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Bisphenol A (BPA) is an oestrogenic endocrine disruptor widely used in the production of certain plastics, e.g.,
polycarbonate, hard and clear plastics, and epoxy resins that act as a protective coating for food and beverage cans.
Human exposure to this chemical is thought to be ubiquitous. BPA alters endocrine function, thereby causing many
diseases in human and animals. In the last few decades, studies exploring the mechanism of BPA activity revealed a
direct link between BPA induced oxidative stress and disease pathogenesis. Antioxidants, reducing agents that prevent
cellular oxidation reactions, can protect BPA toxicity. Although the important role of antioxidants in minimizing BPA stress
has been demonstrated in many studies, a clear consensus on the associated mechanisms is needed, as well as the
directives on their efficacy and safety. Herein, considering the distinct biochemical properties of BPA and antioxidants, we
provide a framework for understanding how antioxidants alleviate BPA-associated stress. We summarize the current
knowledge on the biological function of enzymatic and non-enzymatic antioxidants, and discuss their practical potential as
BPA-detoxifying agents.
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| 1. Definition

Bisphenol A (BPA) is an oestrogenic endocrine disruptor widely used in the production of certain plastics, e.g.,
polycarbonate, hard and clear plastics, and epoxy resins that act as protective coating for food and beverage cans.
Human exposure to this chemical is thought to be ubiquitous. BPA alters endocrine function, thereby causing many
diseases in human and animals. In the last few decades, studies exploring the mechanism of BPA activity revealed a
direct link between BPA-induced oxidative stress and disease pathogenesis. Antioxidants, reducing agents that prevent
cellular oxidation reactions, can protect BPA toxicity. Although the important role of antioxidants in minimizing BPA stress
has been demonstrated in many studies, a clear consensus on the associated mechanisms is needed, as well as the
directives on their efficacy and safety.

| 2. Introduction

Bisphenol A [BPA; (CH3),C(CgH4OH),] is an organic synthetic compound and a major environmental pollutant. It is widely
used to manufacture numerous consumer products, including food packaging materials, industrial supplies, dental
sealant, and others. BPA is an endocrine disruptor. It interferes with hormone function via oestrogenic, anti-androgenic,
and anti-thyroid activity R4 Exposure to this chemical is ubiquitous, and occurs mostly via the oral (approximately
90%), respiratory, and dermal routes in human and animals B, In addition, BPA is reportedly passed from the mother to
offspring by intrauterine transmission during prenatal embryonic development and via breastfeeding during the early
neonatal period 4.

Based on the available evidence, BPA has a very weak binding affinity for certain hormonal receptors. As an example, the
binding affinity of BPA to oestrogen receptor is 1000-10,000 times weaker than that of natural oestrogen
(diethylstilbestrol) 8. Normal endocrine signalling does not affect the overall hormone levels to a great extent. However,
even small alterations of hormone function can potentially greatly affect biological activity [{. Consequently, scientists
believe that BPA may impact the delicate endocrine balance, leading to diverse pathological outcomes. Interestingly, BPA
was initially used as a growth promoter in the cattle and poultry industries, but was later proved to be highly toxic 22,
Specifically, exposure to BPA is linked to cardiovascular disease, brain development abnormalities, obesity, hypertension,
thyroid dysfunction, diabetes, breast cancer, infertility, etc., in human, and terrestrial and aquatic animals, as summarized
by Rochester (L4,

Harmful effects of BPA in cells and tissues (both in vitro and in vivo) are mostly mediated by increased oxidative stress
associated with an elevated production of toxic free radicals, in addition to the classical genomic and non-genomic
mechanisms of activity 4l Although intracellular free radicals, most importantly, reactive oxygen species (ROS), are



critical regulators of cellular physiology, their increased levels can directly affect DNA, RNA, and proteins, subsequently
predisposing the cell to pathology 121231,

By contrast, an antioxidant is a reducing agent that scavenges and neutralizes free radicals, thereby preventing oxidation
reactions. Indeed, the important role of enzymatic antioxidants, e.g., superoxide dismutase (SOD), catalase (CAT), or
glutathione (GSH) system, in overcoming the harmful effects of BPA has been highlighted in many studies.
Simultaneously, the significance of non-enzymatic antioxidants in the biochemistry of living organism has been uncovered
in the recent decades. For instance, Lobo et al. 4 reported that vitamin E prevents peroxidation of lipids by scavenging
ROS before they damage the cell. Similar, the function of germ cells, neuronal, and kidney cells is preserved by
antioxidants during BPA co-exposure andfor administration both in vitro and in vivo LSIASIIEIAANLS] jmportantly,
antioxidants safely interact with free radicals generated upon BPA exposure and terminate the oxidation chain reaction
before vital molecules, such as DNA, RNA, and proteins, are damaged 24!, It is tempting to speculate that antioxidants
could be used as a potential defence and/or treatment regime against BPA toxicity.

| 3. Overview of BPA Activity

As an endocrine disrupting chemical, BPA acts as selective modulator of oestrogen receptor (ER), activating oestrogen-
related receptor gamma and growth factor receptors B!, Further, it is an antagonist of the thyroid hormone receptor and
possesses anti-androgenic properties [,

BPA has a structural similarity with oestrogen; therefore, capable of binding with both ERa and ERp M8l As an ER
modulator, BPA acting via genomic and non-genomic pathways (Figure 1). In the genomic pathway, it binds to ER located
in the cytoplasm (cER) or the nucleus (NER). The ER-BPA dimer binds to chromatin and activates transcription factors
(TF), thereby leading to the transcription of target genes and affecting cell function Bll29. |n the non-genomic pathway,
BPA binds to G protein-coupled receptors (GPCR) and cell membrane-bound ER (mER). Activation of both receptors
triggers rapid oestrogen signalling via TF phosphorylation and activation of several kinase systems. In human ovarian
cancer cells, such TF phosphorylation is mediated via the activation of mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase, and changes in cCAMP, protein kinase C, and protein kinase A levels that follow BPA binding
to GPCR and mER [, |t is important to note that the levels of circulating oestrogen greatly vary in males and females,
which leading to the differential expression of ERs in different cells/tissues between both sexes. This is probably the major
reason why BPA affect male and female differently 22, On the other hand, BPA directly manipulates the cellular
microenvironment. Plasma proteins that bind to BPA and protect the target cells from BPA can be changed upon BPA
exposure. Detoxification of xenobiotics, including BPA, results in the formation of electrophiles, free radicals, nucleophiles,
and redox-active reactants can destroy the DNA, RNA, and proteins 28l Further, although the majority of BPA is
metabolized to generate relatively less toxic BPA glucuronide and BPA sulphate, the remaining free BPA facilitates ROS
formation via enzymatic and non-enzymatic reactions 24, ROS reacting with nicotinamide adenine dinucleotide
phosphate species concomitant with enzymatic processing facilitates the formation of diverse oxidative species, such as
superoxides, peroxides, and hydroxyl radicals 24, These free radicals lead to irreversible alteration of gene expression,
apoptosis, and cell death. As such BPA interrupts cellular oxidative homeostasis by altering a dynamic balance between
oxidative mediators and the activities of antioxidant enzymes, subsequently predispose to apoptosis 2311261,
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Figure 1. Mechanisms of Bisphenol A (BPA) activity. Genomic, non-genomic, and direct effects exerted by BPA are
depicted. See the main text for details. BPA, bisphenol A; DMR, differentially methylated regions; cER, cytoplasmic
oestrogen receptor; Cyt-C, cytochrome c; GPCR, G protein-coupled receptor; MAPK, mitogen-activated protein kinase;

mMER, membrane-bound oestrogen receptor; nER, nuclear oestrogen receptor; PI3K, phosphatidylinositol 3-kinase; ROS,
reactive oxygen species; TF, transcription factor.

Meli et al. 18 reported that BPA increases oxidative stress in the rat liver and spermatozoa by lowering the levels of

antioxidant enzymes and increasing H,O, and lipid peroxidation. These harmful effects were also capable of affecting the
normal development of the kidney, brain, and testis as shown in mice model (L&,

As an androgen receptor antagonist, BPA inhibits N- and C-terminal regions of the androgen receptor. This facilitates the
interaction with a silencing mediator for thyroid hormone receptor and nuclear receptor co-repressor, subsequently
suppressing the proliferation of Sertoli cells 2. Although BPA-mediated effects on ER and androgenic receptor are
relatively well studied, the mechanisms of BPA activity in different cell types/tissues, need to be investigated.
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