the problems 

associated with BPA, most have not been tested thoroughly for potential adverse 

biological effects.  This study establishes a comparative evaluation of the adverse effects 

of BPA with BPS and BPF on GPER-induced cell signaling pathways.  The results indicate 

that in-vitro, BPS and BPF are at least as potent as BPA when it comes to inhibiting JNK 

and ERK cell signaling protein kinase pathways.  In fact, BPF, maybe even more potent.  

Thus, investigations of BPA analogs as alternatives for BPA-free plastics are necessary 

as exposure to these alternatives may not be safer than BPA.  These studies (chapter2, 
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chapter3 and chapter4) are crucial factors in determining the potential consequences of 

these compounds on growth and behavior, especially in brains during vulnerable 

developmental periods. A better understanding of the impact and mechanisms mediating 

the adverse effect of BPS and BPF on neuron function during pregnancy and after birth 

is necessary to prevent these compounds from having significant adverse neurological 

effects in children. 

Summary and significance. 

 These findings suggest that the previously reported alterations of oestrogen-

mediated synaptic plasticity mediated by BPA could be the result of antagonism of 

GPER activity. 

 BPA, BPS and BPF inhibit G-1-induced JNK and ERK1/2 phosphorylation 

indicating GPER mediated responses are regulated through multiple pathways. 

 The BPA analogs, BPS and BPF, rather than being a safer substitution for BPA 

maybe even more potent than BPA as inhibitors of JNK phosphorylation.  

 BPS and BPF may also at high concentrations specifically inhibit GPER-

independent ERK1/2 activation indicating these analogs could have more drastic 

effects on cell signaling, function and cell viability as compared to BPA. 

 These results suggest that the most widely used BPA alternative BPS and BPF 

are not safe and could have adverse effects on neural development similar to those 

of BPA. 
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Future Directions 

 These results need to be replicated in other GPER – expressing cell lines in which 

cytotoxicity of BPs may not be as serious a confounding issue.   

 Comparative studies need to be performed to determine whether similar effects 

are observed on GPER mediated signaling in non-neuronal cells (e.g.  in the 

cardiovascular system and pancreas, both of which express GPER and may be 

adversely affected by BP exposure). 

 In-vivo studies need to be performed to determine whether these in-vitro findings 

can be replicated in the brain.  The data suggest that BPS and BPF may have an 

even more potent adverse effect than BPA, therefore the effects of all three 

analogs should be compared in experiments assessing factors such as spine 

density, synaptogenesis, and behavioral impacts. 

 The BPA alternatives should also be assessed for additional adverse biological 

effects mediated by oestrogen, androgen and thyroid receptors. 

 Future research is necessary to evaluate more precisely the crucial developmental 

sensitivity windows for structural and behavioral impacts and gender-specific 

effects of BPA analogs, as well as to establish the inter-relationship of ERα, ERβ, 

and GPER mediated oestrogen signaling. 

 The role of protein phosphatases in BPA-mediated effects on signaling pathways 

yet to be evaluated. 
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 Future research is necessary for the development and safety testing of new 

alternatives to replace BPA. 
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