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Tetrabromobisphenol A (TBBPA) is one of the most widely used brominated flame retar-
dants and is extensively used in electronic equipment, furniture, plastics, and textiles. It
is frequently detected in water, soil, air, and organisms, including humans, and has raised
concerns in the scientific community regarding its potential adverse health effects. Human
exposure to TBBPA is mainly via diet, respiration, and skin contact. Various in vivo and in vitro
studies based on animal and cell models have demonstrated that TBBPA can induce mul-
tifaceted effects in cells and animals, and potentially exert hepatic, renal, neural, cardiac,
and reproductive toxicities. Nevertheless, other reports have claimed that TBBPA might be a
safe chemical. In this review, we re-evaluated most of the published TBBPA toxicological as-
sessments with the goal of reaching a conclusion about its potential toxicity. We concluded
that, although low TBBPA exposure levels and rapid metabolism in humans may signify that
TBBPA is a safe chemical for the general population, particular attention should be paid to
the potential effects of TBBPA on early developmental stages.

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of

Sciences. Published by Elsevier B.V.

Introduction

Tetrabromobisphenol A (2,2'6,6'-Tetrabromo-4,4'-isopropyl-
idenediphenol, TBBPA (CAS 79-94-7)) is currently the most
widely used brominated flame retardant (BFR). The three major
production areas of TBBPA in the world include China, the
USA, and the Middle East. The total production of TBBPA in
these three regions was approximately 241,352 tons in 2016
(WorldAnalytics, 2019), while the annual production of TBBPA
in China is around 180,000 tons (LM, 2019). Moreover, the global
market for TBBPA is expected to increase at a compounded
annual growth rate of approximately 3.8% over the next five
years (WorldAnalytics, 2019). The main utilization of TBBPA is as
a reagent in the production of epoxy and polycarbonate resins
employed in electronic devices, furniture, and other equipment
(Covaci et al., 2009).
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Environmental surveys have shown that TBBPA can be re-
leased into the environment during production, processing, and
final product usage and disposal (ECHA, 2008). Although there is
no report describing the exact time when its production began,
TBBPA was detected as early as Watanabe et al., 1983 in sedi-
ments from the Neya River in Japan (Watanabe et al., 1983). Cur-
rently, TBBPA is widespread in many kinds of abiotic and biotic
matrices (Covaci et al., 2009). It can be found in air, water, soil,
indoor dust, sediments, and sewage sludge from different loca-
tions (Covaci et al., 2009; Guerra et al., 2010; Huang et al., 2014;
Kowalski and Mazur, 2014; Ni and Zeng, 2013; Takigami et al,,
2009). It can also accumulate in the food chain (Shi et al., 2017).

The main exposure pathways to TBBPA for the general pop-
ulation include diet, ingestion of, and dermal contact with dust
(Abdallah et al., 2015). As a consequence, TBBPA can be de-
tected in human bodily fluid samples, such as breast milk
and maternal/cord sera. In fact, several studies have reported
TBBPA levels in blood serum up to 93.22 ng/g lipid weight (Iw)
in adults and 457.4 ng/g lw in infants (Cariou et al., 2008;
Kim and Oh, 2014), and in cord blood serum up to 649.45 ng/g lw
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(Cariou et al., 2008). Similarly, TBBPA levels in breast milk could
reach 37.34 ng/g lw (Cariou et al., 2008). Although with regional
differences, these findings suggest that TBBPA equivalent con-
centrations in the body are generally much lower than 1-10
nmol/L, but in extreme cases can be as high as 1-2 pmol/L in cord
serum lipids (nmol/L levels in serum when adjusted for lipid per-
centage). As far as the daily average TBBPA intake is concerned,
studies have estimated it to be in the range 0f 0.018 and 0.97 ng/kg
body weight (bw) for dust inhalation and dust ingestion respec-
tively (Ni and Zeng, 2013), 1.34 ng/kg bw through food consump-
tion (Shi et al., 2017), and particularly for infants, 6.62-10.1 ng/kg
bw (Huang et al., 2020).

To date, few epidemiological analyses linking TBBPA to dis-
eases or medical conditions are available. For example, one
study showed that there was no consistent association between
TBBPA blood levels and performance in neurobehavioral tests
(Kicinski et al., 2012). Conversely, many toxicological evaluations
of the potential toxicity of TBBPA have been conducted. Thus, in
this review, most of the toxicological studies published so far were
analyzed and an attempt was made to assess the TBBPA doses of
exposure that may affect human health.

1. Studies addressing the potential toxicity of
TBBPA

The widespread detection of TBBPA in abiotic and biotic matrices,
as well as in human bodily fluid samples, has raised concerns
among toxicologists about the potential health risks of TBBPA.
The potential adverse effects of TBBPA on humans were inves-
tigated as early as 1979 (Inouye et al., 1979). Since then, various
toxicological models have been employed to investigate TBBPA
toxicity.

1.1. Animal-based evaluations

1.1.1. Zebrafish

Zebrafish is a classic model organism, which has been widely uti-
lized to assess TBBPA toxicity and define human health risks.
Table 1 lists the major toxicological findings in TBBPA-exposed
zebrafish, with details on the treatments exerting the specific
toxic effects.

In several studies, TBBPA caused obvious effects on growth
and development (Table 1) (Baumann et al., 2016; Chen et al,,
2016a, 2016b; Parsons et al., 2019; Usenko et al., 2016; Wu et al.,
2016). In addition, TBBPA could increase oxidative stress, induce
reactive oxygen species (ROS) production, and influence the an-
tioxidant defense systems (Wu et al., 2016). Furthermore, TBBPA
altered the expression of matrix metalloproteinases, which are
important for the remodeling of the extracellular matrix during
several processes, including wound healing, cell migration, and
tissue morphogenesis (McCormick et al., 2010). All the above ef-
fects were generally observed at pumol/L levels or higher, except
for effects on development, which started in the nmol/L range.

As far as the endocrine system is concerned, TBBPA has been
shown to affect it (Table 1). For example, many studies have illus-
trated the effects of TBBPA on the thyroid hormone (TH) system.
In fact, TBBPA affects the hypothalamic-pituitary-thyroid (HPT)
axis-related gene expression, thus influencing thyroid functions
(Parsons et al,, 2019; Zhu et al., 2018). In addition, it could act
as a TH antagonist (Zhang et al., 2015). TBBPA can disrupt TH-
induced cell signaling pathways (Kudo et al., 2006) and can in-
terfere with a series of TH-dependent processes during devel-
opment (Parsons et al., 2019). Moreover, it could interfere with
eye development (Baumann et al., 2016); have estrogenic activ-
ity (Chow et al., 2013); decrease hatching rate/delays hatching
(Kuiper et al., 2007; Wu et al., 2016); and activate zebrafish per-
oxisome proliferator-activated receptor y (PPARy) to induce lipid
accumulation at the larval stage and thus act as an obesogen
(Riu et al., 2014). In some cases, these endocrine-disrupting ef-
fects could be elicited by low concentrations of TBBPA.

Additionally, TBBPA could exert neurodevelopmental toxi-
city, alter behavior (Chen et al.,, 2016a, 2016b; Usenko et al,,
2016; Zhu et al., 2018), and elicit cardiac developmental toxicity
(Wu et al., 2016). TBBPA could exert most of the above develop-
mental effects at nmol/L levels.

Although many studies have demonstrated that TBBPA may
be quite harmful, there are still reports claiming TBBPA as a safe
chemical (Table 1). For example, up to 10 pmol/L TBBPA did not
affect zebrafish development when the treatment was admin-
istered 48-96 hr post-fertilization (hpf), whereas it did so if ad-
ministered at 8-48 hpf (Chen et al., 2016b; Jarema et al., 2015).
Similarly, a 3-day exposure at equivalent TBBPA concentrations,
from 24 hpf followed by a 3-day recovery period did not cause
significant adverse effects (Chen et al., 2016b; Jarema et al., 2015).
These data suggest that exposure at very early stages during de-
velopment is critical for the potential toxic effects of TBBPA to
be realized, and that organisms can recover if exposure is not
continuous.

1.1.2. Rodents

Many studies have evaluated the effects of TBBPA in mouse/rat
models including hepatotoxicity, nephrotoxicity, reproductive
toxicity, neurotoxicity, and endocrine disruption (Tables 2 and 3).

TBBPA can induce liver damage by triggering inflammation
responses and focal necrosis in hepatocytes not only in adults,
but also in offspring during gestational and lactation stages
(Dunnick et al., 2017; Tada et al., 2006), and also by disrupting
heme metabolism (Szymanska et al., 2000). Moreover, TBBPA trig-
gers an increase in dilation or atrophy of renal tubules and cysts
in the kidneys (Tada et al., 2006), it induced polycystic kidneys
in newborn rats (Fukuda et al., 2004), and overall, exerted kid-
ney toxicity by inducing ROS through metabolism (Choi et al,,
2011). All these effects were observed at doses higher than 250
mg/kg bw.

Reproductive organs were potential targets of TBBPA effects
for exposures in the range of mg/kg bw. In fact, TBBPA can in-
duce changes in seminiferous tubule morphology (Zatecka et al.,
2013), testicular cell apoptosis, and cause damage to sperm DNA
(Zatecka et al., 2014). Moreover, it could trigger uterine cancer in
rats (Dunnick et al., 2015), potentially as a consequence of en-
docrine disruption (Sanders et al., 2016) or immunosuppression
(Hall et al., 2017). Additional endocrine effects of high-dose TBBPA
on the levels of circulating thyroxin (T4) and triiodothyronine (T3)
have been reported (Van der Ven et al., 2008).

Neurotoxic effects of TBBPA include influence on hippocam-
pal neurogenesis/memory retention (Kim et al., 2017), neuronal
development in the brain (Saegusa et al., 2012), neurobehavior
(Nakajima et al., 2009), and sensory neurons (Lilienthal et al.,
2008). These effects also manifested at high doses (in the order of
mg/kg bw). However, studies with single-dose exposure of TBBPA
up to 115 mg/kg bw did not reveal any adverse effects on neu-
ral development and behavior (Hendriks et al., 2015; Viberg and
Eriksson, 2011). Nevertheless, single dose studies may not reflect
the real exposure conditions in humans, considering that TBBPA
is quickly metabolized and eliminated.

Many other studies have reported that TBBPA is safe. For
example, two studies exposed CD® rats and Wistar Han IGS
rats, at doses up to 1000 mg/kg bw daily for several weeks
(Dunnick et al., 2017; Osimitz et al., 2016). No significant effects
were found in all tested indexes, including mortality, clinical
signs, and histopathology. However, dysregulation of 132 genes
with activation of metabolic networks, occurred in the livers of
Wistar Han IGS rats (Dunnick et al., 2017; Osimitz et al., 2016). All
results may be dependent on which parameters were measured.
In fact, in two studies with the same TBBPA exposure to the same
species of rats, one study observed no effects on what was tested
(hepatic cytochrome P450 (CYP) gene expression) (Germer et al.,
2006), while the other test showed changes in the levels of circu-
lating T4 and T3 in males (Van der Ven et al., 2008). Interestingly, a
two-generational study examined the effects of TBBPA on repro-
duction, development, and neurobehavior. Those results showed
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Table 1 - Summary of key TBBPA (Tetrabromobisphenol A) toxicity studies with zebrafish models.

Test organism Sex Exposure doses and time Main effects Reference

Zebrafish -
(embryos/larvae)

0.1-1.0 mg/L, for 1-8 days. Influence on hatching, survival,
malformations, and growth rates
(0.4-1.0 mg/L, 8 days); brain, heart, and
tail cell apoptosis (1.0 mg/L, 8 days);
oxidative stress and decrease in
antioxidant enzyme activities (1.0
mg/L, 8 days).
Developmental retardation and
deformities, such as edemas in the
pericardial region and tail, small
heads, swollen yolk sac extension
(from 0.92 pumol/L, 96 hr); slight
disruption of the TH system, with
increased TH conjugation and
clearance, abnormal thyroid follicle
development and altered TH transport
(from 0.04 pmol/L, 48 hr).
Male and female. 5, and 50 nmol/L, for 120 days post Reduction in body weight and length ~ Chen et al., 2016a
fertilization (dpf). (5 nmol/L); for males: increase in
swim speed and higher speed swim
time, hyperactivity, and aggression (5
nmol/L, evaluated at 9 months after 4
months of detoxification).
Induction of pericardial edema and fin Usenko et al.,, 2016
malformations (2.5-5 mg/L, 168 hpf);
decrease in spontaneous movement
rate (5 mg/L, 24 hpf); increased
acetylcholinesterase and
glutathione-S-transferase (GST)
activities (0.625-1.25 mg/L, 120 hpf); it
may activate an antioxidant response
and alter behavior during early
development (1.25 mg/L, 120 hpf).
Down-regulation of central nervous
system development-related genes,
decreased locomotor activity/average
swimming speed, thyroid disruption
(100 pg/L).
For 48-96 hpf exposure, no abnormal
phenotypes; for 8-48 hpf exposure:
morphological malformations and
mortality, lower average activity and
speed of movements, and
neurobehavioral deficits (5-10 pmol/L).

Wu et al., 2016

Zebrafish -
(embryos/larvae)

0.04-2.7 pmol/L, for 48-120 hr. Parsons et al., 2019

Zebrafish

Zebrafish =
(embryos/larvae)

1.25-20 mg/L, for 6-168 hpf.

Zebrafish -
(embryos/larvae)

50-400 pg/L, for 142 hpf. Zhu et al., 2018

Zebrafish -
(embryos/larvae)

5-10 pumol/L, for 8-96 hpf. Chen et al., 2016b

Zebrafish
(embryos/larvae)
Zebrafish

Zebrafish
(embryos/larvae)
Zebrafish
(adults/embryos)

Zebrafish
(embryos/larvae)

Male and female.

Male and female.

Male.

1.2-12 pmol/L, for 3 days (from 24
hpf) and evaluation at day 6.
0.023-1.5 pmol/L, for 30 days
(adults) and 0-47 days post
hatching (dph) (offspring).

0.11-0.82 (embryos) and 0.53-3.95
(larvae) mg/L, for 96 hr.

0.5-1.5 mg/L, for 72 hpf or 21 days.

10-1000 nmol/L, for 5-29 hpf and
3-11 dpf.

No effects on locomotion.

Decreased egg production and
hatching of larvae (from 0.047
pmol/L); high (81%) early post
hatching mortality of larvae (1.5
pmol/L); surviving juveniles show
female phenotype predominance.
Estrogenic activity (from 0.82
(embryos) and 3.95 (larvae) mg/L).

No estrogenic activity; induction of
developmental lesions, including yolk

sac and pericardial edema, and
hemorrhage (1-1.5 mg/mL, 72 hpf).
Activation of zebrafish PPARy to

induce lipid accumulation at the larval

Jarema et al., 2015

Kuiper et al., 2007

Chow et al., 2013

Song et al., 2014

Riu et al., 2014

stage (100 nmol/L, 5-29 hpf); may act
as an obesogen (10 nmol/L, 3-11 dpf).

-: not mentioned.
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Table 2 - Summary of key TBBPA toxicity studies in rats.

Test organism  Animals status  Sex Exposure Exposure doses and Main effects Reference
(age or body pathway time
weight, bw)
Sprague-Dawley Postnatal day Male. Oral gavage. 0, 125, 250 or 500 Increased absolute and Choi et al., 2011
male rats (PND) 18. mg/kg bw for 30 relative liver weights,
days. induced expression of
CYP2B1 and constitutive
androstane receptor in the
liver, reduced serum T4
concentration, ROS induction
and generation of 8-hydroxy-
2'-deoxyguanosine (a
biomarker of DNA oxidative
damage) in testes and
kidneys (200-500 mg/kg bw,
18-30 days).
Wistar rats 8 weeks. Male and female. Via diet. 30-300 mg/kg bw, for No effects on CYP gene Germer et al.,
28 days. expression. 2006
Specific- 7 weeks. Male. Oral gavage 200-1000 mg/kg bw, No toxicity to kidneys. Kang et al., 2009
pathogen-free administration  for 14 days.
male in corn oil.

Sprague-Dawley
rats
Wistar rats

Male and female 8 weeks.

CD® rats

Sprague-Dawley Various.

rats

Sprague-Dawley
rats

Wistar Han rats

Male and female. Administer in
food.

For parental
animals: 8 weeks.

Male and female. By gavage.

Male and female. Through diet.

8-10 weeks. Male and female. Oral gavage
administration
in corn oil.

12-week old and Female. Oral gavage.

weighed (197 +
17) g.

3-3000 mg/kg bw,
with paternal and
maternal exposure
started 10 and 2
weeks before
mating, respectively,
and continued until
measurement;
30-300 mg/kg bw for
28 days.

100-1000 mg/kg bw,
for 90 days.

100-10000 mg/L,
from gestational day
10 until day 20 after
delivery.

10-1000 mg/kg bw
(parental males and
females were treated
prior to and during
mating; females
through gestation,
followed by
treatment of pups;
longest exposure,
day 60 for F, pups).
250 mg/kg, for 5
days.

Van der Ven
et al., 2008

Increased testis and male
pituitary weight in males
(from 3 mg/kg bw); decrease
in the levels of circulating T4
and increase in T3 levels in
males (100 mg/kg bw, 28
days).

No significant effects in all
tested indexes, including
mortality, clinical signs,
histopathology,
neurobehavior, motor
activity, and serum
chemistry.

For F1, no significant effects
on thyroid function; not
enough evidence for
developmental brain effects.
No significant developmental Cope et al., 2015
and reproductive effects; no
neurodevelopment,

neurofunctional or

neurobehavioral deficits;

decrease in serum T4 (for

parental and F1 generations),

with no changes in serum T3

and thyroid stimulating

hormone (TSH).

Down-regulation of immune Hall et al., 2017;
response pathways in uterus, Sanders et al.,
and alteration in the 2016
expression of genes related

to estrogen receptors,

biosynthesis and metabolism

in liver and uterus, as well as

genes involved in cell

division and growth, and

thyroid homeostasis.

Osimitz et al.,
2016

Saegusa et al.,
2009

(continued on next page)
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Table 2 (continued)

Test organism  Animals status  Sex Exposure Exposure doses and Main effects Reference
(age or body pathway time
weight, bw)
Wistar Han rats  5-6 weeks. Female. Oral gavage 25-1000 mg/kg bw, Induction of uterine Dunnick et al.,
administration  for 13 weeks or 2 epithelial tumors (including 2015; Dunnick et
in corn oil. years (5 days a adenomas, al., 2017
week). adenocarcinomas, and
malignant mixed Miillerian
tumors), endometrial
epithelial atypical
hyperplasia (250-500 mg/kg
bw, 2 years); liver
transcriptomes showed
expression changes in 132
genes, with activation of IFN
and metabolic networks
(1000 mg/kg bw, 13 weeks).
Wistar rats Body weight Male and female. Oral gavage. 10-1125 mg/kg bw, Levels of GSH lower in Szymanska et al.,
180-220 g. for 7-28 days. females and MDA higherin 2000

males (1125 mg/kg bw, 7
days).

that there were no remarkable effects on development, growth,
and reproduction, even at the highest concentration tested (1000
mg/kg bw). The only histopathological change was a thinner
brain parietal cortex in F2 pups at post-natal day 11 in the 1000
mg/kg bw exposure group, but without clear biological relevance
(Cope et al., 2015).

1.1.3.  Concluding remarks

In summary, numerous animal studies reveal that TBBPA is toxic
to development, primarily affecting the specification and func-
tion(s) of the liver, kidneys, and the reproductive, nervous, and
endocrine systems. It is worth noting that animals of different
species and strains as well as animals of the same species but in
different exposure stages, showed different degrees of sensitiv-
ity to TBBPA. Furthermore, zebrafish seemed more sensitive than
mammals, while mice and Wistar rats were more sensitive than
Sprague-Dawley (SD) rats. Interestingly, and as expected, early de-
velopmental stages were the most critically affected by TBBPA ex-
posure.

1.2. In vitro cell-based assessments

1.2.1. Toxicity data

Many different cell models have been utilized to assess the ad-
verse effects of TBBPA in vitro (Tables 4 and 5). TBBPA can induce
oxidative stress in different cell types, such as hepatocytes and
human airway epithelial cells. It triggered the accumulation of
intracellular ROS/malondialdehyde (MDA), increased the ratio of
oxidized-to-reduced glutathione (GSSG/GSH), decreased the cell
mitochondrial membrane potential (MMP), and consequently in-
creased the levels of apoptosis (Nakagawa et al., 2007; Wu et al.,
2018; Zhang et al., 2019). TBBPA could also cause oxidative dam-
age in human erythrocytes (Jarosiewicz et al., 2019) as well as
trigger mitochondrial dysfunction in other cell types (Choi et al.,
2017; Suh et al., 2017). Moreover, it could exert effects on basic cel-
lular processes in various cell lines (Strack et al., 2007). All these
effects were manifested at TBBPA pumol/L concentrations.

In reproductive toxicity evaluations, TBBPA induced apop-
tosis in spermatogenic cells by decreasing MMP and increas-
ing ROS generation (Steves et al.,, 2018). It also lead to dys-
regulation of Ca?* ion homeostasis to induce testicular mouse
Sertoli cell death (Ogunbayo et al., 2008), and affected the cell
cycle/cytoskeleton in spermatogonial cells (Liang et al., 2017).

Moreover, TBBPA treatment altered placental estradiol levels
(Honkisz and Wojtowicz, 2015a) and increased inflammation
(Arita et al., 2018). TBBPA showed other endocrine-disrupting
abilities (Honkisz and Wojtowicz, 2015b). For instance, it ex-
erted estrogenic/anti-estrogenic activity (Hamers et al., 2006;
Kitamura et al., 2002; Krivoshiev et al., 2016) and glucocorticoid
receptor (GR)/androgen receptor (AR) antagonism (Christen et al.,
2010; Roelofs et al., 2015). TBBPA is also a thyroid system disrupter
(Grasselli et al., 2014) and can act as either a thyroid hormone re-
ceptor (TR) antagonist (Sun et al., 2009), or agonist (Kitamura et al.,
2002). It can also induce testosterone synthesis (Roelofs et al,,
2015). For some of these TBBPA-dependent endocrine disrupting
activities,low nmol/L concentrations were sufficient (Tables 4 and
5).

For potential neurotoxicity, TBBPA induced intracellular Ca?*
imbalance, oxidative stress, depolarization of mitochondria, and
activation of caspase-3 to promote nerve cell apoptosis (Al-
Mousa and Michelangeli, 2012; Szychowski and Wojtowicz, 2016;
Zieminska et al.,2017). TBBPA could significantly inhibit the activ-
ity of O-GlcNAcase, which is very important for controlling neu-
ronal functions and eventually inducing cell apoptosis (Gu et al.,
2019). Moreover, TBBPA had deleterious effects on functional neu-
rotransmission endpoints (Hendriks et al., 2012), and decreased
the uptake of neurotransmitters in brain synaptosomes/synaptic
vesicles (Mariussen and Fonnum, 2003). Interestingly, TBBPA al-
tered mouse and human embryonic stem cell (ESC) neural differ-
entiation (Yin et al., 2018), promoted rat neural stem cell (NSC)
differentiation into glial cells, and restrained the formation of
neuronal phenotype (Slotkin et al., 2017); it could also impair
the growth and development of neurites in human neural stem
cells (hNSCs) (Gu et al., 2019). These findings suggest a poten-
tial disruption of the early stages of embryonic development. In
most cell types, potential neurotoxic effects were observed at pM
TBBPA concentrations. Nevertheless, when stem cell-based sys-
tems were employed, low nmol/L TBBPA levels altered neural dif-
ferentiation.

TBBPA treatments influenced the expression of a variety
of cytokines, including tumor necrosis factor alpha (TNFa),
interleukins (IL)-18, IL-4, IL-6, IL-8, interferon-gamma (IFNy)
as well as macrophage functions, thus affecting immune re-
sponses (Almughamsi and Whalen, 2016; Koike et al., 2013;
Park et al., 2014; Wang et al., 2019). TBBPA disturbed proinflam-
matory responses (Park et al., 2014) as well as immune functions
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Table 3 - Summary of key TBBPA toxicity studies in mice.

Test organism

Animals status
(age or body
weight)

Sex

Exposure

pathway

Exposure doses and
time

Main effects

Reference

Crlj:CD1 (ICR)
mice

C57BL/6 mice

Male closed
colony ddY mice

Neonatal male
NMRI mice

Neonatal male

C57Bl/6 mice

CD1 outbred
mice

8 weeks.

6 weeks.

3 weeks old and
(12 + 2.0) g body
weight.

PND 10.

PND 10.

Various.

Male and female.

Male.

Male.

Male.

Male.

Male and female.

Administered in

food to parent
mice.

Oral gavage.

Oral gavage
administration
in corn oil.

By gavage.

By gavage.

In drinking
water.

15.7-1639.7 mg/kg
bw, for gestational
day (GD) 0-17;
42.1-4155.9 mg/kg
bw, for lactational
period, PND 0-27.

20-500 mg/kg bw, for
2 weeks.

0.1-250 mg/kg bw,
for 3 hr.

Single dose exposure
of 11.5 mg/kg bw
and evaluation 24 hr
later.

Single dose exposure
of 115 mg/kg bw, for
evaluation on PND
17-19.

35 pg/kg bw, from
gestation to age of
70 days.

Increase in the
serum concentration
of total-cholesterol
and in liver weights
(from 1639.7 mg/kg
bw, various time
points);
histopathological
analyses showed
inflammatory cells
infiltration, focal
necrosis in
hepatocytes, and
dilated or atrophied
renal tubules and
cysts (from 1639.7
mg/kg bw, various
time points).
Reduction in new
cell survival and
neuronal
differentiation in
hippocampus (100
mg/kg bw).
Increased horizontal
movement activities
and TBBPA
accumulation in the
striatum (5 mg/kg
bw); freezing
behavior and
spontaneous
alternation behavior
(0.1 mg/kg bw).

No effects on the
levels of four
proteins involved in
maturation of the
brain, neuronal
growth and
synaptogenesis, and
both muscarinic and
nicotinic cholinergic
receptors.

Induction of limited
and insignificant
effects on
neurodevelopment
and synaptic
plasticity.

Potential to alter the
epigenetic marking
of sperm chromatin
through generation
of an anomalous
content and
distribution of
protamine.

Tada et al., 2006

Kim et al., 2017

Nakajima et al.,
2009

Viberg and
Eriksson, 2011

Hendriks et al.,
2015

Zatecka et al.,
2013
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Table 4 - Summary of key TBBPA toxicity studies in vitro (primary cells).

Cell type

Exposure doses and time

Main effects

Reference

Human primary placenta
cells

Human hepatocytes (L02
cells)

Male F344/]cl rat
hepatocytes

Human erythrocytes

Testicular mouse sertoli
(TM4) cells

Human neutrophil
granulocytes

Mouse embryonic
hippocampal neurons
Rat cerebellar granule cells

Mouse primary neocortical
cells

Rat embryonic NSCs and
neuronotypic PC12 cells

Bone marrow isolated from
9-wk old male C57BL/6]
mice

Zebrafish and Xenopus
oocytes, B35 rat
neuroblastoma cells, and
rat PC12 cells

Rat brain synaptosomes,
and male Wistar rat
synaptic vesicles

NK cells,
monocyte-depleted
peripheral blood
mononuclear cells, and
PBMCs

Mouse splenocytes, bone
marrow cells and
BM-derived dendritic cells
Human NK cells

0.001-50 pmol/L, for 16 hr.

5-40 pmol/L, for 12-48 hr.

0.25-1.0 mmol/L, for 0.5-3
hr.

1-25 pg/mL, for 48 hr.

Various.

0.1-20 pmol/L, for 2-60 min.

0.001-100 pmol/L, for 0.5-24
hr.
7.5-25 pmol/L, for 30 min.

0.001-100 pmol/L, for 6-24
hr.

0.2-5 pmol/L, for 6 days.

10-20 pmol/L, for 7-11 days.

0.01-10 umol/L, for 20 min.

0-50 pmol/L, for 15 min.

0.05-5 pmol/L, for 24 hr-6
days.

0.001-10 pg/mL, for 24 hr-6
days.

0.05-10 pumol/L, for 1 hr-6
days.

Increased levels of testosterone (2 nmol/L, 16 hr);
increased oxidative stress (5 nmol/L, 16 hr); increase
placental inflammation (5 nmol/L, 16 hr).

Increased intracellular ROS, MDA, and GSSG/GSH
levels (10-40 pmol/L, 12 hr); induced mitochondrial
apoptosis, and activation of the NRF2 pathway (5- 40
pmol/L, 48 hr).

Dose- and time-dependent cell death, loss of cellular
ATP/adenine nucleotide pools/GSH/protein thiols, and
accumulation of GSSG and MDA (0.25-1 mmol/L, 0.5-3
hr).

Decrease in antioxidant enzyme activities (including
superoxide dismutase, catalase, glutathione
peroxidase, and the level of GSH), and augmentation
of the externalization of phosphatidylserine (10-25
pg/mL, 48 hr).

Increased intracellular Ca?* levels (5-60 pmol/L);
induced mitochondrial depolarization (5 and 30
pmol/L, 1 min); inhibition of
sarcoplasmic/endoplasmic reticulum Ca?*-ATPases
(SERCA) (0.4-1.2 pmol/L); activation of the Ryanodine
receptor Ca?* channel (0.4-4 pmol/L).

Enhanced ROS production (2-12 pmol/L, 1 hr), and
intracellular [Ca?*] levels (5-20 pmol/L); activation of
protein kinase C (PKC) and MAP kinase pathways (12
pmol/L, 2-20 min).

Activated caspase-3 and generation of apoptotic
bodies (0.1-1 pmol/L, 6 hr).

Induced intracellular Ca2t imbalance, oxidative stress,
depolarization of mitochondria, and cytotoxicity
(7.5-25 pmol/L).

Enhanced caspase-3 activity (100 nmol/L, 24 hr);
lactate dehydrogenase (LDH) release, formation of
apoptotic bodies, and decrease in the expression of
PPARy (10 pmol/L, 24 hr).

For NSCs, promotion of glial cell differentiation and
restrain of the formation of neuronal phenotypes (1-2
pmol/L, 6 days); for PC12 cells, no significant effects.
Increased adipogenesis and suppressed osteogenesis
(10-20 pmol/L, 7-11 days).

For Xenopus oocytes: action as agonist on human
GABA, receptors, and as antagonist on human a4,
nicotinic acetylcholine (nACh) receptors (0.1-10
pmol/L); for B35 cells: inhibition of acetylcholine (ACh)
receptors’ expression, and increase of basal
intracellular Ca%*(1-10 pmol/L, 20 min); for PC12 cells:
increased basal intracellular Ca%*, and decreased
levels of intracellular Ca** caused by depolarization
(1-10 pmol/L, 20 min).

Inhibited uptake of the neurotransmitters dopamine
(ICsop = 9 pmol/L), glutamate (ICsp = 6 pmol/L) and
y-amino-n-butyric acid (GABA) (ICsp = 16 pmol/L).
Decrease secretion of IFNy (0.05 pmol/L, 24 hr).

Increased expression of major histocompatibility
complex (MHC) class II molecules, CD86, IL-4, and T
cell receptor in splenocytes (0.1-1 pg/mL, 24 hr).
Decreased lytic function,
tumor-target-binding-function, and ATP levels (0.05-1
pmol/L, 6 days).

Arita et al., 2018

Zhang et al., 2019

Nakagawa et al., 2007

Jarosiewicz et al., 2019

Ogunbayo et al., 2008

Reistad et al., 2005

Szychowski and
Wojtowicz, 2016
Zieminska et al., 2017

Wojtowicz et al., 2014

Slotkin et al., 2017

Watt and Schlezinger, 2015

Hendriks et al., 2012

Mariussen and
Fonnum, 2003

Almughamsi and
Whalen, 2016

Koike et al., 2013

Kibakaya et al., 2009
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Table 5 - Summary of key TBBPA toxicity studies in vitro (cell lines).

Cell type

Exposure doses and time

Main effects

Reference

Human
choriocarcinoma-derived
placental JEG-3 cells

Human non-small cell
lung cancer A549 cell line

Rat pancreatic g-cells
(RIN-m5F cell line)

Osteoblastic MC3T3-E1
cells

Mouse C18-4
spermatogonial cells

SH-SYS5Y neuroblastoma
cells

Spermatogenic cells

Neural progenitor cells
derived from J1 mESCs

Mouse 3T3-L1 fibroblast
cells

Human mesenchymal
stem cells (hMSCs)

RAW264.7 mouse
macrophage cell line

Mouse ESCs

PC12 cells and human
NSCs

Human metastatic
granulosa COV434 and
KGN cell lines

Human breast carcinoma
MCEF-7 cell line

Cal-62 human thyroid
anaplastic carcinoma
cells, normal rat kidney
epithelial cells (NRK), and
human epithelial alveolar
type II-like lung cells

0.001-100 pmol/L, for 24-72
hr.

8-64 pg/mlL, for 12-48 hr.

0.1-40 pmol/L, for 48 hr.

0.1-50 pmol/L, for 48 hr-3
weeks.

0-100 pmol/L, for 24-72 hr.

1-30 pmol/L, for 12-24 hr.

1-200 pmol/L, for 0.5-24 hr.

0.001-200 pmol/L, for 2
hr-12 days.

10 pmol/L for 14 days.

1-10 pmol/L, for 14-21 days.

10-20 pmol/L, for 3 days.

1-100 nmol/L, for 2-28 days.

0-100 pmol/L, for 24 hr-3
days.

1-50 nmol/L, for 24-72 hr.

1-10 pmol/L, for 24 hr.

5-200 pmol/L, for 24-120 hr.

Increased levels of estradiol, progesterone, and aromatase
(10-100 nmol/L, 24 hr); increased expression of PPARy and
decreased secretion of 8-hCG (10 nmol/L, 24 hr); increased
caspase-3 activity (1-5 nmol/L, 16-24 hr).

Increased caspase-3 activity, ROS and MDA levels (8-16
pg/mL, 24-48 hr); influence on the expression of proteins
involved in signaling transduction, energy metabolism,
transcriptional regulation, and detoxifying system (8-32
pg/mL, 48 hr).

Increased levels of inflammatory cytokines, nitric oxide,
intracellular ROS, mitochondrial superoxide, cardiolipin
peroxidation, and release of cytochrome c (20-40 pmol/L, 48
hr).

Induced production of ROS, mitochondrial superoxide,
cardiolipin peroxidation and cytochrome c release, and
decreased ATP levels (1-40 pmol/L, 48 hr); decreased
differentiation marker expression, collagen synthesis,
alkaline phosphatase activity, and calcium deposition (1-20
pmol/L, 1-3 weeks).

Alteration in nuclear morphology (25 pmol/L, 72 hr), cell
cycle (25 pmol/L, 48 hr; 10 pmol/L, 72 hr), cytoskeleton (25
pmol/L, 72 hr); trigger of DNA damage (25 pmol/L, 24 hr).
Activation of caspases increase in intracellular Ca* (20
pmol/L) and ROS, induction of depolarization of
mitochondria, and increase of cytochrome c release (1-10
pmol/L, 12-24 hr).

Decrease of spermatogonia and primary spermatocyte
viability (100 and 200 pmol/L, 24 hr); induction of
spermatogenic cells apoptosis, influence on the cell cycle in
spermatogenic cells, increased ROS and reduced GSH/GSSG
ratios in spermatogenesis, decreased mitochondrial
membrane potential (10-100 pmol/L, 12-24 hr).
Perturbation of intracellular calcium levels and stimulation
of ROS formation in mESCs (100 pmol/L, 2—4 hr); stimulate
of ESC neural differentiation (1-500 nmol/L, 9-12 days).
Promoted adipocyte differentiation and lipid accumulation,
and expression of adipocyte-specific proteins (10 pmol/L,
14 days).

Increased lipid droplet numbers and adipocyte-related gene
expression, stimulation of adipocyte differentiation (3.3
pmol/L, 21 days); no effects on osteoblast differentiation.
Promoted osteoclast differentiation and activity, decreased
levels of MMPs, and increased production of mitochondrial
superoxide (20 pmol/L, 3 days).

Effects on the nervous and cardiac/skeletal muscle
systems’ differentiation, and probable endocrine disrupting
activities in part via prolactin signaling (1-100 nmol/L, 9-28
days).

Inhibition of the activity of O-GlcNAcase in PC12 cells
(25-100, 24 hr); impairment of the growth and development
of NSCs (10 pmol/L, 3 days).

Stimulated cell proliferation (10-50 nmol/L, 48-72 hr).

Induction of matrix metalloproteinase-9 (MMP-9)
expression to induce cancer cell metastasis (5 pmol/L, 24
hr).

In Cal-62 cells: influence on cell cycle regulation, and
activation of extracellular-signal regulated kinase (ERK)
(50-100 pmol/L, 24 hr); in NRK and A549 cells: ERK
deactivation (50-200 pmol/L, 24 hr).

Honkisz and
Wojtowicz, 2015a,
Honkisz and
Wojtowicz, 2015b
Wu et al., 2018

Suh et al., 2017

Choi et al., 2017

Liang et al., 2017

Al-Mousa and
Michelangeli, 2012

Steves et al., 2018

Yin et al., 2018

Akiyama et al., 2015

Kakutani et al., 2018

Park et al., 2019

Liang et al., 2019

Gu et al., 2019
Hoffmann et al.,
2017

Lee et al., 2019

Strack et al., 2007

(continued on next page)



62

JOURNAL OF ENVIRONMENTAL SCIENCES 97 (2020) 54-66

Table 5 (continued)

Cell type

Exposure doses and time

Main effects

Reference

Human first trimester
extravillous trophoblast
cell line HTR-8/SVneo

Human bronchial
epithelial BEAS-2B cell
line

Murine macrophages
RAW 264.7 cells

Rat hepatoma, human
osteoblast, human breast
cancer, and Chinese
hamster cells

Human mammary
carcinoma MDA-kb2cell
line

Recombinant yeasts
stably expressing human
AR or GR, and mouse
Leydig tumorigenic cells
African green monkey
kidney CV-1 cell line
Thyroid
hormone-responsive GH3,
and estrogen-responsive
MtT/E-2 pituitary cell
lines

Zebrafish liver ZFL cell
line

Human breast
adenocarcinoma cell line
(MCE-7)
Estrogen-responsive cells
MCEF-7 cells

MELN cell line,
HELN-hER« and -hERB
reporter cell lines, PALM
cells, HG5LN-hPXR cell
line

Steatotic FaO rat
hepatoma cells

5-20 pmol/L, for 4-24 hr.

8-64 pg/mlL, for 12-48 hr.

1-100 nmol/L, for 48 hr.

0-12.5 pmol/L, for 24 hr.

0-100 pmol/L, for 24 hr.

10 pmol/L-100 pmol/L, for
6-48 hr.
1-100 pmol/L, for 24 hr.

0-10-2 mol/L, for 40 min-7
days.

0.2-2 pmol/L, for 24 hr.

10-1000 pmol/L, for 24 hr.

1-50 pmol/L, for 48 hr.
0.02-20 pmol/L, for 36 hr-6
days.

0.01-10 pmol/L, for 3 hr-6
days.

10-8-10° mol/L, for 24 hr.

Increased secretion of IL-6, IL-8, and prostaglandin E2
(PGE2) (20 pmol/L, 2-24 hr); decreased secretion of
transforming growth factor-beta (TGF-B), and increased
expression of genes related to inflammatory pathways
(10-20 pmol/L, 24 hr).

Influence on NF-«B, TNF, toll-like receptor (TLR), mitogen
activated protein kinases (MAPK), and B-cell receptor
signaling (32 pg/mL, 24-48 hr).

Upregulation of the expression of pro-inflammatory
cytokines (including IL-18, IL-6, and TNF«), downregulation
of the expression of anti-inflammatory cytokines
(including IL-4, IL-10, and IL-13), reduction of
antigen-presenting-related genes’ mRNA levels, influence
on the phagocytic activity of macrophages, and induction
of ROS (1-100 nmol/L, 48 hr).

Inhibited sulfation of estradiol (ICso = 0.016 pmol/L, 24 hr);
T4 competition (ICso = 0.031 pmol/L, 24 hr); estrogenic
effects (ICsp = 8.3 pmol/L, 24 hr).

Manifestation of weak antiandrogenic activity (10-50
pmol/L, 24 hr).

Display of GR (ICsp = 22 nmol/L) and AR (ICso = 982 nmol/L)
antagonism; induced testosterone synthesis (3-100 pmol/L,
48 hr).

Action as TR antagonist (50-100 pmol/L, 24 hr).

Inhibited binding of T3 to thyroid hormone receptor

(1 x 1071 x 10~* mol/L, 40 min); TH-dependent induced
proliferation of GH3 cells and production of GH

(1 x 1075-1 x 10~* mol/L, 2 days); estrogen-dependent
induced proliferation of MtT/E-2 cells (1 x 107°-1 x 10~*
mol/L, 7 days).

No zebrafish thyroid hormone receptor g (zfTRB) agonistic
or antagonistic activity.

Exhibition of estrogenic and anti-estrogenic activities (100
and 1000 pmol/L, 24 hr).

No estrogenic activity.
No estrogenic effects observed.

No estrogenic activities; no androgenic and
anti-androgenic activities; hPXR agonism (10 pmol/L, 16 hr)
but not antagonism.

Decreased triglyceride content (10~8 mol/L, 24 hr) and lipid
droplet size (10~® mol/L, 24 hr); similar activity as
equimolar T3 (10-® mol/L) on transcription of lipid
homeostasis genes.

Park et al., 2014

Wu et al., 2019

Wang et al., 2019

Hamers et al., 2006

Christen et al., 2010

Roelofs et al., 2015

Sun et al., 2009

Kitamura et al., 2002

Yang and Chan, 2015

Krivoshiev et al.,
2016

Song et al.,, 2014
Dorosh et al., 2011

Molina-Molina et al.,
2013

Grasselli et al., 2014

(Koike et al., 2013; Wu et al., 2019), and inflammatory response
signaling (Wu et al., 2019). In addition, TBBPA decreased the nat-
ural killer (NK) cell lytic function (Kibakaya et al., 2009). Taken to-
gether, inflammatory and immune responses, although cell type-
dependent, could manifest at TBBPA concentrations as low as 10-
100 nmol/L (Tables 4 and 5).

Other in vitro studies suggest that TBBPA can stimulate can-
cer cell proliferation (Hoffmann et al., 2017)/metastasis, influ-
ence metabolism (Wu et al., 2018), facilitate adipocyte differen-
tiation (Akiyama et al., 2015; Kakutani et al., 2018; Watt and
Schlezinger, 2015), suppress osteogenesis/osteoblast functions

(Choi et al.,, 2017; Watt and Schlezinger, 2015), promote osteo-
clast differentiation/activity (Park et al., 2019), and affect the early
stages of embryonic development (Liang et al., 2019). Further-
more, some cellular processes, such as cancer cell proliferation
and embryonic stem cell differentiation, were disrupted by 1-100
nmol/L TBBPA concentrations; others were not (Tables 4 and 5).
Interestingly, some studies have demonstrated that TBBPA
exerts no endocrine disrupting effects, even at high concentra-
tions. For example, up to 20 pmol/L TBBPA concentrations did
not exert estrogenic activities in MCF-7 cells (Dorosh et al., 2011,
Krivoshiev et al., 2016). Another study found that 10 pmol/L
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TBBPA had no estrogenic, androgenic, or anti-androgenic activi-
ties (Molina-Molina et al., 2013). Similar conclusions were reached
in a report using the zebrafish liver cell line ZFL, where 2 pmol/L
TBBPA had no thyroid hormone receptor g agonistic or antag-
onistic activity, although TBBPA might disrupt TH circulation
(Yang and Chan, 2015).

1.2.2. Concluding remarks

Scientists have utilized diverse cell models to deeply explore
the effects of TBBPA and its modes of action. Different cell
lines caused various degrees of effects. TBBPA mainly causes
cell damage through oxidative stress, which affects the functions
of various tissues and organs. It also affected basic life cycle,
metabolism, stem cell differentiation, placenta development, im-
mune/inflammatory responses, and endocrine disrupting effects.
Most of these effects were observed at the pmol/L level.

2. explanations for the inconsistencies in
TBBPA toxicity assays

The question of whether TBBPA has adverse health effects in
humans has been addressed in many in vivo and in vitro stud-
ies, with diverse systems. However, the results were not always
convincing one way or the other, even in very well-designed and
executed experimental settings. Based on the studies reported
in Tables 1-5, most of the TBBPA concentrations employed in
those studies significantly exceeded the levels detected in the
environment (up to 7758 ng/g in soil (Zhu et al., 2014), 6.26 to
511 pg/m? in indoor air (Ni and Zeng, 2013), up to 59,140 ng/g
in dust (Ni and Zeng, 2013), and 4870 ng/L in water (Yang et al.,
2012)), human bodily fluid/tissue samples (up to 688 ng/g lw
in breast milk (Lankova et al,, 2013), and 713 ng/g Iw in serum
(Kim and Oh, 2014)), as well as daily average TBBPA intake in hu-
mans (0.018-0.97 ng/kg bw from dust inhalation/ingestion (Niand
Zeng, 2013), 1.34 ng/kg bw through diet (Shi et al., 2017), and
particularly for infants 6.62-10.1 ng/kg bw (Huang et al., 2020)).
Moreover, specifically in early studies, toxicologists were using in-
creasing concentrations of TBBPA until they measured an adverse
effect no matter what it was, without taking into consideration
relevant exposure doses. However, those studies were useful to
dissect the potential mechanisms of toxicity, if any.

Some organisms or cell models may be more sensitive than
others. Additionally, developmental stage, exposure timing, sex,
and, of course, the choice of the targeted tissue(s) or organ(s)
may have influenced whether a particular study concluded that
TBBPA was safe. For example, a two-generational study evaluated
the trans-generational effects of TBBPA exposure in CD1 outbred
mice at a dosage of 35 pg/ (kg bweday). Parent animals were ex-
posed from gestation, while the F1 and F2 generations contin-
ued until the age of 70 days. TBBPA could induce testicular cell
apoptosis and changes in seminiferous tubule morphology, al-
though there was no evidence of sperm damage (Zatecka et al,,
2013). Nevertheless, another study exposed C57BL/6] inbred mice
to the same TBBPA dose and found damage in sperm DNA
(zatecka et al., 2014). These findings confirmed strain-specific ef-
fects in response to chemical exposure (Kacew et al., 1995).

For developmental stage and exposure timing response vari-
ations, in one study, both newborn (postnatal day (PND) 4) and
young SD rats (5 weeks) were exposed to TBBPA for 18 days.
Histopathology results revealed polycystic kidneys in newborn
rats but no histopathological changes in young rats, even when
treated at higher doses (Fukuda et al., 2004). Two other studies ex-
posed SD rats to similar TBBPA doses as above, but at later stages
(PND18 and 7-week), for 30 days. No exposure-related histopatho-
logical changes were observed in the liver, kidneys, testes, and
thyroid (Choi et al.,, 2011), and no toxicity to kidneys was ob-
served (Kang et al., 2009). Moreover, a study exposed zebrafish
embryos/larvae to the same TBBPA concentrations for similar du-
rations but at different developmental stages (8-48 hpf and 48-
96 hpf). No abnormal phenotypes were measured after 48-96 hpf

exposure. However, morphological malformations and mortality,
lower average activity and speed of movements, as well as neu-
robehavioral deficits in the 848 hpf exposed group were mea-
sured (Chen et al., 2016b). Overall, these results indicate that early
developmental stages may be critical for the potential toxicity of
TBBPA.

Sex-specific adverse effects of TBBPA were also reported. In
fact, in one study, TBBPA exposure from GD 9 to PND 90 yielded
heightened anxiety-like behavior in the male offspring but not
in the female offspring (Rock et al., 2019). Another study showed
that TBBPA exposure lowered GSH levels only in female rats and
elevated MDA levels only in male rats (Szymanska et al., 2000).
Similarly, Lilienthal and colleagues observed a cochlear effect
in females and neural effects in males after TBBPA exposure
(Lilienthal et al., 2008). In addition, one study found sex-specific
neurobehavioral and social interaction changes after chronic
TBBPA exposure in adult zebrafish (Chen et al., 2016a).

In vitro studies evaluated TBBPA effects from different per-
spectives, as compared to live animal assays, and most of them
concluded that TBBPA might be very harmful to humans. How-
ever, in addition to concentration issues (many of the studies
employed too high TBBPA concentrations, in the pmol/L range),
these studies may have neglected TBBPA metabolism, includ-
ing the in vivo processes of absorption, distribution, modifica-
tion, and excretion. A study investigated TBBPA toxico-kinetics
in humans and rats after oral administration (Schauer et al.,
2006); five human subjects were given 0.1 mg/kg bw TBBPA,
while rats were given 300 mg/kg bw, in single doses. The con-
centrations of TBBPA and its metabolites in urine and blood
were detected. The main metabolites identified included TBBPA-
glucuronide and TBBPA-sulfate. In humans, the parental form of
TBBPA was not detectable in plasma samples, whereas the con-
centrations of TBBPA-glucuronide and TBBPA-sulfate in plasma
quickly declined to reach the LOD after 124 and 8 hr, respec-
tively. In rats, the half-life of parent TBBPA was 13 hr. An-
other study in rats indicated that TBBPA had a half-life of ap-
proximately 7-9 hr and it could be eliminated in two days
(Kang et al., 2009). Similarly, more than 94% of the adminis-
tered TBBPA was eliminated predominantly through feces after
72 hr (Knudsen et al., 2014). Collectively, these results suggest
that TBBPA is rapidly metabolized by conjugation and elimina-
tion, with a consequent low bio-availability (Kuester et al., 2007),
especially in humans. However, although TBBPA is metabolized
rapidly in vivo, it may still exert some adverse effects very quickly
after exposure. In fact, one study exposed mice to TBBPA 3 hr
before measurement and revealed increased horizontal move-
ment activities, freezing behavior, spontaneous alternation be-
havior, and TBBPA accumulation in the striatum (Nakajima et al.,
2009). Thus, although high doses were used (0.1 mg/kg bw), the
data imply that rapid TBBPA metabolism may not protect hu-
mans from adverse effects, particularly in cases of continuous
exposure.

For studies demonstrating TBBPA safety, there may still be
controversy. Some studies only employed short-term TBBPA
treatments (Song et al., 2014; Yang and Chan, 2015). Others only
utilized adult animals that seem to have a better tolerance for
TBBPA (Germer et al., 2006; Kang et al., 2009; Osimitz et al., 2016;
Song et al., 2014), or just one single exposure dose, and eval-
uated the effects after a period of recovery, which may not be
sufficient to conclude in favor of TBBPA safety (Hendriks et al,,
2015; Jarema et al., 2015; Viberg and Eriksson, 2011). Further-
more, in MCF-7 cells TBBPA did not show any estrogenic activ-
ity at concentrations of 10 or 20 pmol/L (Dorosh et al., 2011,
Molina-Molina et al., 2013), whereas it did so at 1,000 pmol/L
(Krivoshiev et al., 2016). Interestingly, in the initial study of
Saegusa et al. (2009) enough evidence was not collected to prove
TBBPA effects in the developing brain of SD rats exposed from
gestational day 10 to day 20 after delivery. However, several years
later, deeper analyses by the same authors demonstrated that
TBBPA affects neuronal development in the brain (Saegusa et al.,
2012).
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3. Conclusions

Based on the evidence collected thus far, it cannot yet be con-
cluded whether TBBPA has adverse health effects on humans.
The authors believe several issues need to be addressed before
answering the question without reasonable doubt. For example,
what are the actual TBBPA human exposure doses at present? Are
those doses in the nmol/L range? Did the studies measuring these
concentrations look only at the parental form of the chemical or
also its metabolic products? Are these metabolic forms as toxic
as TBBPA?

For risk assessments, TBBPA parental form concentrations in
humans must be understood or must include its metabolic prod-
ucts in all the toxicological evaluations in vitro. It is also impor-
tant that chemicals that have similar structures and thus behave
similarly to TBBPA must be documented. In fact, TBBPA is used
to produce derivatives, including TBBPA-BHEE, -BGE, -BAE, and
-BDBPE. These derivatives can be detected in different environ-
mental media (Ali et al., 2011; Qu et al., 2013; Tian et al., 2014)
and have been demonstrated to be potentially harmful (Liu et al,,
2016, 2018). In addition, in the daily life of humans, that exposure
is not limited to one harmful substance; many substances may
act together to increase individual effects. Moreover, subtle phys-
iological changes caused by non-toxic chemicals (TBBPA may be
one of them (Cope et al., 2015)) might be amplified and become
significant after much longer exposure (years in humans) or in
combination with other chemicals.

Perhaps TBBPA should be considered safe as many studies re-
porting TBBPA-dependent toxicity used very high concentrations
that humans are never exposed to, and based on the evidence
that TBBPA is metabolized to apparently innocuous metabolites
(Knudsen et al., 2014; Kuester et al., 2007; Schauer et al., 2006) in
the body. Nevertheless, studies with mouse and human embry-
onic stem cells indicate that TBBPA, at doses as low as 1 nmol/L,
could interfere with very early stages of embryonic development,
particularly neural development. These stages may be particu-
larly sensitive to chemical offenses. Additionally, the general pop-
ulation, which is exposed to TBBPA low levels, even for a long
time, may not experience any deleterious effects. However, occu-
pational exposure in the population is not known. They are con-
tinuously exposed to relatively high doses. For instance, the con-
centration of TBBPA in air from the dismantling hall at a recycling
plant was approximately 30 ng/m? (Sjodin et al., 2001). Another
study evaluated the occurrence of TBBPA in an e-waste recycling
area in South China. TBBPA levels in dust samples collected from
e-waste recycling workshops and local residential homes were
up to 19,600 and 1870 ng/g dust weight, respectively (Shen et al,,
2019). Moreover, the concentration of TBBPA in environmental
dust samples around a factory producing printed circuit boards
was up to 9010 ng/g (Zhou et al., 2014). They also found work-
ers’ exposure to TBBPA via dust ingestion, dust dermal absorp-
tion, and PM10 inhalation in the raw material warehouse was ap-
proximately 2.41 ng/kg bw per day (Zhou et al., 2014), whereas the
average estimated daily intake for a “standard Chinese man” was
1.34 ng/kgbw per day (Shi et al., 2017). Although the doses utilized
in animal experiments, which supported TBBPA were not safe
and far exceeded estimated human daily intakes, if the animals
were exposed to much lower concentrations for much longer du-
rations, years if possible, would they be still healthy?

Thus, to protect embryos and occupationally exposed popu-
lations, the potential toxicity of TBBPA should not be neglected,
even if the general population may not experience any effects.
Species variations imply that human-based systems should be
preferred in the future to further evaluate TBBPA exposure risks
to human health, particularly as many live animal models and
assays have already been utilized. However, detailed knowledge
of TBBPA metabolic products, organ/tissue targets, and endocrine
abilities is critical for reliable in vitro toxicological assessments.
Moreover, for in vitro studies utilizing very simple medium con-
ditions, it should be considered whether physiological levels of

molecules, such as hormones and cytokines, would counteract
or amplify any detected effect of TBBPA, before concluding on its
potential toxicity.
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