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ABSTRACT: Tetrabromobisphenol A (TBBPA) is a brominated flame retardant that is used in a variety of consumer
products such as electronic equipment, fire extinguishers, furniture, plastics, textiles, and kitchen hoods. Most studies
show that the TBBPA production process and TBBPA in industrial and urban sewage waste result in extensive human
exposure and environmental contamination. TBBPA can accumulate in organisms, particularly aquatic life, and is clas-
sified as a group 2A carcinogen (likely carcinogenic to humans) by the International Agency for Research on Cancer.
This compound produces low acute toxicity, but chronic exposure may produce serious consequences. In this review,
we focus on TBBPA toxicity by discussing results of various studies that were published in the last two decades. Studies
show that TBBPA acts as an endocrine disruptor, causing neurobehavioral and immunotoxic effects, oxidative stress, and
apoptosis. Although several experiments were performed in vitro and in vivo, human data are lacking, and thus, chronic
toxic effects of TBBPA on humans are not well known, particularly in sensitive populations including pregnant women,
newborns, children, and the elderly. Epidemiological studies that comprehensively assess TBBPA levels in biological
fluids of different populations and in different pathological conditions are needed. Research on the impact of TBBPA,
particularly regarding endocrine disorders and cancer, must also be performed.
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I. INTRODUCTION

Tetrabromobisphenol A (TBBPA) is an efficacious
brominated flame retardant that is mainly used in
epoxy resin circuit boards, polycarbonate ether, and
polyester production. Polycarbonates and polyesters
are present in a variety of consumer products such
as electronic equipment, furniture, plastics, textiles,
and kitchen hoods.!? It is estimated that 70%—90%
of TBBPA is used as a reactive flame retardant in
epoxy, phenolic, and polycarbonate resins. The re-
maining 10%-20% is found in additive flame retar-
dants for plastics and phenolic resins.* The chemical
structure of TBBPA is given in Fig. 1.°

TBBPA is involved in more than 200,000 metric
tons of annual global production. In descending or-
der, China, Israel, the United States, Jordan, and Ja-
pan are the highest TBBPA-producing countries in
the world.®” In 1999, the global market demand for
TBBPA was 121,300 tons, and in 2004 production

reached 170,000 tons. This number grows by 8%—
9% every year.? During the next 5 yr, the TBBPA
market will register a 3.1% compound annual
growth rate in terms of revenue, and global mar-
ket size will reach $1080.2 million by 2024, from
$956.4 million in 2019."° No current restrictions on
production of TBBPA or its derivatives are in effect
in the European Union or worldwide." The United
Kingdom Committee on Toxicology set the only
exposure limit value for TBBPA to be a tolerable
intake of 1 mg/kg of body weight (bw)/d.!? Accord-
ing to the Globally Harmonized System of Classifi-
cation and Labelling of Chemicals, TBBPA is very
toxic to aquatic life (H400), producing very toxic to
aquatic life with long lasting effects (H410)."

In 2006, the European Chemicals Agency pub-
lished a risk assessment report on TBBPA and con-
cluded that exposure does not cause pronounced
effects in humans.”> However, in 2018 the Inter-
national Agency for Research on Cancer (IARC)
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FIG. 1: TBBPA chemical structure

classified TBBPA as a group-2A carcinogen (likely
carcinogenic to humans)."' /n vivo and in vitro stud-
ies show clear evidence of carcinogenicity in labo-
ratory animals and strong mechanistic evidence in
humans.’

In this review, we discuss possible toxic effects
of TBBPA and its relevance to human health and
other organisms. We also focus on reprotoxicity
and the endocrine disruption that is caused by this
particular bisphenol derivative. We cite both in vi-
tro and in vivo studies that have been published in
recent years.

Il. TBBPA ENVIRONMENTAL DISTRIBUTION

TBBPA includes two phenolic hydroxyl groups. Be-
cause of these reactive groups, TBBPA can act as
an alternative material for polymers, such as poly-
propylene, high- and low-density polyethylene, and
high-impact polystyrene. These hydroxyl groups
are estimated to have pKa, and pKa, values of 7.5
and 8.5, respectively. TBBPA solubility in water en-
hances with increasing pH.’

Some reactive flame retardants (polybromi-
nated biphenyls, polybrominated diphenyl ethers,
and hexabromocyclododecane) are not chemi-
cally bound to polymers.'* Although TBBPA has
a greater binding capacity to the polymer matrix
compared to other flame retardants, it can also
leach out of the matrix, like bisphenol A (BPA),
and can be easily released into the environment."
TBBPA is a highly lipophilic substance (log K_
= 4.5-5) with environmental stability. Therefore,
it can spread through various environmental ar-
eas such as soil, dust, river marine sediment, and
wastewaters.'®!”

Oral et al.

Most studies show that TBBPA production as
well as waste processes (industrial and urban sew-
age) cause leaks into the aquatic environment. Ad-
ditionally, TBBPA can be released as a dissolution
substance into overlying water and become absorbed
as suspended particulate material. Studies showed
that due to its low water solubility, TBBPA is stored
in sediment, can instantly release into water, and re-
locate over long ranges.*'* Therefore, TBBPA can
accumulate in organisms.'”!3

Recent studies have shown that TBBPA is pres-
ent in wastewater treatment plants, air, soil, rivers,
marine sediment, and dust.'” TBBPA has been found
at 0.3-0.54 ng/L concentrations in landfill leach-
ate in Japan.”” In terms of TBBPA concentrations
in soil, dust, and water, China has higher levels of
TBBPA compared to other countries.* A study con-
ducted in China showed that TBBPA was present
from 1110 to 2830 pg/L in river water.”’ Xiong et
al.?! estimated that TBBPA concentrations in water
and sediment samples ranged from 20 to 270 pg/L
and from 20 to 600 pg/g in the Beijing River (South
China), which had a 4.82 x 10'"m?® annual runoff
volume. Two electronic waste separation regions are
located upstream of Beijing River, and the river runs
through urban, industrialized, less industrialized,
and rural areas.?’ Another study conducted in China
demonstrated that TBBPA concentrations in Taihu
Lake’s sediment ranged from 0.168 to 2.66 ng/g.!
In a study by Gorga et al.?> conducted in Spain, de-
termined that TBBPA accumulated in sewage sludge
in northeastern Spain (13.5 kg/yr).?

lll. TBBPA EXPOSURE ROUTES IN HUMANS

It has been suggested that the general population
may be exposed to TBBPA due to inhalation of
ambient/indoor air and air dust. Moreover, dermal
contact, ingestion from foods (particularly seafood),
breast milk, and drinking water are other routes of
exposure. TBBPA has been detected at parts per bil-
lion levels in human serum/plasma/whole blood. A
2004 study by the World Wildlife Fund® found that
TBBPA was present at 0.002—0.3333 pg/L concen-
trations in whole blood samples of the European
population (33%; n = 47).% In the same year, Peters®
conducted a study in The Netherlands and found that
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TBBPA serum concentrations varied from 0.056 to
0.787 ug/L in the Dutch population (50%; n = 91).%
Later, the same author conducted another study and
observed TBBPA maternal serum concentrations
to be between 0.06 and 0.19 pg/L (21%; n = 42).%
Thomsen et al.?® performed a study in Norway and
found that serum TBBPA levels ranged from 0.002
to 0.005 ug/L (100%; n = 20).%¢ Kicinski et al.?’” con-
ducted a study in Belgium on 515 adolescents and
found serum concentrations of TBBPA to be <0.01—
0.186 pg/L.?" In a study conducted in Belgium on
274 nonoccupationally exposed individuals between
ages 18 and 76 yr, who lived in Liege (Belgium)
and the surrounding area, TBBPA was positively
detected in 31% of samples, which was higher than
the detection rate reported by Dirtu et al.?® in another
Belgian population (5%; n = 20) but similar to the
detection rate reported in Romania in the same study
(36%; n = 53).”8 Other studies highlighted the pres-
ence of TBBPA in human serum samples with simi-
lar detection rates, notably in France (32%; n = 91),
Japan (28%; n = 60), and China (36%; n = 42).2-!
However, small sizes of human biological samples
and wide differences among sensitivities of analyti-
cal methods (e.g., differing limits of quantifications)
made comparisons difficult.

Several studies determined that TBBPA con-
centrations in breast milk could range from 0.062 to
37.4 ng/g. It was also suggested that 70% of all food
samples contain TBBPA (range: 0.19 to 0.74 ng/g).
Aquatic food holds the highest levels, followed by
meat, milk, and eggs, respectively.® Ni and Zeng?*
indicated that contaminated dust in office buildings
may contribute to > 80% of human exposure, 76%
from ingestion, and 4% from inhalation in Shenzen,
China.*

Studies have shown that occupational exposure
to TBBPA is of particular importance. Occupational
exposure can arise from dust inhalation, dermal
contacts, or ingestion at work sites where TBBPA is
used or produced.®*

IV. TBBPA BIOTRANSFORMATION

Oral intake (via diet and/or dust in mucociliary
transport) is the major exposure route for TBBPA.
TBBPA bioavailability and excretion kinetics are
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suggested to be similar among rats and humans. Af-
ter oral administration, 71% to 100% of TBBPA is
absorbed from the gastrointestinal tract in rats.’*> A
study by Kuester et al.** reported that TBBPA had
low bioavailability due to first-pass elimination and
conjugation (by glucuronic acid and sulfate) in male
Fischer 344 (F344) rats. Using C'*~-TBBPA, the re-
searchers observed that following a single oral ad-
ministration (at 2, 20, or 200 mg/kg doses), TBBPA
was eliminated in the first 24 h. With feces the main
TBBPA elimination route, 90% of the C'*~-TBBPA
was found there. Following oral and intravenous ad-
ministration, TBBPA has a meaningful positive lin-
ear excretion with exposure dose.’* However, after
inhalation, TBBPA was detected in < 0.1% of the
inhaled dose in serum and the eliminated amount of
TBBPA in urine was found to be less than that of the
inhaled dose.** Studies indicate that TBBPA can also
be detected in adipose tissue; therefore, TBBPA may
accumulate in fat.?*3¢

Quantitative studies demonstrated that after oral
administration of TBBPA, highest TBBPA levels
and metabolites were observed in blood within 4-6
h, and then levels rapidly decreased. Schauer et al.”’
studied TBBPA systemic bioavailability in rats and
humans after oral administration. TBBPA was ad-
ministrated in a single oral dose of 0.1 mg/kg within
a gel capsule to five healthy male and five healthy
female subjects. Urine and blood samples were col-
lected at predetermined intervals from 0—178 h. For
the animal study, six male Sprague-Dawley (SD)
rats were administered a single oral dose of 300 mg/
kg TBBPA. Urine and blood samples were collected
100 h after dosing. All samples were quantified by
liquid chromatography tandem mass spectrometry.
In human blood samples, TBBPA, TBBPA-glucu-
ronide, and TBBPA-sulfate were detected. TBB-
PA-sulfate was found to be the major metabolite of
TBBPA in plasma and reached peak concentrations
of ~ 700 nmol/L 6 h after oral treatment. TBB-
PA-glucuronide concentrations reached peak con-
centrations of 16 nmol/L 2—6 h after oral exposure.
In urine samples, TBBPA-glucuronide concentra-
tions peaked at 4 nmol/L after 63 h in rats after a
single oral dose of 300 mg/kg, and peak concentra-
tion reached 103 umol/L within 3 h.*” In vitro and in
vivo TBBPA metabolism is given in Fig. 2,2-33:34.36-38



~

Glucuronide Metabolites
TBBPA monoglucuronide

TBBPA diglucuronide
Sulfate TBBPA glucuronide

Sulfate Metabolites
TBBPA monosulfate
TBBPA disulfate

TBBPA

Oral et al.

— :
Accumulates
\ in fat tissue
TriBBPA
N
\ DiBBPA
MonoBBPA
Sulfate Metabolites
TriBBPA monosulfate l
BPA

FIG. 2: In vitro and in vivo TBBPA metabolism. BPA, Bisphenol A; DiBBPA, dibromobisphenol A; monoBBPA,
monobromobisphenol A; TBBPA, tetrabromobisphenol A; TriBBPA, tribromobisphenol A.

V. TOXIC EFFECTS OF TBBPA

In recent years, most studies that were conducted
on animal models and human volunteers as well
as in vitro studies focused on TBBPA’s toxic ef-
fects. Studies showed that TBBPA could act as an
endocrine-disrupting chemical and cause neuro-
behavioral effects, oxidative stress, and apoptosis.
Additionally, it was suggested to have immuno-
toxic effects.”® On the other hand, studies showed
that TBBPA had low acute toxicity but may result in
considerable adverse effects after repeated doses.
All possible toxic effects of TBBPA are summarized
in Fig. 3.3%%

VI. TBBPA EFFECTS ON OXIDATIVE STRESS
AND APOPTOSIS

A. In Vitro Studies

Studies show that one of the main underlying mech-
anisms of hepatotoxicity is oxidative stress, which
may lead to hepatocyte apoptosis. Additionally, nu-
clear factor erythroid 2-related factor 2 (Nrf2) ex-
pression plays a key part in hepatocyte sensitivity to
oxidative stress by regulating antioxidant enzymes
and detoxification pathways. TBBPA was suggested
to induce oxidative stress by affecting the Nrf2 path-
way. Zhang et al.** studied the effects of TBBPA on
oxidative stress, mitochondrial apoptosis, and the
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FIG. 3: All possible toxic effects of TBBPA
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Nrf2 signaling pathway. These researchers exposed
LO02 cells (human hepatocytes) to different doses (0,
5, 10, 20, and 40 um) of TBBPA. Results showed
that TBBPA significantly enhanced intracellular re-
active oxygen species (ROS) production, increased
malondialdehyde (MDA) levels, and augmented
the ratio of oxidized/decreased glutathione (GSH)
in a dose-dependent manner. Additionally, TBBPA
reduced cell mitochondrial membrane potential,
causing cytochrome C to release into the cytoplasm
and triggering expression of caspase 9 and 3, which
eventually led to apoptosis. Moreover, TBBPA in-
duced expression of antioxidant genes related to
Nrf2, such as catalase (CAT), heme oxygenase, and
quinone oxidoreductase 1.%

Jarosiewicz et al.*' evaluated the effects of
TBBPA and other brominated flame retardants
(tetrabromobisphenol S [TBBPS]; 2,4-dibromophe-
nol [2,4-DBP]; 2,4,6-tribromophenol [2,4,6-TBP];
and pentabromophenol) on hemolysis induction and
hemoglobin oxidation in human erythrocytes. Hu-
man erythrocytes were exposed to brominated flame
retardants in different doses (0.01 to 100 pg/mL)
with different incubation periods (24, 48, and 72 h).
All of the brominated flame retardants had hemo-
lytic potential and caused induction of methemoglo-
bin formation in dose- and time-dependent manners.
The numbers of aromatic rings and bromine atoms in
the brominated flame retardants positively impacted
hemoglobin oxidation and cellular membrane dam-
age. 2,4-DBP was found to be the most potentially
toxic compound, because it led to marked changes at
the lowest concentration. However, highest toxicity
was observed at the highest TBBPA concentration.!
In another study, Jarosiewicz et al.** demonstrated
that TBBPA could disturb redox balance in human
erythrocytes. Human erythrocyte cells were incu-
bated with TBBPA at varying concentrations (1—
100 pg/mL) for 48 h. Later, superoxide dismutase
(SOD), CAT, and GSH peroxidase (GPx) activities
and GSH levels were measured. Results showed that
TBBPA exposure caused decreases in SOD, CAT,
and GPx activities and in GSH levels in a dose-de-
pendent manner.** The same working group also in-
vestigated the effect of TBBPA; TBBPS; 2,4-DBP;
and 2.,4,6-TBP on apoptosis of human erythrocytes
and assessed eryptotic potential of these substances
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by determining changes in phosphatidylserine (PS)
translocation, alterations in intracellular ROS and
calcium ion levels, and caspase 3 and calpain ac-
tivation. All brominated flame retardants caused
increases in intracellular ROS production, even
at lowest concentrations applied (0.001 pg/mL),
and all led to apoptosis by PS externalization and
caspase 3 activation in erythrocytes. However, the
researchers suggested that both calcium ions and
calpain did not have marked roles in eryptosis in-
duction by brominated flame retardants.®

Matrix metalloproteinase-9 (MMP-9) has a key
role in angiogenesis, wound healing, and inflamma-
tory response. Elevated MMP-9 levels may induce
carcinogenesis and metastasis.** MMP-9 production
has two major critical regulation pathways: mito-
gen-activated protein kinase (MAPK) and phospho-
inositide 3-kinase (PI3K)/protein kinase B (Akt).
Activated MAPKSs and Akt can induce transcription
factors such as nuclear factor (NF)-kB and activa-
tor protein—1 (AP-1) that in turn regulate MMP-9
expression. It has been suggested that nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase
(NOX)-derived ROS can trigger various signaling
pathways such as Akt and MAPK and may acti-
vate transcription factors such as NF-xB and AP-
1.* Recently, Lee et al.* reported that TBBPA has
immunotoxic potential and can induce MMP-9 ex-
pression. After Michigan Cancer Foundation (MCF)
cells were treated for 24 h with different concentra-
tions of TBBPA (ranging from 1 to 10 pm), TBBPA
exposure induced MMP-9 messenger (m)RNA ex-
pression and MMP-9 luciferase activity in dose-de-
pendent manners. Additionally, TBBPA caused
concentration-dependent increases in MMP-9 pro-
tein expression. This particular BPA derivative sig-
nificantly increased NF-kB— and AP-1-responsive
luciferase activity dose dependently. Additionally,
TBBPA induced production of NOX-derived ROS
by activating both Akt and MAPK signaling path-
ways. These findings suggest that TBBPA increases
MMP-9 expression by NF-kB and AP-1 activation
and activates Akt/MAPK signaling pathways by
increasing intracellular ROS production in MCF-7
cells.®

Studies show that TBBPA exposure could lead
to metabolic perturbation through high levels of



ROS production. Zhao et al.* showed that micro-
molar levels (0-10 pum) of TBBPA triggered cell
proliferation and activated glycolysis and amino
acid metabolism in human breast cancer cells.
Moreover, TBBPA caused an imbalance between in-
tracellular ROS production and antioxidant defense
by down-regulating GSH biosynthesis and up-regu-
lating nucleotide metabolism.*

After ingestion and dermal contact, inhalation
is the most important route of exposure to differ-
ent chemicals. Studies showed that TBBPA concen-
trations in indoor air were significantly higher than
those of outdoor air. Inhalation of indoor dust is re-
sponsible for 70%—-80% of TBBPA exposure in all
age groups.?’ Lungs are directly exposed to contam-
inated air particles after inhalation, and they are one
of the main target organs of TBBPA. TBBPA can
easily be distributed to the whole respiratory tract
and may reach pulmonary alveoli. Wu et al.*® inves-
tigated the cellular response including intracellular
ROS production, MDA levels, caspase 3 activa-
tion, and ultrastructural changes of the lung epi-
thelial-like cell line (A549 cells) to TBBPA. When
A549 cells were incubated for 12, 24, and 48 h with
various concentrations of TBBPA (8, 16, 32, and 64
png/mL), TBBPA was found to induce cytotoxicity.
Both MDA levels and caspase 3 activities signifi-
cantly increased in dose- and time-dependent man-
ners. After 24 h of exposure, significant increases in
intracellular ROS production were found at 32 and
64 pg/mL. After 48 h, TBBPA caused marked in-
creases in ROS production at 16, 32, and 64 pg/mL.
The cells showed ultrastructural changes, including
mitochondrial damage and smooth endoplasmic re-
ticulum dilatations, after 48 h of TBBPA exposure
at 64 pg/mL. Increasing TBBPA concentrations
also caused vacuolization in the mitochondrial in-
ner membrane. These investigators suggested that
both TBBPA exposure period and dose significantly
affected cell viability, ROS and MDA levels, and
caspase 3 activity.*®

B. Aquatic Animal Studies

Toxicity studies have shown that TBBPA is espe-
cially destructive to aquatic animals. We know that
TBBPA can leach from landfills to surface waters

Oral et al.

and latent risks exist for multiple aquatic species.*
In fish toxicity studies, TBBPA led to acute toxic-
ity in aquatic life even at low concentrations. Tests
conducted on zebrafish (Danio rerio) indicated
that during zebrafish development, TBBPA could
be more toxic than BPA and TBBPA-dimethyl
ether.*

Wau et al.* demonstrated that TBBPA could lead
to oxidative stress and apoptosis in zebrafish. The
researchers exposed embryos to TBBPA at different
concentrations (0.10, 0.40, 0.70, and 1 mg/L). After
72 h of exposure, a significant decrease in serum Cu/
Zn SOD activity was detected at 0.40, 0.70, and 1
mg/L concentrations versus in controls. In addition,
marked decreases in serum CAT and GPx activities
occurred at different doses (0.40, 0.70, and 1 mg/L)
compared to controls. TBBPA significantly induced
apoptosis in zebrafish embryos and larvae at all
concentrations.*

Sharma et al.’! demonstrated that TBBPA has
genotoxic potential and can induce oxidative stress
in the freshwater fish Channa punctatus. In this
study, the median lethal concentration (LC,)) value
for TBBPA was found to be 10.18 mg/L. Fish were
exposed to 5.09 mg/L TBBPA (half of LC, ). Ace-
tone and water were used as positive and negative
groups, respectively. Blood samples were collected
at24,48,72,and 96 h, and MDA levels were found to
significantly increase in the TBBPA-exposed group
compared to both positive and negative controls at
all exposure periods. Moreover, TBBPA induced
significant DNA damage after 96 h, as evidenced by
both tail intensity and tail moment increases using
the Comet assay (versus both positive and negative
controls; p < 0.05 for both).”!

VII. EFFECTS OF TBBPA ON THYROID
HORMONES

A. In Silico Studies

In 2006, Hamers et al. showed TBBPA to be a po-
tent competitor of thyroxine (T,) when binding
to transthyretin (TTR) in a TTR-binding assay.
This bisphenol derivative showed even higher
TTR-binding potency compared to the natural li-
gand T,.*
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B. In Vitro Studies

In vitro studies indicate that thyroid hormone func-
tions could be greatly affected after TBBPA ex-
posure. As mentioned above, TBBPA competes in
binding T, to TTR, a plasma transport protein. Ad-
ditionally, high TBBPA doses can increase thyroid
hormone—dependent growth hormone (GH) in rat
pituitary tumor cells (GH3 cells).** Kitamura et al.>
reported increased GH3 cell proliferation when cells
were treated with TBBPA at 1 x 10°to 1 x 10°wm
concentrations. After exposure to TBBPA, the cells
showed dose-dependent GH release activity. When
the cells were exposed to triiodothyronine (T,) at a
wide range of doses (1 x 10° to 1 x 107! m), they
also showed dose-dependent GH release. There-
fore, due to TBBPA’s structural resemblance to thy-
roid hormones (due to phenyl groups that include
the 4-hydroxyl group and two adjacent 3,5-halogen
substituents), TBBPA can stimulate GH release and
production in GH3 cells and may be as potent as
T3.53

C. Aquatic Animal Studies

TBBPA has structural similarities to thyroid hor-
mones T, and T,. Therefore, this bisphenol deriva-
tive may interact with thyroid hormones and affect
several components of the thyroid system.>* Kuiper
et al.®® studied long-term exposure of European
flounder (Platichthys flesus) to flame retardants. The
researchers found that exposure to TBBPA could
increase plasma T, levels in this fish, possibly by
competing for plasma binding protein. They demon-
strated that exposure to TBBPA at nominal concen-
trations (0, 0.001, 0.01, 0.1, 0.2, 0.4, and 0.8 um)
for a period of 105 d resulted in constant plasma
T, levels but increased plasma T, levels compared
controls.”

Parsons et al.*® examined TBBPA effects on
gene suite expression in the hypothalamic—pitu-
itary—thyroid (HPT) axis of zebrafish during early
development. To determine LCs and effective con-
centrations (ECs), the team also investigated TBBPA
acute toxicity on zebrafish larvae with regard to in-
duced mortalities and deformities. In this study, ze-
brafish embryo and larvae were exposed to 0.9 um

Volume 40, Issue 3, 2021

TBBPA (the LC,  of this compound) for 96 h begin-
ning at fertilization. In the past, it was demonstrated
that TBBPA exposure results in higher mRNA lev-
els for genes that encode transport proteins (e.g.,
TTR), thyroid follicle synthesis protein, paired box
8 (pax8), and deiodinases (DIO1) in whole-body ex-
tracts. However, lower levels of dio3b mRNA were
detected in whole-body extracts. These researchers
suggested that TBBPA could disturb the thyroid
hormone system at multiple tiers, such as increasing
both thyroid hormone conjugation and clearance,
altering thyroid hormone transport, and damaging
thyroid follicle development.>®

In another study, Chan and Chan®’ investigated
TBBPA effects on the HPT axis in zebrafish em-
bryo and larvae. After 96 h, TBBPA LC,  was 5.27
mg/L, whereas EC at 96 h was 1.09 mg/L. Sub-
LCs for larvae were 0% (control), 10% (0.53 mg/L),
25% (1.32 mg/L), 50% (2.64 mg/L), and 75% (3.95
mg/L) of the 96-h LC, value. Sub-LCs for embryo
were 0% (control), 10% (0.11 mg/L), 25% (0.27
mg/L), 50% (0.55 mg/L), and 75% (0.82 mg/L) of
the 96-h EC, value. TBBPA demonstrated signifi-
cant up-regulations in TTR mRNA levels, thyroid
receptor a (TRa), and TR genes in larvae and sig-
nificant down-regulation of thyroid-stimulating hor-
mone (TSH)P protein in embryos with all applied
doses. The researchers concluded that zebrafish
larvae were predominantly affected by TBBPA. In
contrast, the zebrafish embryos showed very little
response. Chorion was suggested to provide the em-
bryo with a protective barrier against the environ-
ment but is sometimes removed to safeguard against
chemical uptake inhibition.*’

Zhu et al.®® studied TBBPA thyroid-disrupting
potency and neurodevelopmental toxicity after ex-
posing zebrafish embryos and larvae to a series of
concentrations with or without T,. Zebrafish em-
bryos (2 h postfertilization) were exposed to dif-
ferent concentrations of TBBPA (50, 100, 200,
and 400 mg/L) alone or in combination (T, at 20
mg/L and TBBPA at 200 mg/L). Results showed
that TBBPA could lead to thyroid toxicity by in-
creasing T, and decreasing T, levels. TBBPA led to
up-regulation of TSHP and thyroglobulin mRNA
and down-regulation of TTR and TR mRNA levels
in zebrafish larvae. Moreover, TBBPA also induced



neurodevelopmental toxicity by down-regulating
transcription of genes that were related to central
nervous system development (e.g., al-tubulin, my-
elin basic protein, and sonic hedgehog A protein).
TBBPA decreased locomotor activity and average
swimming speed. These researchers suggested that
treatment using T, could reverse or eliminate TBB-
PA-induced thyroidal effects as well as neurodevel-
opmental toxicity.*®

D. Other Animal Studies

Animal studies demonstrated that TBBPA primar-
ily decreased serum T, levels and reduced the cir-
culating thyroid hormone reserve pool but did not
affect the circulating pool of ultimate active T,
hormone. Recently, it was demonstrated that oral
TBBPA (100, 300, or 1000 mg/kg) administration
to SD rats for 90 d caused significant decreased se-
rum T, levels but did not lead to any alteration in
serum T, and TSH levels. On the other hand, none of
the applied concentrations impacted mortality rate,
thyroid morphology, and clinical parameters.® An-
other study showed that 28-d targeted oral TBBPA
doses (0, 3, 10, 30, 100, 300, 1000, and 3000 mg/kg
bw/d) decreased circulating T, levels and increased
T, levels in Wistar rats in a dose-dependent man-
ner. However, TBBPA did not stimulate any histo-
pathological changes in rat thyroid.®® Meerts et al.®!
showed that after oral treatment at 5 mg/kg, TBBPA
had little effect on thyroid weight and histology in
pregnant or fetal rats.®!

Jagnytsch et al.** investigated TBBPA effects
on amphibian metamorphosis using Xenopus laevis
because X. laevis is the most sensitive model for de-
tecting thyroid disruption. The authors used the X.
laevis metamorphosis assay to measure long- and
short-term TBBPA effects. The assay also detected
effects on thyroid hormone—dependent morphologi-
cal development. Different concentrations of TBBPA
(2.5-500 pg/L) were applied to tadpoles for 21 d.
Short-term TBBPA effects were analyzed on TRf3
and basic leucine zipper domain (B/ZIP), thyroid
hormone—induced genes. TBBPA showed inhibitory
effects on thyroid hormone—induced gene expres-
sions at low concentrations. In addition, TBBPA also
inhibited T,-induced TRB-mRNA expression and {3/
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ZIP-mRNA expression in a dose-dependent manner
at all tested concentrations. Study results showed
that TBBPA could actually interfere with the thy-
roid hormone—induced cell-signaling pathway in X.
laevis. 1t was suggested that TBBPA could mimic
thyroid hormone actions slightly at pharmacologi-
cal concentrations, probably as a result of binding to
thyroid receptors.*

VIIl. TBBPA REPRODUCTIVE TOXICITY AND
ENDOCRINE DISRUPTION EFFECTS

A. In Vitro Studies

As mentioned above, a study on MCF-7 cells in-
vestigated TBBPA concentration-dependent toxicity
and underlying toxicity mechanisms.*® Low levels
of TBBPA (010 um) induced cell proliferation and
activated energy metabolism in MCF-7 cells. On the
other hand, higher concentrations (10-50 um) per-
turbed the balance between ROS and antioxidant
defense mechanisms, down-regulated GSH biosyn-
thesis, and up-regulated nucleotide metabolism.*

B. Animal Studies

TBBPA may lead to reproductive toxicity in some
organisms. It was demonstrated TBBPA had weak
estrogenic activity and could induce testicular cell
apoptosis and decrease sperm quality.’>%? Linhartova
et al.® showed that TBBPA exposure can cause ep-
ididymal sperm DNA damage, protein distribution
anomalies, decreased sperm count, and increased
abnormal sperm.®

Zhang et al.** determined TBBPA reprotoxic ef-
fects in male Rana nigromaculatus. For 14 d, ani-
mals were treated with TBBPA at 0, 0.001, 0.01, 0.1,
and 1 mg/L concentrations. After d 14, the research-
ers collected blood, sperm, and tissue samples and
determined testosterone (T) and 17-f estradiol (E2)
levels as well as luteinizing hormone (LH) and fol-
licle-stimulating hormone (FSH) expression. Sperm
counts and motility were found to be significantly
decreased, and abnormal sperm were markedly
higher in TBBPA-exposed animals versus controls.
Effects on sperm count, motility, and morphology
were dose dependent. Serum T content significantly
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increased in 0.01, 0.1, and 1 mg/L TBBPA groups
compared to controls, whereas E2 content was sig-
nificantly higher in only 1 mg/L TBBPA—exposed
animals. LH and FSH expression significantly de-
creased in the 1 mg/L TBBPA—exposed group ver-
sus controls. Gene analysis showed that relative
levels of androgen receptor (AR) mRNA increased
significantly after exposure to 0.001, 0.01, and 1
mg/L TBBPA in a dose-dependent manner. The re-
searchers concluded that TBBPA could lead to en-
docrinopathy by disrupting spermatogenesis and
altering AR, LH, and FSH gene expression and sex
hormone levels.*

Available data support that TBBPA competes
with estrogen in conjugation reactions (i.e., glucu-
ronidation and sulfation). It was suggested that high
TBBPA doses could decrease estrogen elimination
indirectly and induce higher serum estrogen lev-
els in rats. High doses of circulating estrogens can
cause mutations in hormone-responsive genes and
may lead to cell proliferation and, finally, uterine tu-
morigenesis.® Dunnick et al.*® conducted a study of
male and female Winstar Han rats that were treated
with 0, 250, 500, and 1000 mg/kg TBBPA for 2 yr.
TBBPA was found to induce cell proliferation and
uterine epithelial tumors such as adenomas, adeno-
carcinomas, atypical endometrial hyperplasia, and
malignant mixed Miillerian tumors in female rats
in a dose-dependent manner. The researchers sug-
gested that TBBPA or TBBPA—metabolite-mediated
disruption in estrogen homeostasis might lead to
uterine cancers. Additionally, TBBPA induced atro-
phy of the germinal epithelium and testicular inter-
stitial cell adenoma in male rats dose dependently.*

Sanders at al.®” investigated estrogen homeo-
stasis disruption in Wistar female rats (TBBPA: n
= 10; control: n = 10; both groups 9 wk old). In the
TBBPA group, rats were exposed to five daily oral
doses of 250 mg/kg TBBPA. Each rat’s estrous cycle
was monitored daily using a vaginal cytology assay.
Following TBBPA exposure for 5 d, the researchers
showed that expression of estrogen receptor (ER)
o and ERP genes were up-regulated in the TBBPA
group but not in controls.®’

In the study by van der Ven et al.,** reprotoxic
effects of TBBPA were also studied in rats (at doses
of 0, 3, 10, 30, 100, 300, 1000, and 3000 mg/kg
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bw/d, administered orally). Ten parental animals per
sex were used in each dose group. Exposures started
70 d before mating for males and 14 d before mat-
ing for females. The investigation thus lasted for at
least one full spermatogenic cycle or two estrogenic
cycles. Additionally, this process continued during
mating, pregnancy, and during lactation in dams.
TBBPA caused significant dose-dependent increases
in testes weights in adulthood. However, no histo-
pathological effects occurred on testes of both adult
F, males and littermates. On the other hand, plasma
T levels of F| males were positively correlated with
the increased testes weights. The authors concluded
that TBBPA might increase testis weight and plasma
T levels in male rats.®

Zatecka et al.®® focused on multigenerational
reprotoxic TBBPA effects in mice after long-term
exposure. The researchers examined TBBPA on
reproductive parameters in two generations of out-
bred mice. Experimental groups were comprised of
the parental generation and F, and F, generations.
TBBPA was introduced in water (200 pg/L), so that
the daily dose of water consumed by mice was cal-
culated as 5 mL to expose the animals to 1 pg TBB-
PA/d, which is equivalent to 35 pg/kg. The parental
group that was comprised of only females were ex-
posed to TBBPA during gestation. The F, generation
group had males and females that were exposed to
TBBPA during gestation, lactation, prepuberty, pu-
berty, and adulthood. The F, generation group was
comprised of males. To evaluate TBBPA effects on
the male reproductive tract, the researchers mea-
sured body and organ weights, number, sex ratio of
progeny, and anogenital distances (AGDs) and com-
pared them with controls. They found that TBBPA
has no effect on progeny number, AGDs, and sex
ratio in parental and F| generations. But testis, pros-
tate, epididymis, and seminal vesicle weights were
significantly decreased in F, generation. No signif-
icant differences were found in sperm morphology,
viability, and state of acrosomes in all groups ver-
sus controls. The authors observed higher levels of
apoptosis in testes and changes in morphometry of
seminiferous tubules in all F, generation treatment
groups. Additionally, expression pattern of selected
genes such as those encoding acrosomal proteins,
androgen-responsible genes, heat shock protein
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(HSP) genes, apoptosis regulation genes, and Sertoli
cell-specific genes that have important roles during
spermatogenesis were markedly changed. The au-
thors concluded that TBBPA might induce testicular
apoptosis and changes in seminiferous tubule mor-
phometry in cluster of differentiation (CD)1 mice,
and the effect was multigenerational.®®

Research has suggested that TBBPA could act
as an estrogenic agonist. Carcinogenicity studies
showed that TBBPA exposure led to uterine tumor
development when increasing estrogen levels and
promoting tumor protein (TP)53 mutations. Harvey
et al.* showed that TBBPA exposure (at 0, 250, 500,
and 1000 mg/kg for 2 yr) was associated with sig-
nificant increases in uterine tumors in Wistar Han
rats, remarkable increases in tumor p53 mutations,
and overexpression of human epidermal growth fac-
tor (EGF) receptor 2 in a dose-dependent manner.
Moreover, uterine carcinomas in TBBPA-exposed
rats were ERa positive and progesterone receptor
negative. The authors suggested that morphologic
and molecular features of uterine carcinomas after
TBBPA exposure resembled high-grade type-I tu-
mors in women, and TBBPA exposure could lead
to increased uterine cancer risk.® Moreover, TBBPA
was shown to induce proliferation of breast cancer
cells.* TBBPA effects on reproduction and the en-
docrine system are summarized in Fig. 4,46:6065-69

* Estrogen agonistic effect
* ERa and ERP up-regulation
* Remarkable increases in p53 mutations and

F I overexpression HER2
e'l la eS * Carci icity (uterine epithelial tumors

such as adenomas, adenocarcinomas,
atypical endometrial hyperplasia and
malignant mixed Miillerian tumors)

eIncrease in testis weight
eIncrease in plasma testosterone levels

Males

FIG. 4: TBBPA effects on reproduction and the endo-
crine system. ERa, Estrogen receptor a; ERp, estrogen
receptor 3; HER2, human epidermal growth factor recep-
tor 2.
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IX. NEUROTOXIC, NEUROENDOCRINE, AND
NEUROBEHAVIORAL TBBPA EFFECTS

A. In Vitro Studies

Liang et al.”’ evaluated TBBPA neurotoxic effects
on human neuronal stem cells (hNSCs) at environ-
mental and human exposure-relevant concentra-
tions ranging from 1 to 1000 nm in two different
media (E6 medium [Dulbecco’s Modified Eagle
Medium/F-12 supplemented with sodium selenite,
L-ascorbic acid 2—phosphate sesquimagnesium salt
hydrate, human holo-transferrin, and insulin] and
N2B27 medium [hNSC maintenance medium that is
deprived of basic fibroblast growth factor]). TBBPA
did not affect hNSC viability and proliferation at
concentrations as high as 1 pm in N2B27 medium.
In this study, the authors also assessed TBBPA ex-
posure effects on expression of typical hNSC mark-
ers (PAX protein 6 [PAX6], nestin [NES], Sry box
transcription factors 1 and 2 [SOX1/SOX2], and
the tubulin $ 3 [TUBB3] chain) for 6 d. They also
studied Notch 1 protein (NOTCH) signaling tar-
get proteins, such as fatty acid—binding protein 7
(FABP7) in brain and Hes Family BHLH Transcrip-
tion Factor 5 (HESS). SOX2 expression was slightly
down-regulated, NES expression was marginally re-
pressed, and FABP7 expression was up-regulated at
10 and 100 nm TBBPA in N2B27 medium. PAX6
and SOX1 expressions were unaffected, FABP7
was down-regulated, and HESS was up-regulated.
In N2B27 medium, SOX3 expression decreased
dose dependently, whereas in E6 medium TBBPA
caused decreased SOX3 expression. TUBB3 ex-
pression increased in N2B27 medium, but in E6
medium TUBB3 expression was significantly lower
than controls. Because hNSCs are multipotent and
able to generate neurons and glial cells, the authors
also investigated TBBPA effects on nerve cell dif-
ferentiation. Glycogen synthase kinase (GSK)3p is
a major regulator of neural development and its high
levels maintain the NSC undifferentiated state, so
this research group used CHIR99021 as an GSK3f
inhibitor and Wingless—Int-1 (WNT) agonist. In
TBBPA-exposed cells, SOX repression was res-
cued after CHIR treatment. Additionally, after the
researchers differentiated hNSCs by using N2B27
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and E6 media, they investigated TBBPA effects
on hNSC differentiation that could also be modu-
lated by T,. They detected that TBBPA increased
SOX3 expression in the absence of T,. Liang and
colleagues suggested that TBBPA may potentially
change hNSC identity and neurogenesis by interfer-
ing with GSK3pB, NOTCH, and T, signaling.”

In another study, Zieminska et al.”' demonstrated
the role of Ca™ transients that were triggered by
TBBPA in rat cerebellar granule cells (CGCs). The
CGCs were treated with TBBPA at 10 or 25 um con-
centrations for 30 min. The authors measured intracel-
lular Ca* concentrations, ROS and GSH levels, CAT
activity, and mitochondria potential. TBBPA caused
significant increases in Ca** and ROS production and
marked decreases in GSH levels and CAT activity.
Moreover, TBBPA administration led to decreased
mitochondria potential and neuronal activity.”

Oxidative stress and Ca*? imbalance are known
to induce Zn" release from intracellular stores. It
was shown that Zn*? is a mediator in the excitotox-
icity cascade that includes N-methyl-p—aspartate
receptor (NMDAR)-mediated oxidative stress, mito-
chondrial membrane potential failure, Ca* deregu-
lation, and neuronal cell damage. We know that Zn*?
ions confer both protective and cytotoxic effects on
nerve cells. A study by Zieminska et al.”? showed
that TBBPA exposure caused Zn*? release from in-
tracellular stores and disturbed Zn*> homeostasis
in primary rat CGCs. Using Zn"-sensitive fluores-
cent probes such as FluoZin-3 (measures changes
in intracellular Zn** concentration) and FluoZin-1
(evaluates total zinc levels in CGC culture lysates)
as well as zinc chelator N,N,N’,N'-tetrakis[2-pyr-
idinylmethyl]-1,2-ethanediamine (TPEN), the au-
thors also investigated Zn™ effects on NMDAR
channel activity. CGCs were incubated with TBBPA
at 10 and 25 pm for 1 and 5 min. Changes in intra-
cellular Ca*™? concentration in CGCs were monitored
with the fluorescent Ca*-sensitive probe Fluo-3.
TBBPA altered cellular Zn*> homeostasis, increased
intracellular Zn™ concentration, and promoted Zn*
redistribution from cells to the intracellular compart-
ment in CGC cultures. Endogenous Zn*? inhibited
NMDARs. Ca** and ROS partially mediated TBB-
PA-evoked Zn'? transients. TPEN did not aggravate
TBBPA neurotoxicity and even slightly decreased
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neuronal death that TBBPA induced at 25 pum. The
researchers concluded that TBBPA exposure may
induce Zn"? imbalance, disrupt cellular Zn*2 homeo-
stasis, and promote Zn*? redistribution from neuro-
nal cell cultures to the extracellular compartment. It
was suggested that mechanisms related to Zn™ ho-
meostasis might modify TBBPA toxicity.”

Szychowski and Wojtowicz” showed that
TBBPA concentrations ranging from 100 nm to
100 pm (for 30 min and 3, 6, and 24 h) could cause
dose-dependent cytotoxicity, intracellular ROS pro-
duction, caspase 3 activation, apoptosis-like nuclear
contraction, DNA fragmentation, chromatin con-
densation, and apoptotic body formation in mouse
primary hippocampal neuron cultures.'®” In another
study, TBBPA (2—20 um) increased intracellular free
Ca™ levels in a dose-dependent manner and high
extracellular glutamate levels in a time-dependent
manner in CGCs.”

Yin et al.” investigated TBBPA cytotoxicity and
neural developmental toxicity in mouse embryonic
stem cells (ESCs) at environmental- and human ex-
posure—relevant doses (0, 1, 10, 100, 150, and 200
um) after 72 h. TBBPA half-maximal inhibitory
concentration measured 102 + 6 pm. TBBPA caused
perturbations in intracellular Ca*? levels and stimu-
lated ROS formation; however, these changes were
not directly dose dependent, although at higher con-
centrations the effects were more pronounced than
those of controls. At 10 um, TBBPA provoked an in-
crease in intracellular Ca* ions in ESCs after expo-
sure time of 8 min, but those perturbations returned
to normal levels after ~ 35 min. The researchers sug-
gested that 10 um TBBPA could perturb cellular Ca*
levels, but cells recovered due to the antistress ma-
chinery. However, at 100 and 200 pm, TBBPA sig-
nificantly increased free Ca*? levels. This group also
analyzed changes in specific marker gene expres-
sions. They found TBBPA to enhance expression of
neural progenitor markers including PAX6, SOXI1,
and SOX3 and neurogenesis genes such as microtu-
bule-associated protein 2 and neurogenic differenti-
ation 1 gene. Additionally, NOTCH effectors such
as transcription factors HES1 and HES5 and WNT
target genes such as Lefl and Axin2 were slightly
up-regulated at all TBBPA concentrations; however,
those effects were not directly dose dependent. The
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authors suggested that TBBPA could cause cytotox-
icity, neural developmental toxicity, and alteration
in neural specification due to the compound’s effects
on NOTCH and canonical WNT pathways.”
Diamandakis et al.” investigated TBBPA ef-
fects on plasma membrane potential as well as its
interactions with NMDAR and a-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) in CGCs. CGC plasma membrane poten-
tial was measured using cell current-clamp record-
ings and the fluorescent probe oxonol VI. Effects
of NMDARs and AMPARs, voltage-gated sodium
channels, and intracellular Ca'? mobilization were
tested via their selective antagonists and inhibitors.
Additionally, TBBPA with NMDAR direct interac-
tions were measured using specific binding of radio-
labeled NMDA ligands. The researchers observed
that TBBPA caused CGC plasma membrane depo-
larization in a dose-dependent manner and suggested
that TBBPA could activate NMDARs, perhaps lead-
ing to depolarization CGC plasma membranes.”

B. Aquatic Animal Studies

We have learned that chronic exposure to TBBPA
can cause sex-specific neurobehavioral changes
and alterations in animal social interaction. Chen
et al.® studied developmental and neurobehavioral
effects in zebrafish that were exposed to 0, 0.5, 5,
and 50 nm TBBPA for 1 to 120 d postfertilization.
Exposure at 0.5 nm TBBPA was not associated with
malformations in embryos and did not alter sex ra-
tio but resulted in reduced zebrafish bw and length.
At exposures of both 5 and 50 nm TBBPA in adult
females, average swim speeds were consistently
and significantly higher than those of controls in
the visible light period but not in the dark period.
In adult males, average swim speeds were consis-
tent and significant versus those of controls in light
and dark periods at TBBPA exposures of both 5 and
50 nMm. For aggression assessment, the researchers
used a mirror-image attack behavior test. In the sur-
rounding four-mirror test, no differences occurred
between females and males in both exposure groups
concerning mirror attack frequency. In males, mirror
attack frequency in fish that received at 5 nm TBBPA
was the same as that of controls. However, males
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exposed to 50 nm TBBPA were significantly more
aggressive compared to nonexposed fish. Time spent
in the defined mirror zone by females did not differ
in nonexposed females and females exposed to 5 nm
TBBPA. Increases in time spent in the defined mir-
ror zone occurred for both males and females that
were exposed to 50 nm TBBPA (versus controls; p
< 0.05). The authors concluded that chronic expo-
sure to TBBPA caused more pronounced behavioral
changes and hyperactivity in male compared to fe-
male zebrafish.®

C. Other Animal Studies

In vivo studies indicate that TBBPA could accumu-
late in different brain regions. Animals that were
chronically exposed to TBBPA might have higher
concentrations of brain TBBPA compared to con-
centrations in other body compartments. Nakajima
et al.”” conducted a study on mice that were exposed
to one oral acute TBBPA dose (0.1, 5, and 250 mg/
kg). The researchers found high amounts of TBBPA
in striatum after mice were treated with 0.1 and 5
mg/kg TBBPA. But after treatment with 250 mg/
kg TBBPA, a nonspecific accumulation was found
in brain. Effects of acute TBBPA exposure in mice
were also investigated by open-field activity, con-
textual memory, the Y-maze test, and spatial work-
ing memory tests. These investigators indicated that
a 0.1 mg/kg oral TBBPA dose resulted in memory
increase in the contextual fear conditioning para-
digm and Y-maze test. Additionally, a 5 mg/kg oral
dose increased locomotor stimulating effects in the
open-field test. Conversely, 250 mg/kg TBBPA did
not result in any neurobehavioral effects. These re-
sults show that at low and medium doses, TBBPA
could accumulate in brain regions including stria-
tum and possibly induce behavioral alterations.”
Another study on mice suggested that neona-
tal exposure to TBBPA (oral dose at 11.5 mg/kg
bw) could reduce binding sites of the nicotinic li-
gand cytisine in frontal cortex.”® An ex vivo study
by Mariussen and Fonnum”™ showed that TBBPA
was incubated with synaptosomes at different con-
centrations (2—20 um). TBBPA was shown to inhibit
neurotransmitter uptake and produced concentra-
tion-dependent inhibition of dopamine, glutamate,
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and y-aminobutyric acid uptake in rat brain. Kinetic
studies with TBBPA and dopamine uptake indicated
that TBBPA showed mixed competitive and non-
competitive inhibition, depending to a certain extent
to dopamine concentrations in brain. Additionally,
TBBPA effects on tetraphenylphosphonium uptake
correlated with dopamine and glutamate inhibition,
and TBBPA could affect synaptosome membrane
properties by decreasing membrane potential.”
Thyroid hormones may interfere with neuro-
development. In Wistar rats fed different diets con-
taining TBBPA (diets with 0; 37.5; 125; 375; 1250;
3750; 12,500; or 37,500 mg TBBPA/kg), Lilien-
thal et al.! studied effects of prenatal and postnatal
TBBPA exposure on the auditory system and con-
ditional fear, which are modulated by thyroid hor-
mones. The researchers demonstrated that brainstem
auditory—evoked potentials increased in female rat
offspring at a low-frequency range in a dose-depen-
dent manner. No effects were observed in male rats.'
Different studies suggest that TBBPA expo-
sure could cause neuropathological changes. Cope
et al.> examined TBBPA neuropathological, behav-
ioral, and neurological effects at oral doses of 10,
100, and 1000 mg/kg bw/d in two generations of SD
rats. In a separate study, TBBPA (oral 0, 100, 300,
or 1000 mg/kg bw/d) effects in rats were examined
on embryonic/fetal development between gestation
d 1 and 19. In the reproductive study, exposure to
> 100 mg/kg bw/d TBBPA caused decreases in cir-
culating T, levels without any significant alterations
in T, and TSH. However, the findings could not be
extrapolated to humans due to differences in TBBPA
catabolism in both. At up to 1000 mg/kg bw/d,
TBBPA did not lead to with any marked effects on
reproduction, growth, and development. A subtle
reduction in parietal cortex thickness and microana-
tomic changes in 11-d-old F, pups in the 1000 mg/
kg bw/d group were noted; but the researchers noted
that the biological relevance of these effects in hu-
mans could not be clearly known. Estrogenic effects
strong enough to cause macroanatomic features,
fertility, reproduction, development, developmental
neurotoxicity/neuropathology, survival, or behavior
were not detected in the embryo—fetal development
study nor the multigenerational study. The no-ob-
served-effect level for maternal and developmental
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toxicity was suggested to be 1000 mg/kg bw/d for
TBBPA.?

TBBPA derivatives’ potential neurotoxicity was
demonstrated using in vitro and in vivo studies. Liu
et al.* investigated neurotoxic effects of TBBPA—
bis(2-hydoxy ethyl ether) (TBBPA-BHEE) on neo-
natal Sprague—Dawley (SD) rats that were exposed
to the chemical using long-term intranasal instilla-
tion 1x/d at 1 pg/g doses for 21 d. Neurobehavioral
and histopathological changes and gene expressions
were evaluated. Results showed that TBBPA-BHEE
decreased motor coordination performance and
changed locomotor behavior. Significant histo-
pathological changes occurred in both cerebrum and
cerebellum tissues and neural cell swelling, microg-
lial activation, and proliferation were also observed.
Additionally, 911 genes were found to be up-regu-
lated, and 433 genes were down-regulated. Gene set
enrichment analysis showed that multiple signaling
pathways (such as ubiquitin-mediated proteolysis
and WNT signaling pathways) were affected by
TBBPA-BHEE exposure. Gene ontology enrich-
ment analysis demonstrated that TBBPA-BHEE
also altered basic cellular functions and neurologi-
cal processes including synaptic transmission.

TBBPA neurotoxic, neuroendocrine, and neuro-
behavioral effects are summarized in Fig. 5.1670-73.75.76

X. HEPATOTOXIC EFFECTS OF TBBPA

A. In Vitro Studies

As indicated above, due to the structural resem-
blance of TBBPA to thyroid hormones, TBBPA can
have similar effects with T, and T, on lipid metabo-
lism and a direct antisteatotic effect on hepatocytes.
Grasselli et al.*! investigated TBBPA thyromimetic
and receptor-independent effects on lipid homeosta-
sis in steatotic rat hepatoma cells (FaO cell line), a
defective liver cell line for functional thyroid hor-
mones. Cells were exposed for 24 h to TBBPA at
108105 M concentrations. A maximum TBBPA
effect was obtained at 10° m for the 24 h. Similar
to T,, TBBPA enhanced triglyceride content and
increased lipid droplet size within FaO cells. Sub-
stantial modifications in transcription of peroxisome
proliferator—activated receptor (PPAR)-/-y and -a
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isoforms occurred due to PPAR-B/-y down-regula-
tion and PPAR-a up-regulation. Additionally, cyto-
chrome P450, family 4, subfamily a, polypeptide 1
mRNA levels increased in steatotic cells, initiating
fatty acid ® oxidation in microsomes.®!

In another study, researchers reported that TBBPA
exposure at 0.25—1.0 mm doses for 0-3 h can cause cy-
totoxicity, loss of cellular adenosine triphosphate, and
adenine nucleotide pools; decreased GSH and protein
thiols; and GSH disulfide and MDA accumulation in
F344/]cl rat hepatocytes. The authors suggested that
the cytotoxicity might be due to mitochondrial dys-
function induced by TBBPA in hepatocytes.®

B. Aquatic Animal Studies

TBBPA may induce oxidative stress that decelerates
glycolysis and enhances gluconeogenesis to protect

cellular glucose, glucose-6-phosphate, and NADPH
production.’® Proteomic studies on liver in aquatic
animals suggest that exposure to TBBPA causes
enhanced production of gluconeogenic proteins, re-
lated to oxidative stress. Kling and Forlin® investi-
gated TBBPA hepatic effects in zebrafish liver cells.
In this proteomic study, cells were exposed for 24
and 72 h to TBBPA (0, 0.5, 5, and 220 um). Pep-
tide mapping with advanced techniques showed that
TBBPA caused dose-dependent increases in proteins
Hsp70 and transketolase, important in the protein
folding process and NADPH production. Addi-
tionally, following TBBPA exposure, overlapping
occurred in protein responses in glyceraldehyde
3-phosphate dehydrogenase (GAPDH), methylcro-
tonoyl Co-A carboxylase 2 (MCCC?2), and Aldolase
A (ALDOA), enzymes responsible for gluconeo-
genesis (GADPH and ALDOA) and ligase activity
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(MCCC2). Results found that high expression of
GAPDH and ALDOA caused by TBBPA exposure
might cause adverse effects associated with apopto-
sis and hepatocellular carcinoma.®

Several in vivo studies were conducted measur-
ing TBBPA effects on hepatic enzymes, suggesting
that TBBPA can affect microsomal and cytoso-
lic drug—metabolizing hepatic enzymes in aquatic
animals. Ronisz et al.* measured changes in cy-
tochrome P450 1A (CYP1A; measured as ethoxy-
resorufin-O-deethylase), GSH reductase (GR),
GSH-S-transferase (GST), and CAT in rainbow
trout (Oncorhynchus mykiss). Additionally, the au-
thors evaluated vitellogenin (VTG) induction, DNA
adduct formation, and liver somatic index (LSI).
Fish received TBBPA doses of 0, 1, 1, 10, or 100
mg/kg intraperitoneally for 1 d; 1, 10, 50, 100, and
500 mg/kg for 4 d, and 100 mg/kg for 14 and 28 d,
respectively. Results indicated that TBBPA induced
GR activity at the 100 mg/kg dose after 4, 14, and
28 d. TBBPA also induced activity in CYP1A pro-
tein levels at the highest applied dose. However,
the authors suggested that TBBPA is not a CYP1A
inducer but rather a substrate for CYP1A and can
disturb CYP1A-mediated metabolism. Additionally,
the study showed that TBBPA decreased CAT activ-
ity and LSI at 50 mg/kg doses after 4 d of exposure.
TBBPA did not cause formation of DNA adducts at
any of the applied doses or periods.®

C. Other Animal Studies

The liver is the main organ that metabolizes hor-
mones and chemicals. TBBPA exposure may lead
to a series of events that can eventually cause hepa-
tocarcinogenesis. Dunnick et al.** conducted a study
on female Wistar Han rats that were exposed for 13
weeks to TBBPA (doses at 0, 25, 250, and 1000 mg/
kg by oral gavage). No changes occurred in bw and
organ (liver, uterus) weights at any applied dose.
However, hepatic and uterine transcriptome anal-
yses showed that TBBPA exposure at 1000 mg/kg
induced changes primarily in the liver, with 159
transcripts corresponding to 132 genes differentially
expressed compared to controls. The authors found
that the interferon (INF) pathway in the liver was
activated after 13 wk of TBBPA exposure and thus
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suggested that long-term TBBPA exposure might
lead to immunomodulatory changes that could con-
tribute to a hepatocarcinogenic process.*

Studies show that TBBPA could alter serum
concentrations of total cholesterol and liver weights
and cause histopathological changes in the liver.
Tada et al.’ examined TBBPA effects on Institute
for Cancer Research mice after prenatal and post-
natal exposure. TBBPA was administered in the diet
(0%, 0.01%, 0.1%, and 1.0%) from gestational d 0
to weaning at postnatal d 27. Serum concentrations
of total cholesterol were significantly higher in high-
dose—group dams, middle- and high-dose—groups
males, and female offspring of the high-dose group
versus controls (p < 0.05; all). Serum triglyceride
concentrations in high-dose—group dams was con-
siderably higher than controls; however, in high-
dose—group female and male offspring, triglyceride
concentrations were dramatically lower than those
of controls. Histological findings in treated dams
or offspring showed increases in hepatocyte focal
necrosis, inflammatory liver cell infiltration, and
kidney cysts. Moreover, mild expansiveness of he-
patocytes and thin granular changes in cytoplasm
in treated dams and offspring groups were present
versus controls.® Hepatotoxic TBBPA effects are
summarized in Fig. 6,388

XI. NEPHROTOXIC EFFECTS OF TBBPA

A. Animal Studies

Few studies investigated TBBPA adverse effects in
animal kidneys, but it was suggested that TBBPA
could cause oxidative stress in kidney at high con-
centrations. To evaluate TBBPA nephrotoxic poten-
tial, Kang et al.}” performed single-dose and 14-day
repeated-dose studies by applying 200, 500, and
1000 mg/kg to adult rats. At 1000 mg/kg, TBBPA
significantly elevated renal lipid peroxidation levels,
and SOD activity increased at all administered doses.
No changes in renal CAT activities occurred in all
TBBPA-receiving groups. The researchers indicated
that acute administration of TBBPA at 1000 mg/kg
produced transient renal changes at 5 h. Moreover,
results showed that limited TBBPA amounts could
remain in kidney compared to serum or urine.®’
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FIG. 6: Hepatotoxic effects of TBBPA. GAPDH, glyc-
eraldehyde 3-phosphate dehydrogenase; PPAR, peroxi-
some proliferator—activated receptor; VTG, vitellogenin.

Fukuda et al.* examined effects of oral TBBPA
exposure to newborn female and male rats. For 18
d (postnatal d 4 to weaning at 21 d) rats received
0, 40, 200, and 600 mg/kg/d doses. Treatment with
200 or 600 mg/kg TBBPA induced nephrotoxicity
that was characterized by polycystic lesion for-
mation, and some deaths occurred in the highest
TBBPA-exposed group. The researchers did not
observe gender differences regarding nephrotoxic
TBBPA effects. After 85 d, nephrotoxic lesions
were still present in the 200 and 600 mg/kg groups.
To compare TBBPA nephrotoxic effects in new-
born rats versus young rats, young rats were treated
with 2000 and 6000 mg/kg TBBPA doses for 18
d. No histopathological changes nor abnormalities
in young rats occurred even though higher doses
were applied. The authors suggested that TBBPA
renal toxicity can be age related, and newborn
susceptibility to TBBPA can result from imma-
ture renal functions, an imbalance between cellu-
lar proliferation and stimulation of apoptosis, and
interaction of multiple growth factors and cyto-
kines.*® Nephrotoxic effects of TBBPA are given in
Fig. 7.%7:88
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Oxidative
stress and
alterations in
antioxidant
enzyme
activities

Induction of lipid
peroxidation
Induction of renal
polycystic lesions
associated with the
dilation of the tubules
and severe lesions
from the cortico-
medullary junction to
the inner cortex

FIG. 7: Nephrotoxic effects of TBBPA

XIll. OTHER TBBPA TOXIC EFFECTS

A. In Vitro Studies

Administration of TBBPA to immune-system cells
was shown to affect their specific properties as well
as cell surface protein expression. Kibakaya et al.¥
demonstrated that exposure to TBBPA inhibited nat-
ural killer (NK) cells ability to bind and lyse tumor
cells and diminished expression of several cell pro-
teins that are necessary for NK lytic function. It was
suggested that TBBPA can activate lytic signaling
pathway components such as p44/42, which can
cause NK lytic function loss.? On the basis of this
data, Cato et al.”® indicated that TBBPA increases
p44/42 and p38 activation in dose- and time-depen-
dent manners.*

Limited inhalation exposure studies performed
on TBBPA show that long-term TBBPA exposure
could trigger chronic obstructive pulmonary disease,
asthma, pulmonary fibrosis, and pulmonary tumors.
It is well known that lung is directly exposed to con-
taminated air particles after inhalation, and TBBPA
may easily and completely distribute in the respira-
tory tract and pulmonary alveoli. Wu et al.”' studied
TBBPA-induced toxic effects and gene expression
alterations in bronchial epithelial (BEAS-2B) cells.
Cells were exposed to TBBPA at 0 (control), 8, 16,
32, and 64 pg/mL concentrations for 12, 24, and 48
h. Cell viability, cellular morphological changes,
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cytokine release, and gene expression alterations
were evaluated. When compared to controls, TBBPA
caused significant decreases in cell viability in dose-
and time-dependent manners. In the morphological
analysis, cellular swelling, cell membrane lysis,
homogenized unstructured areas, and chromatin
changes, as well as the severity of these alterations,
were dose dependent. Additionally, cellular morpho-
logical change (irregularly condensed mitochondria
and lysosomal vacuoles and abnormally shaped
nuclei) severity was also observed in a dose-depen-
dent manner. After treatment with TBBPA, 87 genes
exhibited > 1.5-fold changes in expression. The re-
searchers also observed that the NF-xB pathway, tu-
mor necrosis factor (TNF)a signaling, the Toll-like
receptor pathway, MAPK signaling, and B-cell re-
ceptors were affected by TBBPA exposure.”!

Various types of stressors including noise, aging,
infections, and drugs can cause hair-cell damage in
the cochlea and lead to hearing impairment. Ototoxic
compounds can emerge as free radicals, such as ROS
and reactive nitrogen species, and eventually cause
apoptosis. Park et al.”> demonstrated that TBBPA
could induce hair-cell loss in zebrafish neuromasts
and rat cochlea. TBBPA was also responsible for
apoptotic cell death in the organ of Corti and sen-
sory cell lines in dose- and time-dependent manners,
most probably due to overproduction of ROS and the
proinflammatory cytokine interleukin 6 (IL-6).”

Studies also reported that TBBPA activated in-
flammatory pathways, such as cytokine and pros-
taglandin production. Park et al.”* studied TBBPA
effects on inflammatory responses in gestational
tissues. It was shown that TBBPA increased IL-6,
IL-8, and prostaglandin E2 release and suppressed
transforming growth factor B release in human
transfected trophoblast cells (HTR-8/SVneo) cells
in dose- and time- dependent manners.*

TBBPA was shown to change the tumor kill-
ing function of NK cells and secretion of inflam-
matory cytokines such as INF-y, IL-1B, and TNFa.
Produced by lymphocytes and monocytes/macro-
phages, TNFa is a key proinflammatory cytokine
that is crucial to the immune response. Yasmin
and Whalen® focused on TBBPA effects on TNFa
in human immune cells. In their study, NK cells,
monocyte-depleted peripheral blood mononuclear
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cells (predominantly T and NK lymphocytes), and
peripheral blood mononuclear cell lymphocytes/
monocytes, were treated for 24 and 48 h and 6 d
with TBBPA at 0.005-0.5 um concentrations. TNFa
secretion decreased in a dose-dependent manner in
all cells. The authors suggested that TBBPA can dis-
rupt inflammatory response and that this phenome-
non could cause serious immunological problems.*
Exposure to TBBPA can activate PPAR-y, which
is important for regulating the adipogenesis and os-
teogenesis differentiation balance and osteoporo-
sis. Watt and Schlezinger®® used a primary mouse
bone-marrow culture model and tested the effects
of TBBPA (10-20 pm) on PPAR-y activation. The
investigators found that TBBPA activated PPAR-y1
and PPAR-y2, leading to increased adipogene-
sis and suppressed osteogenesis in mouse primary
bone-marrow cultures. In addition, TBBPA caused
significant increases in lipid accumulation and
PPAR-y target gene expression. Like the primary
metabolite of di(2-ethylhexyl) phthalate, namely,
mono(2-ethylhexyl) phthalate, TBBPA was found
to be a partial and low-potency ligand of PPAR-y,
with moderate but not maximal efficacy in induc-
ing adipocyte differentiation.” These results were in
accordance with other studies performed on human
PPAR-y-based reporter cells, where tribrominated
BPA, and TBBPA produced greatest potency and ef-
ficacy in activating PPAR-y. With decreasing BPA
substitution, activity significantly decreased.”® The
authors concluded that TBBPA could induce adipo-
genesis, along with marked increases in FABP4 and
perilipin 1 expression. In addition, they found that
TBBPA may be a low-potency ligand and have mod-
erate efficacy for PPAR-y in bone-marrow cells.”
Honkisz and Wojtowicz?” found that TBBPA
increased PPAR-y and the B subunit of § human
chorionic gonadotropin (f-hCG) in human cho-
riocarcinoma (JEG-3) cells. The authors also
evaluated the action of TBBPA on placental pro-
gesterone secretion, cytotoxicity, and apoptosis.
After TBBPA treatment at 10 nm and 10 um doses,
PPAR-y protein expression elevated in a time-
dependent manner until 48 h and then slightly
decreased at 72 h, still remaining above that of
controls. This phenomenon was accompanied by
decreases in B-hCG levels. On the other hand,
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when JEG-3 cells were exposed to 2-chloro-5-
nitrobenzanilide (GW9662) (a PPAR-y antagonist)
along with TBBPA, GW9662 reversed changes
in PPAR-y protein expression that were caused
by TBBPA and potentiated the inhibitory effect
of TBBPA on B-hCG secretion. This unexpected
GW9662 effect indicated that the underlying alter-
ation mechanism in $-hCG secretion after TBBPA
exposure is likely PPAR-y independent. At 10 and
50 um doses, TBBPA increased progesterone con-
centrations but decreased progesterone levels at
100 uM doses, probably due to the high cytotoxic
effect at this concentration. TBBPA significantly
increased apoptosis, as evidenced by increases in
caspase 3 activity and immunostaining.’’

Woeller et al.”® conducted a study of TBBPA
effects on Thy-1 cell surface antigen (THY1) and
CD90, a glycophosphatidylinositol-anchored mem-
brane protein that serves as a marker for stem cells
and also has an important role in regulating adipo-
genesis and obesity. In this study, TBBPA reduced
THY1, CD90 in both human and mouse cells, via
expression for promoting adipogenesis after mi-
croRNA-103/-107 induction.”® The authors sug-
gested that Thy-1 was a TBBPA target and Thy-1
could be a key protein that is targeted by different
endocrine disruptors, leading to adipogenesis and
obesity.

B. Animal Studies

Yu et al.¥ observed diminished motor activity, eye
squint, mild dyspnea, and erythema in an acute
TBBPA inhalation study in rats. Additionally, local
irritation occurred in rat upper respiratory tracts after
14 d inhalation.** Koike et al.”” showed that TBBPA
exposure could stimulate proinflammatory protein
expression, intracellular adhesion protein 1 (ICAM-
1), and IL-6 in normal BEAS-2B cells by disrupt-
ing intracellular signaling. Exposure to TBBPA at
1 mg/mL concentration led to increased ICAM-1
expression and IL-6 production; however, exposure
to TBBPA at 10 mg/mL caused decreased ICAM-1
expression and IL-6 production, most probably due
to cytotoxic effects of high-dose TBBPA. Further-
more, exposure to TBBPA at 0.1-10 mg/mL led to
decreased IL-8 production in BEAS-2B cells in a

Oral et al.

dose-dependent manner. TBBPA exposure also sig-
nificantly induced EGF production.”

XIl. SUMMARY

TBBPA, a bisphenol derivative, is a brominated
flame retardant, widely used in a variety of industrial
polymers, such as polyester and epoxy resins, and
in polycarbonates. These compounds are found in a
variety of consumer products such as circuit boards,
electronics equipment, furniture, plastics, textiles,
kitchen hoods, and baby products. TBBPA can seep
out from consumer products, and due to its environ-
mental stability, spread into various environmental
areas to contaminate air, soil, water, marine sedi-
ments, and food. Humans are exposed to TBBPA by
inhaling ambient air, dermal contact, and ingesting
foods (particularly seafood, milk, and egg) and drink-
ing water. Oral intake is the major exposure route
for TBBPA. Occupational exposure is of particular
concern because it is responsible for high exposure
through inhaling workplace dust. Workers may also
be exposed through dermal contact and ingestion.
TBBPA undergoes first-pass metabolism and is
conjugated by glucuronic acid or sulfate. TBBPA has
low bioavailability, and the main elimination route is
feces. In vivo experiments indicate that high TBBPA
exposure can cause cancer in laboratory animals, par-
ticularly uterine, testis, and liver cancer. In 2018, the
IARC declared that TBBPA is a group-2 A carcinogen.
During the past 10 yr, studies on different cells
in animal models and human volunteers indicate that
TBBPA has low acute toxicity, but chronic exposure
to this compound may have serious consequences.
TBBPA can act as an endocrine disruptor and cause
neurobehavioral and immunotoxic effects, oxidative
stress, and apoptosis. /n vivo studies report that liver
may be a target organ for TBBPA, and TBBPA-in-
duced cytotoxicity can result from liver mitochon-
drial dysfunction. TBBPA can also affect glycolysis,
gluconeogenesis, adipogenesis, and osteogenesis.
Due to its structural resemblance to thyroid hor-
mones, TBBPA can affect several components of
the thyroid system and lead to alterations in thyroid
hormone levels, such as increased plasma T,.
Although several experiments have been per-
formed in vitro and in vivo, a lack of human data still
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exists and chronic toxic TBBPA effects on humans,
particularly sensitive populations such as pregnant
women, newborns, children, and elderly, are not
well known. Therefore, epidemiological studies are
needed to comprehensively investigate TBBPA lev-
els in biological fluids. Moreover, lack of data exists
for TBBPA levels in different pathological conditions.
Thus, studies on TBBPA impact, particularly on en-
docrine disorders and cancer, must also be performed.
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