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Abstract: Bisphenol A (BPA) and bisphenol S (BPS) are environmental contaminants that have been
associated with the development of insulin resistance and type 2 diabetes (T2D). Two organs that are
often implicated in the development of insulin resistance are the skeletal muscle and the adipose
tissue, however, seldom studies have investigated the effects of bisphenols on their metabolism. In
this review we discuss metabolic perturbations that occur in both the skeletal muscle and adipose
tissue affected with insulin resistance, and how exposure to BPA or BPS has been linked to these
changes. Furthermore, we highlight the possible effects of BPA on the cross-talk between the skeletal
muscle and adipose tissue.
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1. Introduction

Diabetes is a chronic disease that is marked by lack of insulin production by the
pancreatic 3-cells and/or the inability of tissues and cells to appropriately respond to
insulin [1]. Type 2 diabetes (T2D) accounts for the majority of diabetes cases and has been
shown to be the result of a variety of factors, including genetic predisposition, diet, obesity,
lack of physical activity, and environmental conditions such as chemicals [1]. Whilst
the T2D epidemic has been greatly focused on carbohydrate consumption and physical
activity, recent studies emphasized the association between pollutant exposure and the
development of T2D. Increased awareness can be attributed to the growing number of
studies highlighting a positive association between the accumulated levels of persistent
organic pollutants (POPs) in the body and metabolic dysfunction [2-4]. In addition, there is
a synergistic association between the body load of POPs and the development of metabolic
syndrome [5]. It is hypothesized that increased production and exposure to environmental
contaminants can contribute and accelerate the development of T2D.

Bisphenols are high-production chemicals that are commonly used in the manufac-
turing of plastic products and are characterized by two hydroxyphenol groups. The most
abundantly used bisphenol, bisphenol A (BPA) (2,2-bis(4-hydroxyphenyl)propane) con-
tains a dimethyl derivative, and is soluble in organic solvents (Figure 1) [6]. Repeating
BPA monomers are used in the production of polycarbonate plastics and epoxy resins [6].
Although the carbonate linking of BPA monomers is often stable, BPA can leach due to
incomplete polymerization or degradation of polymers at high temperatures or altered
acidity [7,8]. In the 1930’s, Edward Charles Dodd discovered that BPA had estrogenic
effects similar to the synthetic estrogen diethylstilbestrol, a drug that is structurally similar
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to BPA, and used as a nonsteroidal estrogen to support pregnancies in women with recur-
rent miscarriages (Figure 1). Structurally, BPA resembles 173-estradiol (E2) and has been
shown to have hormone-mimicking properties [9,10]. Nonetheless, since the 1950’s, BPA
has been produced in large quantities, due to many factors such as its cost-efficient method
of producing products, including plastic bottles, food containers, thermal receipts, and
dental sealants [6]. Early research demonstrated that BPA had low toxicity and was rapidly
metabolized, ultimately leading to safety approval of use in plastic production [11]. It was
later found in both in vivo and in vitro studies that BPA acts as an endocrine disruptor,
leading to adverse endocrine effects such as increased prostate weight, growth of mammary
glands, and altered postnatal development; therefore, challenging previous beliefs that
BPA was safe at low doses [12]. Due to increasing concerns about the adverse effects
of BPA on health over the last few decades, it has recently been replaced by an analog
known as bisphenol S (BPS). Bisphenol S (4,4'-sulfonylbisphenol) is structurally similar
to BPA and has two hydroxyphenol groups around a sulfonyl group. Polymers of BPS
are known as polyether sulfones [6,13] (Figure 1). The research on the toxicological effects
of BPS is sparse, and thus, there are fewer regulations on its use in consumer products.
Interestingly, it has been shown that the effects BPS may be more potent than BPA [14].
For example, it has been shown that BPS has a more potent effect on lipid metabolism
in 3T3-L1 cells than BPA, such as on adipogenesis and peroxisome proliferator-activated
receptor (PPARY) activation [15]. In addition to BPA and BPS, other analogs have been less
frequently studied, including bisphenol AF (BPAF), bisphenol F (BPF), bisphenol B (BPB),
dimethylbisphenol A (DMBPA), bisphenol C (BPC), and tetrabromobisphenol A (TBBPA),
some of which have been shown to also have endocrine activity. Although BPS and BPF are
the most commonly used BPA analogs, exposure to other analogs have been demonstrated
in human populations [14]. For instance, studies have demonstrated that BPA analogs
such as BPF, BPB, BPAF, bisphenol Z (BPZ), and bisphenol E (BPE), among others, have
been found in food products [16,17]. In addition, BPS, BPF, BPAF, and BPC are reported
to have estrogenic activity similar to or greater than BPA [18]. Some of these analogs,
such as BPB, BPE, and BPF can also bind other hormonal receptors, such as the androgen
receptor [18,19]. It was reported that BPF decreased basal testosterone secretion in human
fetal testes, highlighting its anti-androgenic effects [18]. Further research is required to
understand whether BPA and its analogs are safe for human health in order to improve
manufacturing regulations.
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Figure 1. Chemical structure of Bisphenol A (BPA), bisphenol S (BPS), 173-estradiol (E2), and
diethylstilbestrol. (A) BPA is a dimethyl derivative and contains two hydroxyphenol groups. (B)
BPS is a sulfonyl derivative and contains two hydroxyphenol groups. (C) E2 is a sex hormone that
is derived from cholesterol and contains a hydroxyphenol group that interacts with the estrogen
receptor (ER). (D) Diethylstilbestrol is a synthetic estrogen that contains two hydroxyphenol groups.
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2. Exposure, Absorption and Metabolism

It has been reported that BPA exposure is widespread, as BPA has been detected in over
90% of urinary samples in the populations of the United States, Europe, and Asia [20-22].
The Environmental Protection Agency (United States) states that the reference dose (maximal
acceptable oral dose of a substance) of BPA is 50 pg/kg/day, which is 1000 times lower
than the lowest observed adverse effect level (LOAEL) [23]. Interestingly, the European Food
Safety Authority (EFSA) states that the tolerable daily intake for BPA is 4 ng/kg/day, however
concentrations below this are scarcely used in experimental studies [24]. Interestingly, animal
models have shown that there are effects at doses lower than the reference dose. In a study
by Timms et al., 2005, showing that pregnant mice exposed to 0.25 pg/kg/day of BPA had
disturbed mammary gland growth, postnatal growth, and rate of sexual maturation [25].
Similarly, in a different study, rats exposed to a low dose of BPA (2.5 pug/kg/day) in utero
had changes in the mevalonate pathway and a reduction in the neurotrophic precursor brain
derived neurotrophic factor (pro-BDNF), which is implicated in brain development and
function [26]. The levels of BPA found in humans often depend on various factors such as
sample type (serum, tissue, etc.). However, levels measured (i.e., environmentally-relevant)
are often in the low nanomolar range (below 50 nM) [27-29]. Low concentrations of BPA
used in animal studies are often similar to levels found regarding human exposure from
plastic containers, cans, dental sealants, and even drinking water (low nanomolar range) [23].
In one study, the amount of BPA that leached from polycarbonate water bottles at room
temperature was found to be 0.2 to 0.79 ng of BPA per hour, and boiling increased the rate by
55-fold [30]. Additionally, this study showed that levels of BPA corresponding to levels in the
water were able to stimulate rapid non-genomic pathways in cerebellar neurons [30]. Hence,
it is apparent that experimental studies using low concentrations of BPA may provide a proxy
for understanding in vivo effects following human exposure to this compound.

The most common form of bisphenol exposure is oral ingestion, as food is the most
important source of BPA exposure in the general population [31]. After oral ingestion,
bisphenols are absorbed in the gastrointestinal tract and metabolized in the liver into
BPA-glucuronide (BPA-G) by UDP-glucuronosyltransferases (UGT) for excretion in the
urine [32]. BPA-glucuronide can be reactivated by cleavage, primarily by bacterial enzymes,
in the intestinal tract and can then enter the bloodstream [33]. UDP-glucuronosyltransferase
2B1 (UGT2B1) is an enzyme that glucuronidates BPA for excretion, and interestingly is
reduced in pregnant women, whereas it is absent in fetuses, and slowly appears after
birth [23]. Fetuses and neonates have been reported to have higher potency of BPA due
to the limited capacity of the liver to conjugate BPA to BPA-G [34]. In addition, evidence
shows there is BPA bioaccumulation during pregnancy, and this does not occur in non-
pregnant females, or in males [34]. Thus, it is apparent that pregnant women, fetuses, and
newborns may have higher levels of metabolically active BPA in circulation due to reduced
UGT2B1 thus reduced excretion [23].

3. Potential Mechanisms of Action

Bisphenols can have genomic and non-genomic effects. Multiple mechanisms have
been identified, including binding to the estrogen receptors (ER-«, ER-f3, G protein-coupled
receptor 30 (GPR30)) and estrogen-related receptor (ERR-y) [6]. BPA can bind to classical
and non-classical ER and trigger genomic responses by activating gene expression. It has
been demonstrated that BPA can bind ER-« and -f3, but at an affinity at least 10,000-fold less
than E2 [35]. This process involves the formation of a complex with the ER, translocation to
the nucleus and binding to the ER element to alter transcriptional activity [36]. Although
BPA can bind to ER, it has a weak affinity to these receptors. Interestingly, BPA has been
shown to have a strong affinity for ERR-y at low nanomolar ranges [37,38]. The expression
pattern of ERR-y is important to note, as it is expressed in a tissue-specific manner during
development [37]. In other studies, BPA has been shown to act as an antagonist to the
thyroid hormone receptor (TR) and suppress transcriptional activity in a dose-dependent
manner [38-40]. Other receptors BPA can bind include the AR and GR [41,42]. Non-
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genomic effects of BPA include formation of multimolecular complexes with ER-oc and
ER-f at the plasma membrane. This results in rapid non-genomic responses, such as
ER-o-mediated phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) pathways, or ER-
-mediated mitogen-activated protein kinase (MAPK) signaling [36]. In relation to rapid
signaling, the binding of BPA to GPR30 is linked to altered oscillation of Ca*, which can
lead to events such as endoplasmic reticulum stress and insulin release from pancreatic
islets [36]. It has been shown that 1 pM of BPA stimulates Ca?* influx within 30 seconds
in rat pituitary tumor cells [43]. Furthermore, prenatal BPA exposure has been linked to
epigenetic changes, such as decreased DNA methylation of Grin2b, a gene important for
neuronal function in the brain of adult mice [44]. BPA exposure has also been shown to alter
microRNA (miRNA) expression, which are non-coding RNA molecules that function in
RNA silencing. For instance, BPA treatment was associated with the induction of miR-146a
in placental cells, which lead to a reduction in cell proliferation and higher sensitivity to
DNA damage [45]. Other non-genomic pathways BPA has been shown to alter include
histone acetylation, such as histone acetylation in cerebral cortex and hippocampus of mice
offspring’s, a key regulator of transcription and memory formation [46].

It is important to briefly highlight the sex differences in response to bisphenol exposure
and metabolism. Studies have reported that women show differential expressions of the
ER in comparison to men. For instance, in one study, it was shown that estradiol signaling
mediates sex differences in visceral adipose tissue, as males have lower levels of ER-« than
females, which corresponds to higher visceral adiposity in males [47]. Prenatal exposure to
low doses of BPA can alter the transcriptome of the amygdala of neonates [48]. Specifically,
it is believed that the female amygdala is more sensitive to BPA than males, highlighting
possible sex differences in response to BPA exposure [48]. Therefore, it is evident that
since BPA and BPS can exert their effects through ER signaling pathways, there may be sex
differences in exposure to these compounds.

In brief, it is apparent that BPA can exert its effects by binding to various hormonal
receptors, however, the overall effects may be due to various factors such as the type of
receptor expressed and the type of tissue exposed. A schematic diagram describing the
mechanisms of action of BPA is presented in Figure 2.
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Figure 2. Potential mechanisms of action of BPA and BPS. Bisphenols have been shown to exert
both genomic and non-genomic effects. BPA and BPS can bind to the mER-«/3 and cytoplasmic
ER-a/ 3, and this receptor-ligand complex can translocate to the nucleus and bind to the promoter
of genes to alter expression. Furthermore, BPA can cross the plasma membrane and bind to the
glucocorticoid receptor (GR) and androgen receptor (AR) and may act as an agonist or antagonist.
In the nucleus, BPA can bind to ERR-y. Genomic changes may include altered cell proliferation,
apoptosis, and differentiation. Binding to mER-«/ {3 can also lead to non-genomic changes, such
as altered protein kinase activity, DNA methylation, miRNA, and histone acetylation. Binding of
bisphenols to GPR30 can result in rapid non-genomic responses, such as through the influx of Ca®*.
Dashed arrows indicate possible mechanisms of action. Image created with BioRender.com.
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4. Implications of Bisphenol Exposure on the Development of Type 2 Diabetes

In the past few decades, there has been a growing list of studies showing the link
between BPA exposure and the development of T2D. For example, analyzed urine samples
from the National Health and Nutrition Examination Survey (NHANES), a US survey,
has shown a positive association between high urinary BPA (>4.20 ng/mL) and T2D
development, independent of common diabetes risk factors [49]. Other studies have
demonstrated similar trends that show a positive association between urinary BPA and
the development of T2D [50,51]. A sub-study, which included 3 NHANES cycles, showed
that urinary BPA was associated with elevated glycated hemoglobin (HbA1C) and T2D
incidence when data were pooled from all three cycles, but there was only a significant
association in one of the cycles [52]. They concluded that it was likely that the other two
cycles were not significant due to reduced statistical power [52]. They emphasized the
importance of focusing on longitudinal studies to determine the association of urinary
BPA and the development of T2D [52]. Interestingly, however, a 2012 study highlighted
that NHANES datasets should not be solely used to draw conclusions about short-lived
chemicals and their link to the development of diabetes, since they did not find such
association. Thus, this highlights the importance of investigating the effects of chemicals
such as BPA in vivo and in vitro [53]. Animal studies have investigated the in vivo effects
of BPA exposure on glucose metabolism. Mice exposed to a single low dose (10 pg/kg)
of BPA intraperitoneally show increased insulin release followed by a rapid reduction in
glycemia [54]. Furthermore, long-term BPA exposure in mice (intraperitoneal twice daily
for 4 days) resulted in an increase of (3-cell insulin content, hyperinsulinemia, and insulin
resistance [54]. This is supported by in vitro studies showing that exposure of a mouse f3-
cell line to BPA (100 ng/mL) for 1 h leads to enhanced glucose-stimulated insulin secretion,
which is associated with mitochondrial stress and activation of B-cell lymphoma 2 (Bcl-2)
family members as well as caspases which are responsible for apoptosis in pancreatic
B-cells [55]. Contrastingly, long-term exposure (72 h) to high concentrations of BPA can
lead to reduced insulin secretion of INS-1E cells [56]. Therefore, it is evident that BPA can
alter 3-cell function, which can then contribute to the development of T2D.

Two major sites of metabolic dysfunction in T2D are the skeletal muscle and adipose
tissue. Skeletal muscle uptakes approximately 80% of postprandial glucose disposal,
therefore, is vital for the regulation of glucose homeostasis [57]. Adipose tissue plays an
important role in whole-body homeostasis, as it serves not only as a storage reservoir, but
also acts as an endocrine organ that produces and secretes several hormones, peptides,
and enzymes, that can act locally but also enter the circulation and mediate inter-organ
cross-talk [58]. Although there is a clear association between bisphenol exposure, insulin
resistance and T2D, there are few studies that investigate the effects of bisphenols on human
skeletal muscle and adipose tissue metabolism. Both tissues play important roles in whole-
body glucose homeostasis, understanding the effects of bisphenols on their metabolism
would further elucidate the mechanisms bisphenols exert.

5. The Effects of Bisphenols on Skeletal Muscle Glucose Metabolism
5.1. Insulin Signaling Pathway

Insulin resistance of the skeletal muscle is an important feature in T2D. Under healthy
conditions, the binding of insulin to the insulin receptor leads to phosphorylation of the
insulin receptor substrate 1 and 2 (IRS1/IRS2), in which tyrosine phosphorylation of the
IRS by the insulin receptor allows for the recruitment of PI3K [59]. This is followed by the
recruitment and phosphorylation of Akt, inactivation of AS160 (Akt substrate of 160 kDa),
GLUT4 translocation to the cell membrane, and glucose uptake [60]. Furthermore, Akt
phosphorylates and inactivates glycogen synthase kinase 3 (GSK3). Inhibition of GSK3
leads to active glycogen synthase, increased glycogen synthesis, and reduced blood glucose.
Patients with T2D show skeletal muscle insulin resistance and impaired muscle glucose
uptake, glycogen synthesis, and glycogen synthase activation [61]. Interestingly, increased
serine phosphorylation of IRS1 leads to reduced Akt phosphorylation and inhibition of
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the insulin signaling pathway, which is exhibited in muscle biopsy samples from insulin
resistant offspring of patients with T2D [62]. Serine phosphorylation of IRS1 has also been
shown to be involved in fat-induced insulin resistance [63]. Altered glucose homeostasis
may be due to defects in the insulin signaling pathway [61]. It is proposed that early
stages of T2D are linked to reduced IRS and PI3K signaling, whereas late stages of T2D are
characterized by reduced GLUT4 translocation [64,65].

Although bisphenols have been linked to the development of insulin resistance in the
skeletal muscle, it is still not completely clear how this occurs. In one study, rats orally treated
with 10-400 mg/kg body weight (bw)/day of BPA for 30 days had reduced protein level of
insulin receptor (3 and its tyrosine phosphorylated form in the gastrocnemius muscle [66].
Additionally, the total and phosphorylated forms of IRS1 and Akt were reduced [66]. These
changes in the insulin signaling pathway of the muscle corresponded to hyperglycemia
and insulin resistance in these rats [66]. Moreover, they also showed that BPA was able
to accumulate in the gastrocnemius muscle of these rats, following a non-monotonic dose
response. It is possible that at high concentrations, BPA becomes toxic to the skeletal muscle,
leading to accelerated clearance. Similarly, in another study, mice given a lower dose of BPA
(50 ng/kg bw/day) orally for 12 weeks had reduced phosphorylation of Akt and GSK3 in the
skeletal muscle, which corresponded to glucose intolerance in these mice [67]. Furthermore,
these mice had reduced levels of adiponectin, an adipokine known to improve insulin
sensitivity in the skeletal muscle. In another study, mice treated with higher concentrations
(20 and 200 mg/kg bw /day) had reduced glucose oxidation, which corresponded to reduced
protein levels of Akt, IRS1, and GLUT4, with no effect at the mRNA level [68]. This resulted
in hyperinsulinemia and insulin resistance in the mice [68]. This highlights the whole-body
effect of bisphenols and the possible changes in communication between the adipose tissue
and the skeletal muscle (see Section 6 for an in-depth discussion about of the role of BPA on
altered cross-talk between the adipose tissue and the skeletal muscle) [67]. Contrastingly,
Alonso-Magedelena et al. (2006) showed that a single low dose of BPA (10 ug/kg bw/day)
administered subcutaneously rapidly increased plasma insulin and decreased blood glucose
30, 60, and 90 minutes after injection, corresponding to improved insulin sensitivity [54].
Similarly, in one of our studies, we showed that L6 myotubes treated with high levels of BPA
(10° nM), have an increased glycolytic rate, glucose uptake, and levels of insulin-induced
phosphorylation of Akt [69]. Increased glucose uptake of L6 myotubes exposed to BPA
brings into question how BPA exposure is linked to the development of muscle insulin
resistance. Some studies investigating acute BPA exposure appear to show improved insulin
sensitivity and release, whereas studies investigating longer, or “chronic” BPA exposure
appear to show a reduction in insulin sensitivity and insulin [54,55]. It is possible that
acutely, there is a compensatory response against the effects of BPA, however, this response
is lost with chronic exposure. This could be explained by the fact that BPA can alter the
mitochondrial function in skeletal muscle, as discussed in the following section.

5.2. Mitochondrial Function

Following a meal, insulin release and subsequent glucose uptake in peripheral tissues
provide fuel for mitochondrial respiration and ATP production by oxidative phosphory-
lation. Specifically, a rise in cytoplasmic ATP/ADP in pancreatic (3-cells signals insulin
release [70]. The skeletal muscle is rich in mitochondria and is strongly reliant on oxidative
phosphorylation for energy production [71]. Mitochondrial dysfunction can be a result
of different factors such as reduced mitochondrial activity, or changes in reactive oxygen
species (ROS) production [72]. Several studies have shown that the skeletal muscle of
individuals with T2D or those with a family history of T2D have reduced mitochondrial
function [71,73,74]. In healthy individuals, hyperinsulinemia results in increased ATP
production in skeletal muscle, whereas individuals with insulin resistance often have a
reduced response to insulin [75]. Morphological abnormalities in the mitochondria have
been shown in individuals with T2D. For instance, Kelley et al., 2002 showed that skeletal
muscle mitochondria were smaller in obesity and T2D and, in some cases, the mitochondria
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were damaged in the T2D subjects [71]. Furthermore, overall oxidative capacity of the
mitochondria, measured by NADH:O2 oxidoreductase activity, was found to be reduced in
the skeletal muscle of individuals with T2D [71]. Mutations in mitochondrial genes such as
those that encode tRNA lead to impaired insulin secretion [76]. Moreover, increased levels of
free fatty acids in the plasma lead to intracellular lipid accumulation and reduced oxidative
capacity, which is associated with insulin resistance in muscle [77]. We have previously
shown that L6 myotubes acutely (24 h) exposed to 10° nM of BPA have reduced basal
and maximal mitochondrial function determined by oxygen consumption rate measure-
ment [69]. These findings aligned with an in vitro study, where 24 h BPA exposure induced
depolarization of the mitochondrial membrane potential, inhibition of the mitochondrial
respiratory chain activity, and reduction of ATP production in intestinal goblet cells (LS174T
cells) [78]. Furthermore, BPA (10° nM) leads to increased mitochondrial proton leak in L6
myotubes [69]. This aligns with patients with T2D, whose muscles show increased proton
leak, and reduced basal and maximal respiration [79,80]. Specifically, mitochondrial proton
leak can reduce mitochondrial membrane potential, which reduces ROS [81]. Mitochondrial
UCPs are anion carrier proteins and play an important role in reducing ROS production [81].
It is possible that UCP3, which is the skeletal muscle isoform, may have increased activity
by 24 h BPA exposure, which could explain increased proton leak. Therefore, by altering
mitochondrial activity, BPA exposure may lead to insulin resistance in the skeletal muscle.
The growth and division of pre-existing mitochondria, known as mitochondrial biogenesis,
is driven by peroxisome proliferator-activated receptor (PPAR) coactivator (PGC)-1x and
levels of PGC-1« are higher under conditions of increased ATP demand (i.e., exercise) [82].
It has been shown that in individuals with insulin resistance and T2D, PGC-1« levels are
reduced in the skeletal muscle, highlighting a link between mitochondrial number and
insulin resistance [74]. Interestingly, there are few studies investigating the effects of BPA on
human skeletal muscle biogenesis. However, there are studies that have investigated other
cell types, such as rat insulinoma (INS-1) cells, where BPA exposure leads to a reduction in
Tfam expression, which is an important regulator of mitochondrial biogenesis [83].

The effects of BPA and BPS on skeletal muscle glucose metabolism have been sum-
marized in Figure 3. Receptors are not shown due to the fact that it is still not completely
understood which receptors lead to these alterations, but possible receptors are described
in Figure 2.
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Figure 3. Mechanism of action of BPA /BPS on glucose metabolism in the skeletal muscle. BPA and
BPS can bind to various receptors (as described in Figure 2) and alter gene expression. In muscle
cells, it is not completely understood which receptors BPA and BPS bind to and induce metabolic
alterations. Changes that have been shown in the skeletal muscle following chronic bisphenol
exposure include reduced insulin signaling (reduced insulin receptor substrate 1 (IRS1) and Akt
phosphorylation), and reduced mitochondrial function, both of which can lead to reduced glucose
uptake. Image created with BioRender.com.


BioRender.com

Environments 2021, 8, 35

8 of 19

6. The Effects of Bisphenols on Adipose Tissue Metabolism
6.1. Adipogenesis

In recent years, obesity has been considered a serious health concern due to its association
with numerous health conditions such as T2D and is thought to be one of the greatest risk
factors for the development of insulin resistance [84-86]. Adipose tissue plays a significant
role in whole-body homeostasis, functioning as a storage reservoir and endocrine organ [87].
Specifically, adipose tissue secretes adipokines, cytokines, and chemokines that can act locally
to regulate adipose tissue function or enter the circulation and signal to organs such as the
skeletal muscle to regulate metabolism, thus can mediate inter-organ cross-talk [87].

Both in vivo and in vitro studies often show conflicting results regarding the effects
of BPA on adipocyte metabolism [88]. For instance, it has been shown that BPA increases
adipogenesis in a concentration-dependent manner in human adipose-derived stromal
cells (ASCs) [88]. Boucher et al. verified that one metabolite of BPA, BPA-G, which was
formerly perceived to be an inactive metabolite, can modify adipocyte metabolism. They
demonstrated that chronic exposure to 0.05 and 0.25 uM of BPA-G induces differentiation
in 3T3-L1 adipocytes (mouse embryonic fibroblast cells), and in primary human adipocytes.
Additionally, 10 pM of BPA-G increased mRNA expression of adipogenic factors such
as sterol regulatory element-binding protein 1 (SREBF1) and lipoprotein lipase (LPL),
both of which are required in mature adipocyte phenotype [89]. In a different study, BPA
was shown to increase adipogenesis by increasing the amount of 113-hydroxysteroid
dehydrogenase type 1 in the adipose tissue of children [90]. This may be due to an
increase in PPARy expression [91]. Interestingly, other studies have found that BPA fails to
induce adipogenesis at comparable concentrations used in previous studies. For example,
De Filippis et al. (2018) used the same concentrations of BPA that have been shown to
enhance adipogenesis in 3T3-L1 adipocytes and found no effect on adipogenesis in 3T3-L1
adipocytes [92,93]. This inconsistency was also captured in a different study, where BPA
did not induce adipogenesis in mesenchymal stem cells (MSCs), but instead only in 3T3-L1
cells [93]. These dissimilarities may be due to various differences such as in mechanisms
of action BPA and BPA-G, differences in cell types and species (3T3-L1, primary human
adipocytes, etc.), or the use of more improved techniques. Moreover, the differentiation
cocktail used by Boucher et al. (2015) comprised of either BPA-G or dexamethasone, in
which dexamethasone is normally required for adipocyte differentiation [89]. Contrastingly,
the studies by De Filippis et al. (2018) and Chamorro-Garcia et al. (2012) use both BPA
and dexamethasone in the differentiation cocktail [92,93]. The presence of dexamethasone
results in fully differentiated adipocytes. Therefore, it is also possible that differentiation is
further increased when using both BPA and dexamethasone.

6.2. Insulin Signaling

Adipose tissue derived from individuals with T2D have been shown to have reduced
insulin receptor kinase activity, which corresponds with reduced insulin-stimulated lipo-
genesis, and glucose uptake into the adipose tissue [94]. Adipocytes from obese or T2D
patients have decreased phosphorylation of IRS1, which appears to be one of the initial
changes in the insulin signaling pathway [95]. In one study, chronic treatment of 3T3-L1
pre-adipocytes with 1 nM of BPA during differentiation lead to reduced insulin-stimulated
phosphorylation of Akt and glucose uptake [92]. In a different study, 3T3-F442A adipocytes
treated with 10 uM of BPA for 24 h had increased glucose uptake and GLUT4 protein
levels, therefore emphasizing the different effects that can occur depending on the con-
centration of BPA and length of exposure [96]. In one of our previous studies, we showed
that human whole adipose tissue treated with 10 nM BPA for 24 h leads to a reduction in
insulin-stimulated glucose uptake without altering protein phosphorylation of Akt, protein
levels of GLUT4, or gene expression of AKT, IRS1, GLUT1, and GLUT4 [97]. Although
there were no apparent changes in the insulin signaling pathway to explain the reduction
in glucose uptake, it is possible that there were changes in the GLUT4 translocation to the
membrane. Furthermore, this coincided with other diabetogenic drugs, such as cyclosporin
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A, which can reduce glucose uptake without altering the levels of key proteins in the
insulin signaling pathway [98]. Often, studies investigating the effects of bisphenols on
adipocyte and adipose tissue metabolism have inconsistent results. For instance, 3T3-L1
adipocytes incubated with 10° nM of BPA showed increased glucose uptake and GLUT4
expression at high concentrations, however, there were no effects at environmentally-
relevant concentrations (1-10* nM) [96]. In contrast, human adipocytes incubated with 1
and 100 nM of BPA for 8 h had no changes in glucose uptake, whereas longer incubations
(24 and 48 h) lead to reduced glucose uptake [97,99]. This reflects an important aspect
of exposure to endocrine disruptors: the window of susceptibility and vulnerability. It
is evident that adipocytes have divergent effects on factors such as experimental models,
incubation times, and concentrations used, all of which make it difficult to draw a single
conclusion on the effects of BPA on adipocyte and adipose tissue insulin signaling and
glucose metabolism. The length and consistency of BPA exposure (acute or chronic) ap-
pears to be an important factor in adverse outcomes [100]. Furthermore, different groups
may have varying vulnerability to the adverse effects of BPA. For instance, pregnancy is
considered to be a critical window of susceptibility, for both the mother and the offspring,
as reviewed by Alonso-Magdalena et al. (2015), and Roto and Soto, 2009 [101,102]. What
can be concluded, however, is that it is evident from several studies that BPA exposure can
alter glucose metabolism of adipocytes, and chronic exposure may have consequences on
glucose metabolism in vivo.

6.3. Body Weight, Adipocyte Size, Lipid Accumulation

It has been shown that fetal exposure to BPA at levels at or lower than the established
daily human safe dose (50 ug BPA /kg bw/day) increases body weight and postnatal
growth in in vivo studies. In one study, pregnant rodents administered 10 mg/L of BPA
orally, had 10-25 ng/g of BPA in tissue, which is comparable to human samples [100]. It
was demonstrated that maternal BPA exposure leads to offspring obesity, hypertrophy of
adipocytes, and augmented expression of adipogenic and lipogenic factors [100]. This was
also shown in in vitro studies where pre-adipocytes from rats incubated with 1-20 uM of
BPA for 5 days had an increased number of adipocytes, increased expression of adipogenic
transcription factors (PPARy, C/EBP«), and increased expression of TNF«x [103]. In a
similar study, rats exposed to 0.5 ng/kg bw/day of BPA orally from gestational day 3.5 until
postnatal day 22, which is 8-10 times lower than European Food and Safety Authority daily
tolerable dose, had higher plasma triglyceride concentrations and inguinal WAT adipocyte
density in offspring [104]. It appeared that there was adipocyte hyperplasia, which is
suggested to occur in the early stages of development. Therefore, gestational exposure to
BPA can lead to lifelong adverse effects on adipose tissue metabolism in offspring.

Although the effects of BPS on adipocytes are even less understood, BPS has been
shown to increase lipid accumulation and gene expression of adipogenic markers in human
primary adipocytes [15]. In one study, treatment of 3T3-L1 cells with high concentrations of
BPS (10 uM) during differentiation induced lipid accumulation and increased expression of
adipogenic markers [15]. Furthermore, they showed that BPA and BPS can activate PPARYy,
which is required for BPA- and BPS-induced adipogenesis [15]. Interestingly, BPS binding
to the nuclear receptor PPARY is stronger compared to BPA, thus implicating that BPS
may not be a safe alternative for BPA [105]. Similarly, in a separate study, it was shown
that BPA and BPS levels in the pM range were able to induce an increase in adipocyte
triglyceride levels and a reduction in lipolysis in 3T3-L1 cells [105]. Increased triglyceride
levels and reduction in lipolysis are two factors that may promote the development of
obesity, highlighting one possible mechanism by which bisphenol exposure can lead to the
development of obesity [106].

6.4. Adipokine Signaling

Adipokines are cytokines specifically released from adipose tissue and can have pro-
inflammatory or anti-inflammatory effects [106]. Anti-inflammatory adipokines include
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adiponectin, transforming growth factor 3 (TGFf3), interleukin-10 (IL-10), and IL-4, whereas
pro-inflammatory adipokines include IL-6, IL-1§3, and leptin [106]. It has been shown that
changes in certain adipokines, such as lower levels of adiponectin, and higher levels of
IL-6 and TNF«, are implicated in the development of insulin resistance [107]. Low doses
of BPA have been shown to alter adipokine expression in adipocytes, as in the study by
Cimmino et al. (2019) that showed that human mature adipocytes and stromal vascular
cells (SVFs) from subcutaneous mammary adipose tissue treated with 0.1 nM of BPA had
increased levels of IL-6 and MCP1a via GPR30 signaling [108].

Human pre-adipocytes isolated from human adipose tissue explants incubated for
6 h with 0.1-10 nM of BPA have been shown to have reduced adiponectin release [108].
This is important since adiponectin is a critical adipokine involved in insulin sensitivity
and inflammation and has been shown to be reduced in T2D [109]. Yamauchi et al., 2001
showed that mice lacking WAT had nearly no circulating adiponectin and were insulin
resistant [109]. However, adiponectin administration to these mice led to improved insulin
sensitivity and a reduction in muscle and hepatic triglyceride accumulation [4]. This is
consistent with a study by Menale et al. (2016) that found a strong inverse association
between BPA and adiponectin in children with obesity [4]. Furthermore, they found
that resistin, an adipokine which increases TNFo and IL-6 expression, was detected in
adipocytes only after BPA treatment [110,111].

In one of our recent studies, we found reduced rather than increased levels of the
pro-inflammatory cytokines IL-6, IL-1B, and TNFA following 24 h BPA (1 or 10 nM) ex-
posure [97]. This corresponds to studies by Peshdary et al 2020, who showed that BPS
(0.1 uM) reduces IL-6 expression in subcutaneous human adipocytes. It is generally under-
stood that increased IL-6 impairs insulin signaling in adipocytes and adipose tissue. For
instance, in human adipose tissue IL-6 has been shown to reduce adiponectin expression,
and in 3T3-L1 adipocytes, IRS1 and GLUT4 are reduced [112]. Although adipocytes secrete
IL-6, it only accounts for approximately 10% of total tissue production, thus other cells
in the adipose tissue may contribute to increased IL-6 production, which might explain
the reduced IL-6 levels in adipocytes treated with BPA [113]. Furthermore, IL-13 medi-
ates macrophage-induced impairments in the insulin signaling pathway, such as reduced
phosphorylation of Akt in human adipocytes [114]. Although BPA can increase inflamma-
tory markers in adipocytes, it has also been shown to reduce pro-inflammatory cytokine
production in macrophages [115]. Interestingly, in a different study BPA was shown to
promote macrophage polarization to an M1 pro-inflammatory subtype, which suggests
future studies should focus on characterizing the effects of BPA on macrophage-induced
inflammation [4,97]. Therefore, it is possible that whole adipose tissue cultured with BPA
may have a different inflammatory response than isolated adipocytes due to the presence
of the adipose tissue stroma [116]. BPA has also been proposed to elicit inflammatory path-
ways in adipocytes by activating c-Jun N-terminal kinases/signal transducer and activator
of transcription 3 (JNK/STAT3) signaling [99]. Specifically, JNK has been proposed to
contribute to metabolic syndrome, obesity, and insulin resistance by different mechanisms,
such as by regulating the production of pro-inflammatory cytokines, and apoptosis [117].
Furthermore, it was shown that the inhibition of JNK leads to improved insulin sensitivity
and glucose tolerance [118]. In one study, human and 3T3-L1 cells treated with BPA for
24 h had increased phosphorylation of JNK and STAT3 [99]. Additionally, they showed
that BPA treatment leads to an increase in nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) in nuclear extracts [99]. Interestingly, inhibition of JNK reverted
the effects of BPA on glucose utilization and insulin signaling [99]. Other studies have
shown similar results on the effects of BPA on JNK/STAT signaling, highlighting the link
between BPA exposure and increased inflammation [119-122].

6.5. Adipose Depot Effects

Studies have shown hormonal heterogeneity between subcutaneous, abdominal, and
gluteal adipose tissue [116]. In addition, distinct transcriptomic profiles have been identi-
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fied in 15 different adipose tissue depots [116]. It is known that the molecular mechanisms
of adipocytes in these adipose tissue depots differ. For example, visceral adipose tissue
has lower insulin sensitivity, transfers and releases fatty acids more extensively, produces
higher levels IL-6, and lower levels of leptin and adiponectin, in comparison to subcuta-
neous adipose tissue [112,123]. It is possible that BPA and BPS can have distinct effects in
different depots. This occurs with other drugs like dexamethasone, which has depot depen-
dent effects [124]. In one study, the effects of environmentally-relevant concentrations of
BPA on subcutaneous and visceral breast adipocytes were investigated [108]. Interestingly,
they showed that BPA-induced adiponectin decrease in these adipocytes was reversed
by an estrogen receptor antagonist in visceral, and not subcutaneous adipose tissue [108].
Peshdary et al. showed that human pre-adipocytes treated with BPS had different levels of
certain proteins such as IL-6, angiopoietin-2, and insulin-like growth factor binding protein
6 (IGFBP-6) in subcutaneous vs omental adipose tissue, also highlighting the different re-
sponse to bisphenols in each depot [125]. Therefore, this highlights the possible differences
in the mechanism of action of bisphenols in different adipose depots, and future studies
should investigate these possible differences.

Together, these studies have suggested that BPA may not only be obesogenic but
also diabetogenic. Understanding the effects of bisphenols on adipocytes and adipose
tissue provides insight into its effect on whole-body metabolism, however, discrepancies in
results may be due to differences in cell types used in the above discussed studies. Since
whole adipose tissue contains pre-adipocytes, fibroblasts, endothelial cells, and immune
cells such as macrophages, investigating the effects of bisphenols on whole adipose tissue
compared to adipocytes and immune cells alone may provide insight on the effects that
occur in vivo. Furthermore, the effects of BPA on other measures of lipid metabolism such
as lipogenesis has been seldom reported, and future studies should be conducted.

The effects of BPA and BPS on adipose tissue glucose and lipid metabolism have
been summarized in Figure 4. Receptors are not shown due to the fact that it is still not
completely understood which receptors exactly lead to these alterations, but possible
receptors are described in Figure 2.
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Figure 4. Mechanism of action of BPA /BPS exposure in adipocytes. In adipocytes it is not completely
understood which receptors BPA and BPS bind to and induce metabolic alterations, however, possible
receptors are highlighted in Figure 2. This includes altered expression of different factors such as
adipogenic and lipogenic markers, inflammation, and adipokines. BPA is known to increase c-Jun
N-terminal kinases/signal transducer and activator of transcription 3 (JNK/STAT3), nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) signaling, which results in an increase in
pro-inflammatory cytokines. Lipolysis has been shown to be reduced in 3T3-L1 cells. Bisphenols
have also been shown to alter insulin signaling in adipocytes, such as altered phosphorylation of IRS1
and Akt, in addition to increasing lipid accumulation in adipocytes. Furthermore, altered adipokine
release, such as adiponectin, has been shown to be a consequence of BPA exposure. Image created
with BioRender.com.
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7. Can Bisphenols Alter on the Cross-Talk between the Adipose Tissue and the
Skeletal Muscle?

At environmentally-relevant concentrations, BPA exposure in in vivo models has
shown impaired glucose metabolism. As mentioned previously, Alonso-Magdalena et al.
(2006) showed that mice exposed acutely to a low dose of BPA (10 ng/kg) had a rapid
reduction in glycemia that corresponded to an increase in insulin secretion [54]. Adipose
tissue incubated for 24 h with BPA had reduced levels of pro-inflammatory cytokine
expression, which may contribute to the overall improvement in glucose metabolism of the
skeletal muscle [97]. Furthermore, although 24 h exposure leads to reduced glucose uptake
in adipose tissue, the skeletal muscle accounts for a great majority (~=80%) of postprandial
glucose disposal [126]. Therefore, despite reduced glucose uptake in the adipose tissue
that we see in our study, there may be improved insulin sensitivity of the skeletal muscle
in response to acute BPA exposure due to the fact that most insulin-stimulated glucose
disposal occurs in the muscle. Therefore, future studies should focus on the effects of
acute BPA exposure on cross-talk between the adipose tissue and the skeletal muscle to
determine if adipokines secreted from adipose tissue explain the improvements in skeletal
muscle metabolism.

Metabolic changes in adipose tissue that lead to increased release of free fatty acids
(FFA), such as through lipolysis, can alter the metabolism of peripheral tissues and cause
an ectopic lipid deposition in organs such as the skeletal muscle [127]. Under normal
conditions, insulin inhibits lipolysis [127]. Although it is currently unclear whether BPA
alters lipolysis in whole adipose tissue, in 3T3-L1 cells, BPA (1 fM, 1 pM, 1 nM) exposure for
ten days has been shown to reduce lipolysis [105]. Therefore, it is possible that BPA does not
exert negative effects on adipose-to-peripheral communication through increased lipolysis
and increased ectopic lipid deposition. However, this particular study was performed
in vitro, and BPA has been shown to induce pancreatic islet cell dysfunction, which includes
reduced insulin secretion and increased apoptosis [128]. In vivo, it is possible that BPA-
induced changes in pancreatic islet function and reduced insulin release can prevent the
inhibition of lipolysis and thus lead to the release of FFA, which may accumulate in organs
such as the skeletal muscle. The skeletal muscle can store approximately 0.5% of lipid
droplet volume density, however, this can increase to about 1.5% in individuals with
obesity [126]. Moreover, lipid accumulation in the muscle is negatively associated with
insulin sensitivity [129]. Therefore, future studies should investigate the effects of BPA on
islet cell-adipose tissue-muscle communication.

Adipokines play an important role on adipose-to-muscle communication. As previ-
ously mentioned, the adipose tissue can function as an endocrine organ and can secrete
adipokines such as adiponectin, and IL-6. Adiponectin can bind to the adiponectin re-
ceptors 1 and 2 (AdipoR1 and AdipoR?2) in the skeletal muscle, leading to the activation
of signaling pathways such as AMP-activated protein kinase (AMPK) and PPARe [130].
Adiponectin signaling can increase FA oxidation and glucose uptake in the skeletal muscle.
It has been shown in in vitro studies that adiponectin can increase insulin sensitivity in
the skeletal muscle. For instance, C2C12 muscle cells incubated with adiponectin for 60
minutes have increased glucose uptake and 3-oxidation [131]. Similarly, L6 muscle cells
exposed to adiponectin for 4 h were shown to have increased GLUT4 translocation and
glucose uptake, which is consistent with increased activation of AMPK [131]. Interest-
ingly, we showed that human adipose tissue treated with BPA in the nanomolar range
has reduced expression of adiponectin [97]. This is consistent with a study by Hugo et al.
(2008) that showed human pre-adipocytes incubated for 6 h with 0.1, 1, and 10 nM of
BPA to have reduced levels of adiponectin [108]. Therefore, in vivo, BPA-induced reduc-
tion in adiponectin may lead to reduced insulin sensitivity of the skeletal muscle. BPA
has also been shown to alter the expression of pro-inflammatory cytokines such as IL-6
and TNF«x. As mentioned in the adipokine signaling section, BPA has been shown to
increase expression of pro-inflammatory markers in some studies, whereas their expression
was reduced in others, which may be due to factors such as cell type, concentration, and
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treatment length. Nonetheless, this has implications for altered communication with the
skeletal muscle. For instance, palmitate-induced IL-6 production leads to reduced GLUT4
translocation in C2C12 skeletal muscle [132]. Thus, it is possible that elevated FFA levels,
such as in obesity, can lead to an increase in IL-6 production, which can then alter skeletal
muscle glucose uptake. Likewise, skeletal muscle treated with TNF«x resulted in increased
phosphorylation of p70 S6 kinase (S6K), extracellular signal-regulated kinases (ERK)-1/2,
and JNK and increased phosphorylation of IRS1 at Ser 312, all of which are implicated
in the negative regulation of insulin signaling [133]. Moreover, changes in circulating
factors such as adipokines may lead to increased oxidative stress in the skeletal muscle.
We recently showed that in L6 cells, BPA does not alter levels of oxidative stress markers,
however, it may be possible that in vivo, cross-talk with the adipose tissue may lead to
increased oxidative stress, potentially leading to a reduction in mitochondrial function.
Thus, it is possible that altered adipokine release due to BPA exposure of adipose tissue
may lead to impairment in muscle glucose metabolism.

Taken together, impaired adipose tissue metabolism due to BPA may result in changes
in communication with the skeletal muscle, through changes in adipokine and lipid release.
Future studies should investigate adipose-to-skeletal muscle cross-talk in order to better
characterize this communication.

Cross-talk between adipose tissue and skeletal muscle is summarized in Figure 5.
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Figure 5. Possible mechanisms of action of BPA/BPS on adipose tissue-to-skeletal muscle cross-talk.
Adipose tissue exposed to BPA has altered adipokine levels and inflammation which may lead to
alterations of the skeletal muscle. Some changes may include increased reactive oxygen species (ROS),
oxidative stress, and inflammation, which can all induce mitochondrial dysfunction and decrease
glucose uptake. Image created with BioRender.com.

8. Conclusions

It is evident that we are constantly exposed to low levels of BPA and/or its analogs,
whether it is from thermal receipts, plastic products, or airborne particles. Several studies
have demonstrated that BPA exposure is associated with altered glucose metabolism and
insulin resistance, however, the exact mechanisms are not fully understood. In skeletal mus-
cle, it has been shown that BPA can alter mitochondrial function and glucose metabolism.
In adipocytes and adipose tissue, it is apparent that BPA exposure can alter differentiation,
glucose uptake, insulin signaling, and adipokine levels. Since both tissues play a crucial
role in whole body glucose metabolism, chronic exposure to BPA and its analogs are a
concern, since it may lead to insulin resistance and the development of T2D. Cross-talk
between the skeletal muscle and adipose tissue involves an interplay of adipokines and
fatty acids released from the adipose tissue, and myokines released from the skeletal mus-
cle. Whether BPA and its analogs can alter this cross-talk is of interest, and would provide
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deeper insight into the effects of BPA on the development of metabolic disease, and would
then have implications for future manufacturing regulations.
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