TRENDS IN SCIENCES 2021; 18(21): 408 RESEARCH ARTICLE

https://doi.org/10.48048/tis.2021.408

Current Aspect of Bisphenol A Toxicology and Its Health Effects

Tanaporn Khamphayal, Phisit Pouyfungl, Saruda Kuraeiad?,
Udomratana Vattanasit’ and Supabhorn Yimthiang"

'Division of Occupational Health and Safety, School of Public Health, Walailak University,
Nakhon Si Thammarat 80160, Thailand

’Division of Medical Technology, School of Allied Health Sciences, Walailak University,
Nakhon Si Thammarat 80160, Thailand

*Division of Environmental Health, School of Public Health, Walailak University,

Nakhon Si Thammarat 80160, Thailand

(*Corresponding author’s e-mail: ksupapor@mail.wu.ac.th)

Received: 5 December 2020, Revised: 27 May 2021, Accepted: 31 May 2021

Abstract

Bisphenol A (BPA)is a synthetic and dangerous chemical that is released extensively into the
environment. BPA is utilized to synthesize polycarbonate plastics for an assortment of basic items such as
electronic gadgets, housewares and apparatuses, water pipes, food packaging and containers. Because of
the widespread use of BPA products, people are easily exposed to BPA from using these products in their
daily life, especially BPA-contaminated food. BPA intake is found in Oceania, Asia, Europe, and North
America in both children and adults. Ingestion is a significant route of BPA exposure. The mechanisms of
BPA toxicity involve oxidative stress production, genetic and epigenetic dysregulation, nuclear receptor
dysfunction, insulin resistance, and adipose tissue inflammation. Exposure to BPA has many health
effects, which include altered neurogenesis and reproductive toxicity. Recently, BPA has also been
associated with non-communicable diseases, including cardiovascular disease, cancer, lipid disorder, and
diabetes. Toxicological data could provide insights that might be useful for promoting awareness to BPA
toxicity and preventing BPA-associated diseases. Herein, this review aims to summarize the current
knowledge on the toxicological profiles and health effects of BPA, with emphasis on the mechanisms of
its toxicity.
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Introduction

2,2-Bis (4-hydroxyphenyl) propane (BPA)is an environmental toxicant that is present in large
quantities in industrially synthesized compounds. It was first synthesized by AP Dianin in 1891.
Approximately 70 % of BPA is produced to synthesize polycarbonate plastics for an assortment of basic
items (such as optical media, car, electronic gadgets and compact/digital versatile disc circles, hardware,
housewares and apparatuses, water pipes, food packaging and containers, toys, areolas, medicinal gear,
and dental items, etc.) [1,2]. Moreover, BPA is a basic part of the epoxy pitches that cover the internal
surface of food and drink metallic cans, which shield the metal from erosion [3]. Lacquer degradation
might be a significant source of the BPA released in food [4]. BPA migration from canned food
containers occurs when the containers are heated for sterilization [5]. Moreover, a high BPA level is
found in canned food with a high fat content owing to the high lipid solubility of BPA [6]. Interestingly,
BPA is also employed to produce various products, including photoactive dyes in the thermal paper that is
used in sales receipts, books, faxes, and labels. It is also used to create handouts, tickets, mailing
envelopes, newspapers, kitchen rolls, and bathroom tissue [7]. People have a high risk of exposure to
BPA from using these products in their daily life.

BPA intake occurs all around the world in both children and adults [8,9]. BPA has many health
effects, including carcinogenesis, neurogenesis, immunotoxicity, reproductive toxicity, and testicular
toxicity [10]. The 2013 - 2014 national health and nutrition examination survey (NHANES III) showed
that a high concentration of BPA (1.24 ng/L) was found in the urine of 95.7 % of the U.S. population
[11]. The highest concentration was found in children, followed by adolescents and then adults [11,12].
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However, although toxicological data regarding BPA have been reported, there has been no literature
review of the health effects and toxicity mechanism of BPA. Therefore, this article aims to summarize the
current knowledge on the toxicological profiles and health effects of BPA, with emphasis on the
mechanisms of its toxicity.

Environment and food contamination

The environmental accumulation of BPA in the different regions of the world can lead to adverse
effects on human health, crop plants, and wildlife through the food chain cycle, where humans can be
regarded as the top consumers [13]. Moreover, the United States Environmental Protection Agency (U.S.
EPA) reported that soil and rivers are contaminated with 450,000 kg of BPA every year owing to
industrial manufacturing processes; BPA is found in plastic industry wastewater, wastewater treatment
plants, transport, landfills, and BPA-containing products, and also produced via plastic degradation
[14,15]. BPA can be dumped into the environment from kraft pulp and printing paper, which are the
primary sources of BPA contamination. Moreover, BPA was found to migrate from BPA-based products
and industrial materials into the environment through wastewater [16-18].

Furthermore, BPA at concentrations ranging from 4 to 1730 pg/L was leached from plastics such as
polyvinyl chloride (PVC), which are used in drainage, water, and sprinkler systems in many houses and
buildings [19]. In 2007, another study reported that the environmental concentration of BPA was as high
as 25 ug/L, which significantly exceeded the lowest effective concentrations in aquatic organisms and
thus could harm the aquatic environment [20]. This is why it is not surprising that there is a high level of
BPA found in aquatic food, both in coastal water and freshwater. For example, BPA was found in green
mussel (Perna viridis), an aquatic seafood collected from the eastern coast of Thailand, where there is a
major industrial and wastewater zone. Therefore, seafood originating from areas near major industrial and
wastewater zones may be an important source of BPA [21]. Packaging and storage containers of food and
beverage are other main sources of BPA, as BPA from the polymeric coating of food cans or plastic
bottles can leach into the contained food and drink [22].

BPA toxicological profiles

The toxicological profile of BPA has been elucidated in 2008 by the U.S. Food and Drug
Administration (FDA). According to the FDA report, the highest dose of BPA that leads to no detectable
adverse effect, also known as the no-observed-adverse-effect level (NOAEL), is 5 mg/kg body
weight/day [23]. This value is minimally 500-fold higher than the estimated daily intake concentration of
BPA by humans [24]. Moreover, the European Food Safety Authority has published in 2015 a
comprehensive evaluation of BPA exposure and toxicity, and the tolerable daily intake for BPA is 4
png/kg body weight/day [23]. Ingestion is the main route of human exposure to BPA, and the estimated
global daily intakes of BPA by adults, children, pregnant women, and infants are 30.8, 60.1, 42.0 and
92.7 ng/kg body weight/day, respectively [25]. A possible reason for the higher daily intake of BPA in
infants was than in children and adults may be the high level of BPA contamination in product that have
contact with baby food, particularly in baby bottles. Previous studies showed that BPA leached rapidly
from baby bottles when the water temperatures is increased to over 80 °C [7]. In addition, when the
temperature is increased to 100 °C, BPA can be released from epoxy resins in coated cans [26].
Therefore, high-temperature conditions should be a concern with respect to BPA exposure, especially in
children and pregnant women because exposure to BPA at doses below the NOAEL is still dangerous
during the developmental period. The global evaluated risks of daily BPA exposure for children and
pregnant women are 2 and 1.4 times higher than that for adults, respectively [27]. Biomarkers for BPA
exposure in children and pregnant women may be needed.

Ingestion is a major route of BPA exposure, but not the only way. Populations living near BPA-
contaminated areas, such as e-waste recycling sites, were found to have 3-5 times higher BPA levels in
their urine than the normal population [28]. Moreover, BPA can also be absorbed through the skin,
especially when using printed thermal paper [29], or via inhalation of household dust from BPA synthetic
polymers [30]. Nevertheless, it is believed that the exposure of the general population to BPA via dust
inhalation is considerably lower than that via food consumption [31]. Furthermore, in vivo studies have
indicated the ability of BPA to penetrate the blood-brain barrier and cross the placenta due to its lipophilic
nature [32,33].
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Figure 1 Chemical structures of BPA and its metabolites. A) Bisphenol A (BPA; 2,2-bis(4-
hydroxyphenyl) propane), B) 2,2-Bis(4-hydroxyphenyl) propanol, C) 3-Hydroxybisphenol A (3-OH-
BPA), D) 4-Isopropenylphenol (IPP), E) Hydroxycumyl alcohol (HCA) and F) 3,4-quinone BPA (BPA-
quinone).

CH,

BPA, (CH;),C(CsH4OH), is an organic synthetic compound (Figure 1A) that is metabolized by
microsomal cytochrome P450 monooxygenases (CYPs) (mainly CYP3A4, CYP3AS and CYP2D6*1) to
various products including 2,2-bis(4-hydroxyphenyl) propanol (Figure 1B), 3-hydroxybisphenol A (3-
OH-BPA) (Figure 1C), 4-isopropylphenol (IPP) (Figure 1D), hydroxycumyl alcohol (HCA) (Figure
1E), and 3,4-quinone BPA (BPA-quinone) (Figure 1F) [34,35]. The reactive metabolite, BPA-quinone,
binds to genetic material and forms DNA adducts, and is thus responsible for the genotoxicity of BPA.
Moreover, BPA-quinone participates in redox reactions, resulting in oxidative stress [36]. Interestingly,
most BPA metabolites exert stronger estrogen activity than the parent compounds, such as HCA, which
showed stronger estrogen receptor (ER)-binding activity than BPA [34,37,38]. In phase II
biotransformation, BPA and its metabolites are conjugated with glucuronide and sulphate by the uridine
diphosphate-glucuronosyltransferase 2B15 and estrogen sulfotransferase, respectively [39,40]. It was also
reported that BPA and its metabolites are conjugated with glutathione and other thiols characterized by
BPA glutathione conjugate, glutathionyl-phenol, and glutathionyl 4-isopropylphenol in rat liver fractions
[35]. Species differences in the biotransformation of BPA have been reported. Bisphenol A glucuronide
has a high enterohepatic circulation in rats, resulting in a slow rate of excretion through bile and feces, but
it undergoes first-pass-metabolism in humans owing the absence of enterohepatic circulation and is
rapidly eliminated by the kidney via urine [41,42]. However, there is no first pass effect in the case of
inhalation or dermal absorption of unconjugated BPA [43]. The half-life of BPA after oral intake in
humans is approximately 6 to 43 h. The other minor metabolites of BPA are only formed the
glucuronidation pathway is saturated. BPA glucuronide is the major metabolite present, and it serves as a
biomarker of human BPA exposure due to its expected presence at high concentrations and the lack of
background caused by contamination. Even though BPA is rapidly metabolized, many studies have
identified the adverse health effects associated with BPA exposure in both humans and animal models
[44].

Mechanisms of BPA toxicity

Nuclear receptor regulation

BPA is a weak estrogen that shows less affinity to estrogen receptors than to 17B-estradiol (E2),
which is the most effective estrogen [45]. However, ER localization at the nuclear membrane can induce
rapid extranuclear response (a nongenomic mechanism within seconds to minutes) by estrogen and other
mimic ligands binding to the ERs. BPA exerts estrogen activity by stimulating extracellular signals
through kinase/mitogen-activated protein kinase and phosphatidyl-inositol-3-kinase phosphorylation [46].
BPA can trigger Ca’' release from intracellular stores through ERa extranuclear mechanisms, leading to
changes in cell transportability and signaling processes [47]. Moreover, BPA bound to ERs may cause
common chronic diseases such as hypertension, atherosclerosis, liver dysfunction, diabetes, and obesity
[48-50]. BPA has been associated with numerous nuclear receptors, such as androgen receptors (thereby
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interfering with the male reproductive system), androgen-related receptors gamma (thus affecting the
development of mammalian brain), constitutive androstane receptors, pregnane X receptors and
peroxisome proliferator-activated receptors (PPARy) (thus inducing the onset of obesity and metabolic
syndromes) [51]. Furthermore, BPA increases a mitogenic factor, apelin, which results in stimulating
ovarian cancer cell progression through a PPARy -dependent mechanism [52].

Epigenetic regulation

BPA exerts teratogenicity through epigenetic regulation both in vitro and in vivo. A study in human
embryonic stem cells found that BPA affects fetal neuronal system development by significantly
decreasing DNA methylation and DNA methyltransferase expression [33]. Moreover, BPA inhibits
testicular ten-eleven translocation proteins, resulting in decreased DNA methylation and increased DNA
hypermethylation in Gobiocypris rarus testes [53]. Furthermore, prenatal exposure to BPA can cause
changes in DNA methylation and histone acetylation which may result in an increased susceptibility to
prostate carcinogenesis through the epigenetic mechanisms [54].

Genetic regulation of lipid and glucose homeostasis

BPA is an endocrine disruptor; it suppresses adiponectin function, leading to insulin resistance and
increased susceptibility to obesity-associated diseases [55]. The stimulatory effects of BPA cause
hypercholesterolemia. It has been reported that BPA enhances hepatic cholesterol biosynthesis via
increased expression of sterol regulatory element-binding protein 2, which is a key regulator in
cholesterol biosynthesis. BPA also promotes cholesterol absorption in the intestinal cells [50,56]. Recent
epidemiological and animal studies have suggested that BPA is involved in the development of obesity,
type 2 diabetes, and cardiovascular diseases. Another study reported that female cashiers had increased
urinary levels of BPA, which is associated with insulin levels, due to receipt handling [57]. The liver is a
target organ of BPA-regulated insulin action. /n vivo studies indicated that BPA impairs insulin
sensitivity and inhibits insulin signaling in the hepatocytes of BPA-treated mice [58]. Moreover, a study
in cultured human liver cancer cells supports a direct effect of BPA in hepatocytes via the increased
expression of inflammatory genes and enhanced glucose production and steatosis. BPA can also cause
pancreatic B-cell toxicity, which results in dysfunctions of insulin catabolism, secretion, and action
[59,60]. Therefore, BPA can be considered a risk factor for the development of major public health
problems, including obesity, type 2 diabetes, and enhanced atherosclerosis.

Oxidative stress

BPA causes reactive oxygen species (ROS) accumulation-induced damage to the mitochondria,
endoplasmic reticulum, and most endoplasmic reticulum stress-related proteins in vitro and in vivo
models. ROS accumulation regulates the PERK/EIF2a/chop pathway, which is an important factor in
BPA-induced reproductive toxicity [61]. In an animal study, BPA significantly decreased the level of
antioxidant enzymes, including glutathione, superoxide dismutase, glutathione peroxidase, and catalase,
while significantly enhancing the level of ROS; in particular, BPA increased the levels of lipid
peroxidation markers, such as malondialdehyde (MDA) and nitric oxide (NO) [62]. In human studies
enrolling individuals from the areas surrounding e-waste sites, BPA levels in urine were significantly
correlated with 8-hydroxy-2'-deoxyguanosine levels in urine (P < 0.001) [28]. Current data suggest that
BPA exposure increases oxidative stress and significantly decreases antioxidant system activity [53].

BPA toxicity to the nervous and reproductive systems

Even at levels lower than the NOAEL (5 mg/kg body weight/day), BPA can cause changes in brain
biochemical signaling in children during the development stage. BPA affects many stages of brain
maturation from the embryonic to the adolescent stages, leading to learning and memory impairment even
after BPA exposure has ended [63-65]. Recent reports showed that BPA alters the proliferation and
differentiation of neurogenesis [66]. Furthermore, BPA exposure interrupts brain development, causing
learning and memory impairment by suppressing the expressions of ER-f and glutamate receptors as well
as N-methyl-D-aspartate receptor subunits in the hippocampus during the development stage [67].

BPA acts as a weak estrogenic agonist when estradiol is absent, and as an endocrine disruptor if
estradiol is present [68]. Estradiol is a crucial factor in spine density in the rat hippocampus and cerebral
cortex, which are related to cognitive function [69]. Several studies have shown changes in neuronal
density related to BPA. However, there are only few studies that focus on brain function after the changes
in neuronal density. The interaction of BPA with the endocrine system seems to lead to gender-specific
changes [70]. BPA is involved with metabolism of androgens, resulting in different outcomes including
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reduced semen quality and reduced oocyte yield. The testicular toxicity of BPA may be mediated via
alterations in N-cadherin, vimentin and follicle-stimulating hormone receptor (FSH-R) expression, thus
disturbing normal spermatogenesis [71]. BPA also reduces testosterone synthesis, induces cell death,
impairs the growth and mitochondria membrane potential of Leydig cells in a dose-dependent manner
[72]. In addition, BPA can interact with estrogen nuclear receptors (transcription factor-dependent nuclear
localization) and inhibit the expression of genes involved in the mitotic cell cycle. It raises the possibility
that fetal BPA exposure may limit the expansion of the primordial germ cell population [73,74].

BPA health effects

The association between human exposure to BPA and diseases have been reported in many
academic publications. Recently, it has been reported that BPA as an endocrine disruptor may increase
susceptibility to non-communicable diseases, such as obesity, cardiovascular disease and type 2 diabetes.
Studies have shown that BPA concentration in urine is positively correlated cardiovascular disease and
type 2 diabetes [75]. The European Union has 42,400 cases of childhood obesity, and there is a 20.0 to
69.0 % probability of prenatal BPA exposure. The associated lifetime costs are approximately £1.54
billion in the EU [76]. However, there is no data on health costs related to BPA-induced obesity in other
regions. Thus, BPA is known as an obesogen. Increased body weight and/or body mass index during BPA
exposure were observed in all stages of life development from prenatal to childhood, and might be related
to the proteins involved in appetite [66]. Recent data have shown that the obesity-related mechanisms of
BPA include lipid and glucose dysregulation as well as adipose tissue inflammation [76]. Increased BPA
exposure is also correlated with other adverse health outcomes across human populations including
increased sex hormone concentrations, decreased spermatozoa quality, changes in child behavior and
performance, and increased abortion, along with other metabolic and reproductive dysfunctions [4,44].
Further evidence from in vivo and in vitro studies suggest that the cancer-promoting properties of BPA at
doses below the reference doses cause an increased incidence of breast cancer [15]. Animal studies
revealed that BPA affected the hippocampus by reducing synaptogenesis and neurogenesis in postnatal
rats and young adult mice [77]. BPA has also been found to cause hyperactiveness in rats, affect cognitive
function, alter adult spontaneous behaviors, decrease the proliferation of neural progenitor cells, and
cause cell toxicity during brain development [32,78]. In vivo studies have also shown that BPA affects
locomotor activity in various aspects of memory, causes autism, and cause aggressive behaviors in the
progeny of mothers with high BPA levels [78]. Moreover, some reports showed that BPA exposure
increases the risk of meningioma and brain cancer. Meningioma patients are likely to have approximately
1.4 to 1.6 times higher urinary BPA levels than healthy volunteers (individuals without meningioma)
[79].

Conclusions

BPA is an environmental toxicant resulting in many adverse health effects. However, it is also an
essential material used in food containers and various other types of products used daily. The mechanism
of BPA toxicity is complicated, involving many physiological systems including the endocrine, neuronal,
and reproductive systems. The adverse health effects of BPA have been reported, such as i) hormone
imbalance resulting in common non-communicable diseases (obesity, type 2 diabetes, cardiovascular
disease, and metabolic disorder) and ii) interference with brain development (learning and memory
impairment, locomotion disability, and behavioral problems). Pregnant women and children are
especially vulnerable to BPA exposure, which can result in diseases development later in life. This review
provides information on BPA-associated diseases to assist in the future development of biomarkers and
public health intervention measures.

However, there is a limitation in this review. By design, this is a narrative review. The primary
sources of data were primary research articles and review articles between 1995 - 2021. The review
included all relevant articles for each topic and it is up to date (2021). A systematic review of this topic
could also be performed to support or discredit the findings presented herein.
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