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ARTICLE INFO ABSTRACT

Editor: Dr. S Nan Tetrabromobisphenol A (TBBPA), one of the most common flame retardants, affects neurodevelopment, disrupts
the endocrine system, and increases the possibility of tumorigenesis. This study investigates the cytotoxic effects,
genetic effects, and metabolic effects from exposure to low concentration TBBPA. The cell exposure was
measured by mimicking the residual TBBPA concentrations in human plasma, specifically in occupational
populations. Our results revealed that long-term TBBPA exposure, especially at 1 nM concentration, significantly
promoted the proliferation of HepG2 cells. Furthermore, long-term TBBPA exposure can double the levels of
reactive oxygen species (ROS) released from mitochondria, thereby increasing Adenosine Monophosphate
activated Protein kinase (AMPK) gene expression level to promote cellular proliferation. However, ROS can also
mediate the apoptosis process through the mitochondrial membrane potential (MMP). The RNA-seq analysis
confirmed that the Ras signaling pathway was activated by the growth factor to mediate cell detoxification
mechanism, increasing lipid and vitamin metabolic rate. Our work uncovers a cellular mechanism by which long-
term exposure to low concentration TBBPA can induce the activation of the Ras signaling pathway and dem-
onstrates potential metabolic disorder in the human hepatic cells upon plasma TBBPA exposure.
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1. Introduction detected in the plasma of random population from Sweden, American,

Belgium, Romanian, Belgian, and China (Jakobsson et al., 2002;

Tetrabromobisphenol A (TBBPA), a reactive brominated flame
retardant (BFR), is widely used in fire prevention these days (Liang et al.,
2019b; Alexander et al., 2011). However, it is released into the envi-
ronment during manufacturing, usage, recycling, and dismantling pro-
cesses. The mean concentrations of TBBPA in dust from residential
areas, industrial areas, commercial areas, parks, and countryside in
Chonggqing city, China, are reported to be 26.7, 25.0, 21.3, 14.9, and
9.02 ng/g, dw (dry weight), respectively (Lu et al., 2018). The TBBPA
concentration in the indoor environments of Taizhou city, China (3435
ng/g, dw) is roughly 1.2 times higher than the outdoors due to electronic
waste (E-waste) dismantling activities and the use of appliances and
furniture (Wu et al., 2016). Besides, exceptionally high TBBPA con-
centrations of 5.50-23.8 x 10° ng/g have also been measured in an
e-waste dismantling industrial park in southern China (Liu et al., 2020).

What’s more, TBBPA of 2.5-580 pg/g Iw (lipid weight)) was also

Johnson-Restrepo et al., 2008; Dufour et al., 2017; Shi et al., 2013; Li
et al., 2020; Dirtu et al., 2010). Even higher TBBPA concentrations were
detected in the plasma of occupational exposure groups like e-waste
dismantling workers (1.09-3.99 ng/g, lw) and computer technicians
(0.54-1.84 ng/g, lw) in Sweden, and e-waste dismantling workers
(0.64-1.80 ng/g, lw) and circuit board producers (0.10-0.80 ng/g, lw)
in Norway (Covaci et al., 2009). Plasma levels of TBBPA are higher in
occupational exposure groups than those in the general population.
Although previous researches indicated that the half-life of TBBPA in
Bos taurus and Wistar Han IGS rats is short (Knudsen et al., 2018; Shin
et al., 2020), high exposure concentrations and long exposure times in
the workplace could still lead to the in vivo TBBPA accumulation.
Therefore, the toxicity of TBBPA, especially at the occupational popu-
lation level in plasma, is worth investigating.

TBBPA was upgraded to Group 2A (probably carcinogenic to
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humans) by the International Agency for Research on Cancer (IARC) in
2016 (Grosse et al., 2016). Dunnick et al. found that the incidence of
hepatoblastoma was 5.5-fold greater in rats in the 250 mg/kg TBBPA
exposure groups (22%) than the incidence in the control groups (4%)
(Dunnick et al., 2015; National Toxicology, 2014). Further, they
revealed long-term exposure to TBBPA induced activation of interferon
(IFN) and metabolic network, indicating that TBBPA might be carcino-
genic through IFN (Dunnick et al., 2017). As well known, hepatocellular
carcinoma (HCC) is one of the most frequently diagnosed cancers and
the third most common cause of cancer-related deaths worldwide (Sun
et al., 2018). According to the European Union Risk Assessment Report,
the highest C labelled TBBPA radioactivity levels were found in the
liver at 8 h post-dosing (ECB, 2006). However, little is known about the
potential carcinogenic and cancer progression risk from exposure to
TBBPA in liver cancer.

According to studies based on normal cell lines, TBBPA can cause
TM4 Sertoli cell death (lethal concentration of 50%, LCsg = 18 pM)
(Ogunbayo et al., 2008; Yin et al., 2018; Szychowski and Wojtowicz,
2016; Strack et al., 2007). Cells exposed to 1-100 uM TBBPA would
increase the cytotoxicity, such as growth inhibition (Yin et al., 2018),
increased ROS (Choi et al., 2017), imbalanced Calcium (Zieminska et al.,
2017), and reduced ATP synthesis (Nakagawa et al., 2007). Although
previous studies used TBBPA concentrations higher than the environ-
ment and human plasma, their results provide an indispensable refer-
ence for our low concentration exposure research.

Based on TBBPA concentration detected in occupational population
level in plasma (Covaci et al., 2009), simulating equivalent exposure
concentration (1.838-73.3 nM) seemed closer to the actual situation,
helping to further dig up its health risks, specifically the risk of human
cancer progression. Low concentration TBBPA (nM) causes neither
pathological change in tissues nor cell death (Choi et al., 2017; Cannon
et al., 2019; Liang et al., 2019a; Park et al., 2019). However, the cyto-
toxicity of long-term exposure to low concentration TBBPA on cell
metabolism has still not been attempted yet, although similar studies
involving the effect of bisphenol A on promiscuous sexual orientation
have been verified in zebrafish, mice, and other animal models (Poi-
menova et al., 2010; Porrini et al., 2005; Chen et al., 2016a, 2016b).

This study investigates the chronic exposure of low concentration
TBBPA at the occupational population level, using HepG2 cell line as the
research model, and analyzing reactive oxygen species (ROS) level,
apoptosis measurements, RNA-sequencing analysis, and gene expression
level verification. This study explores physiological and metabolic
changes, clarifying the cytotoxic effects, genetic effects, metabolic ef-
fects, and their correlation mechanism induced by low concentration
TBBPA exposure.

2. Materials and methods
2.1. Materials

TBBPA enters the body mainly through diet, breath, and skin contact.
After long-term exposure, part of TBBPA gets degraded or expelled from
the body, while part of it continues to accumulate. According to the
European Union Risk Assessment Report, the highest 14Clabelled TBBPA
radioactivity level in the liver was detected 8 h post-dosing (ECB, 2006).
The purpose of this study is to explore the health risk of TBBPA at the
actual plasma concentration. TBBPA accumulates mostly in the liver;
therefore, representative liver cells were selected as the research object.
The human hepatocellular liver carcinoma cell line (HepG2) was
generously provided by the Guangzhou Medical University. All other
chemicals and reagents used in this work are summarized in Supporting
Information (SI).

2.2. Cell culture and TBBPA exposure

The cell line was grown in DMEM medium supplemented with 10%
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fetal calf serum (FBS) and 1% penicillin-streptomycin at 37 °C in a 5%
CO humidified cell culture incubator.

Based on the exposure concentrations of TBBPA at the occupational
population level in plasma (Covaci et al., 2009), two exposure concen-
trations of TBBPA were selected to simulate occupational exposures at
Low and High concentrations of 1 and 81 nM, respectively. The stock
solution of TBBPA was prepared in dimethyl sulphoxide (DMSO). The
final DMSO concentration in the medium was 0.1%. The medium con-
taining TBBPA changed after the cells stuck to the culture plate wall and
was changed daily. Triplicate experiments were conducted for each
exposure group of Low or High concentration TBBPA.

2.3. Cell proliferation activity test

Cell proliferation activity was detected with Real-Time Cell-based
Analyzer (xCELLigence RTCA S16, Agilent, China), placed in a 5% COg
humidified cell culture incubator. Growth curves were constructed using
disposable E-plates with 16 wells containing integral sensor electrode
arrays. A detailed procedure is also provided in the SI. HepG2 cells were
cultured in a 6-well plate for TBBPA exposure. The cell cycle analysis
was performed using the method reported by Herman-Antosiewicz and
Singh (2005), and a detailed procedure is also provided in SI.

2.4. Apoptosis and lactate dehydrogenase (LDH) assay

The cells were stained using the cell apoptosis detection Kit (Beyo-
time) according to the manufacturer’s instructions. The cell pellet was
washed twice with a phosphate-buffered solution (PBS). The 1 x Bind-
ing buffer was then used as the dyeing buffer and added to the cell
suspension to achieve a final concentration of 1 x 10° cells/mL. Then
propidium iodide (PI) was added in the dark. After 30-min incubation in
the dark, the cells were immediately analyzed using Cyan flow cytom-
eter and ModFit software.

HepG2 cells were cultured in 6-well plate overnight in 5% CO» hu-
midified cell culture incubator. The existing medium was changed into a
new medium containing TBBPA (1 or 81 nM at Low or High concen-
tration), with 0.1% DMSO as the negative control. After 24 h cultivation,
the supernatants were transferred into a 96-well plate, and their
absorbance was measured at 450 nm using a microplate reader (Thermo
Fisher, USA). The degree of cell membrane damage was calculated from
the ratio of LDH released from sample to the total protein extracted from
cells in a homologous well. The quantification procedure of the total
protein is provided in SI.

2.5. Wound healing assay

HepG2 cells were seeded into 6-well culture plates and allowed to
grow to 90% confluence. Similar-sized wounds were introduced to the
monolayer cells using sterile pipette tips. Wounded monolayer cells
were washed 3 times by PBS to remove cell debris. TBBPA (1 or 81 nM at
Low or High concentration) was then added with DMSO (0.1%, v/v) as
the negative control. The wound closure speed was monitored and
photographed with an inverted microscope (Olympus, Beijing) after 12
and 24 h, respectively. The relative wound closure speeds of treated cells
against the control were calculated using the following formula:

(the wound width of treated cells at O h — the wound width at 24 h) /
(the wound width of the control cells at 0 h — the wound width at 24 h)
x 100.

2.6. Mitochondrial reactive oxygen species (mitoROS) measurement

HepG2 cells were exposed to TBBPA (1 or 81 nM) and 0.1% DMSO as
the negative control. After 24 h cultivation, the mitoROS levels were
measured with MitoSOX Red Mitochondrial Superoxide Indicator. The
cells were incubated with HBSS (Hank’s Balanced Salt Solution)/Ca/Mg
solution containing 5 pM MitoSOX reagent for 10 min at 37 °C in dark,
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followed by cleaning with PBS. The MitoSOX (Ex580nm/Em510nm)
fluorescence was measured using flow cytometry.

2.7. Mitochondrial membrane potential (MMP) examination

MMP was measured using the JC-1 assay kit according to the man-
ufacturer’s protocol. The detailed procedure is provided in SI.

2.8. RNA isolation and relative assay

Total RNA was extracted from HepG2 cells using the TRIzol reagent.
cDNA was obtained by reverse-transcription through MonScript™ RTIII
All-in-One Mix with dsDNase (Wuhan, China). Real-time q-PCR was
performed using TB Green® Premix Ex Taq™ II with CFX96 Touch
System. The real-time q-PCR procedure is also provided in SI, and the
primer sequences are shown in Table S1.

RNA-seq analysis was also performed following standard procedures.
Sequencing of total RNA from HepG2 cells treated with TBBPA, DMSO,
or DMEM was performed in Majorbio Company (Shanghai, China).
Based on the quantitative results of expression levels, the genes with
differential expression between two groups of Low and High
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concentrations were analyzed. The difference analysis software was
edgeR, and the screening threshold was |log2FC = > 1 & p adjust < 0.05.
The free online platform of Majorbio Cloud Platform was used for the
data analysis.

2.9. Statistical analysis

Results are expressed as average + SD. Statistical significance was
evaluated using the Student’s t-test. The P-value was determined, and
the significance level was set at P < 0.05. Microsoft Excel was used to
perform all statistical analysis.

3. Results
3.1. Low concentration TBBPA promoted HepG2 cell proliferation

The occupational population (8 h work per day) is exposed to an
average TBBPA concentration of 3435 ng/g, dw (Lu et al., 2018),
following which TBBPA gets accumulated in the body through breath-
ing, skin contact, and even diet. After debromination and derivatization
in vivo, TBBPA level in plasma was obtained as 1-80 nM (Jakobsson
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Fig. 1. Cell activity assay. (a) Cell growth of HepG2 cells treated with TBBPA. *p < 0.05 (n = 3) as compared with matched controls, by student’s t-test. ((b) and (c))
Cell cycle progression in HepG2 cells. Control means DMEM treated samples, and DMSO stands for negative control. Low and High group represent TBBPA exposure
at 1 and 81 nM, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2002). HepG2 cells were chosen in this study to characterize the
toxicity to the hepatic metabolic system from exposure to low-levels of
TBBPA.

First, HepG2 cells were exposed to Low and High concentrations of
TBBPA. We found that the cell proliferation activity got promoted from
16.9% to 30.8% times of the Control when exposed to low levels of
TBBPA (0.33-27 nM) within 24 h, while 42.3% and 52.2% restrained
with high levels of TBBPA (81-243 nM) (Fig. S1A). To simulate long-
term exposure mode of the occupational population, five generations
of TBBPA exposure experiments were carried out, in which 1 and 81 nM
TBBPA were chosen as the representatives of Low and High concentra-
tion groups, respectively. As Fig. 1a illustrates, long-term exposure to 1
nM TBBPA increased the proliferation activity by 41.1%, roughly 11.4%
more than the 24 h exposure. However, the proliferation activity of 81
nM TBBPA was still 11.7% restrained, almost 30.6% of it was restored.

Besides, in order to intuitively reflect the activity of cells caused by
TBBPA exposure, a wound-healing assay was also conducted. In line
with the proliferation activity assay, TBBPA at the tested concentrations
of 1 nM enhanced the cell wound healing by 34.3%, 16.8%, and 1.7% at
6, 12, and 24 h, respectively, from the start of the scratch (Fig. S2).
Besides, the cell wound healing of HepG2 was enhanced by 26.7%,
34.3%, and 0.6% at 6, 12, and 24 h of TBBPA exposure, respectively.
Combined with the restrained proliferation activity, we speculated that
the migration of HepG2 was enhanced with TBBPA exposure. After 24 h
exposure, the difference in the scratch closure rate of them and the
Control group was insignificant, probably due to the high cell density
and the cells not being in the logarithmic growth phase.

For further characterizing the proliferation ability after TBBPA
exposure, a cell cycle progression assay was conducted. According to cell
cycle progression analysis, at GO and G1 phase, the genome is diploid
before DNA synthesis, which has a relatively low fluorescence intensity
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and can be observed as a blue peak in Fig. 1b. No significant differences
were observed in GO/G1 phases compared with the Control, indicating
that TBBPA exposure neither blocked cell cycle progression nor affected
the RNA synthesis. With the start of DNA synthesis, the genome ranges
between diploid and tetraploid, and the fluorescence intensity also
varies between two peaks, highlighted in yellow color in Fig. 1b.
TBBPA'’s effect on DNA synthesis rate was estimated during S-phase
from the number of cells in the S-phase at different exposure concen-
trations. The ratio of cells in the S phase increased by 36.3% after TBBPA
exposure (Fig. 1c), indicating that the TBBPA-treated cells were under
higher cell division state, thereby confirming a higher proliferation ac-
tivity. After DNA synthesis, the protein and RNA synthesis begin (G2-
phase), followed by mitosis (M-phase), represented by the purple peak in
Fig. 1b. Owning to higher ratio in S-phase while steady at GO-phase, it is
evident that the mitosis was shortened by 18.8-31.3% in the TBBPA
treated-samples, fastening the cell to enter another cell cycle.

These findings demonstrated the low concentration TBBPA exposure
can increase cell proliferation, which might be the cellular response to
foreign substances and can accumulate with prolonged exposure times.
Besides, cells with long-term TBBPA exposure are also prone to get
higher scratch closure rate by promoting proliferation and migration.
However, the cellular mitosis was less integrated than before, which
may affect the genetic consistency of the cells after the division.

3.2. MitoROS levels elevated to maintain cellular stability

MitoROS in HepG2 was measured to investigate the role of oxidative
stress from TBBPA exposure. As Fig. S1B presents, no significant effect
was observed on mitoROS production in HepG2 cells after 24 h expo-
sure. However, with prolonging the exposure time, the mitoROS levels
were increased to 11.9% and 4.5% at 1 and 81 nM levels, respectively

DMSO Low High 165
(a) . (c) 1.26
short-term exposure (24 h)| short-term 107
15} 0.92
= ; 0.76
£3 Ehinie .0.47
=] - —_—
g S12f
é % (@ HK1
& ‘E 09} ] GPI 7.5
£ = 6.0
£z
PFK 59
0.6
Control DMSO Low  High 4.5
PGK i 3.0
(b) B chronic exposure (5 generation)| TP 15
s 15F ) _ T _ 1.3
% g MINPP1 1.0
o =
: 8 12 ¢ . FBP Em— 08
2 § i " N B 0.6
i‘g E 09} PKLR 04
-
0.6} 1 - 0.1
BPGM 00

Control DMSO  Low High

Fig. 2. TBBPA induces ROS generation in mitochondria of HepG2 cells treated with (a) 24 h and (b) five generation, respectively, and the fluorescence intensity of
MitoSOX in mitochondria were analyzed with Flow Cytometer (FCM); (c) The q-PCR test for AMPK expression; (d) Heatmap depicting glycolysis related genes

expression in HepG2 cells.
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(Fig. 2b). Even at this low concentration, TBBPA could slightly stimulate
mitoROS production. Although the effect was minimal, these could
accumulate with an increase in the exposure time.

It has been well documented that high AMPK (Adenosine Mono-
phosphate activated Protein Kinase) levels can change target cells from
an anabolic to a catabolic state, followed by high OXPHOS (OXidative
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phosphorylation) and ROS levels. In turn, mitoROS could also activate
AMPK (Nejabati et al., 2020). Then, the adaptive cellular response
provokes stress resistance and improves life span. To investigate
whether the AMPK was activated, the gene expression level of AMPK
was also measured. As Fig. 2c shows, no significant difference was
observed in the AMPK expression levels in HepG2 cells between the
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Fig. 3. TBBPA induces the change in mitochondrial membrane potential of HepG2 cells. The fluorescence intensity of JC-laggregates and JC-1 monomers in
mitochondria were analyzed with laser confocal microscope. (a) Immunofluorescence for JC-1 aggregates and JC-1 monomers in mitochondria. Scale bar, 200 um;
HepG2 cells were treated for (b) 24 h and (c) five generation, respectively. (d) Histogram show apoptotic cells ratio by TBBPA. (e) Heatmap depicting apoptosis

related genes expression in HepG2 cells.
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negative control (DMSO) and TBBPA exposure groups after 24 h. In
contrast, the AMPK pathway was activated, as evidenced by a 63% and
86% increase in the AMPK expression after long-term 1 and 81 nM
TBBPA exposure, consistent with the increase of mitoROS levels.

To ascertain whether the activated AMPK pathway could promote
metabolic rate, the Glycolysis-related gene expression was further
measured during the TBBPA exposure. As the ROS was mainly related to
mitochondria, the based glycometabolism (e.g., glycolysis) was mainly
considered. As Fig. 2d shows, within the two TBBPA-exposure groups,
while two genes (ALDOA and BPGM) were significantly down-regulated
by 87.3-95.1%, most of the remaining genes were slightly up-regulated.
Specifically, the most significantly up-regulated gene was found to be
FBP, which was up-regulated 246 times at 1 nM TBBPA exposure level.
Likewise, gene PFK was 435-times up-regulated at 81 nM exposure level.
Altogether, the above data support that TBBPA could invoke adaptive
cellular response by tenderly increasing ROS levels, which is agreement
with the activation of the AMPK signaling pathway and improving
proliferation and longevity of HepG2 cells through glycolysis.

3.3. Low concentration TBBPA mediated cellular apoptosis

Considering that both mitoROS and OXPHOS are related to mito-
chondria, the mitochondrial membrane potential (MMP) was also
measured to evaluate the mitochondrial status in TBBPA exposure cells.
As Fig. 3b shows, the heatmap represented the ratio of the aggregates
and the monomeric form of JC-1, using which the percentage of mito-
chondrial depolarization was measured. Within 24 h exposure, the
majority of MMP ratio was around 0.4-0.5 after TBBPA exposure,
1.37-2.21 times higher than the Control group. Similar to the ROS re-
sults, with prolonging exposure time, the majority of MMP ratio also
increased to 0.7 (Fig. 3c), indicating that TBBPA exposure could pro-
mote MMP. The continuously accumulated MMP indirectly suggested
that more energy was generated from mitochondria, causing faster
respiration and energy conversion after TBBPA exposure.

Furthermore, the relationship between the increase of MMP and cell
apoptosis was also clarified. After TBBPA exposure, the cells in green
gate (forward angular light scattering) representing the cells at early
apoptosis stage decreased, while the cells in blue gate (both forward and
lateral angular scattering) representing late apoptosis stage increased
(Fig. S4). As Fig. S1D presents, after 24 h exposure, no significant effect
was observed on apoptosis in HepG2 cells at 0.33-81 nM TBBPA expo-
sure. However, after long-term TBBPA exposure, the percentage of late
apoptotic cells was found to be 1.5- and 1.4-fold than at 1 and 81 nM
TBBPA exposure, respectively. In contrast, the percentage of early
apoptosis cells was on the opposite (Fig. 3d), which was also confirmed
by the gene expression assay (Fig. 3e). That is, the genes that regulate
the release of chemical signals like caspase-3 and caspase-9 were found
to be 1.65-2.61 times up-regulated. However, the pro-apoptosis gene of
p53 was down-regulated by 28.7% and 43.6%, and the anti-apoptosis
gene of Bcl was up-regulated by 53.9% and 79.6% at 1 and 81 nM
TBBPA exposure, respectively. These results demonstrated that TBBPA
exposure not only led to mitochondrial hyperactivity, which is the
opposite of apoptosis, but can also activate pro-apoptosis gene, thereby
promoting apoptosis procession. Combined with the effect on prolifer-
ation activity, it can be seen that low concentration TBBPA could
mediate cellular apoptosis through two different mechanisms, leading to
an increase in the ratio of abnormal cells.

3.4. Low concentration TBBPA affected the gene expression

To delineate the effect of TBBPA exposure on HepG2 cells, RNA-seq
analysis was further performed, and the differences between samples
and some enrichment pathways involved with samples were discovered
by bioinformatics analysis. The samples were grouped into the Control,
DMSO, Low and High concentration groups according to HepG2 cells
cultured with only medium, medium with DMSO, medium with 1 nM
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TBBPA, and medium with 81 nM TBBPA, respectively. The principal
component analysis (PCA) revealed that the sample similarity between
the four groups was farther apart (Fig. 4a), meaning that each of these
pairs had a large difference from each other, and TBBPA could signifi-
cantly influence the gene expression. Furthermore, the correlation be-
tween two TBBPA treatment groups was much stronger than between
the Control and either TBBPA treatment groups (Fig. 4b), confirming the
rationality of our experimental design. By Venn analysis through RSEM,
13,711 genes were found to be getting co-expressed among four differ-
ently treated groups (Fig. S5A). A group was established based on the co-
expression genes, and the difference of gene expression levels and the
gene differential expression (DEG) was further screened out. Compared
with DMSO group, 208 genes were up-regulated, and 132 were down-
regulated in the Low concentration group. In contrast, 217 genes were
up-regulated and 125 genes down-regulated in High concentration
group (Fig. 4c). To determine the specific physiological changes after
TBBPA exposure, the co-expression genes were divided into four cate-
gories based on the expression levels in two Low and High TBBPA
exposure groups compared with the DMSO group. From the Venn
analysis based on these four categories, 46 genes were both up-regulated
compared with DMSO, while 18 genes were down-regulated (Fig. 4d).

Furthermore, functional annotation analysis of DEGs in both Low
and High concentration groups was carried out based on the eggNOG
database. As Fig. S5B shows, compared with DMSO group, based on the
seven classes of KEGG metabolic pathways, which consist of Meta-
bolism, Genetic Information Processing, Environmental Information
Processing, Cellular Processes, Organismal Systems, Human Diseases,
and Drug Development, respectively. In the first six classes, 5, 1, 2, 4, 10,
and 8 pathways were involved in both Low and High concentration
groups. Among these, the pathways involving more than three genes
were Folding, sorting and degradation, Signal transduction, Cell growth
and death, Endocrine system, Immune system, Cancer overview, bac-
terial related Infections disease, viral related Infections disease, and
substance dependence. After TBBPA exposure, the expression level of
metabolism and organismal systems-related genes were changed based
on GO classification statistical results. Some genes related to cellular
processes, biological regulation, cell component, organelle component,
membrane component, and binding process were up-regulated
(Fig. S5C). In contrast, some genes related to cellular process, biolog-
ical regulation, cell component, organelle component, and binding
process were down-regulated (Fig. S5D). In all, TBBPA at the occupa-
tional population level in plasma can invoke cell stress reactions. In this
process, endocrine system related genes were up-regulated, followed by
the signal transduction related genes, explaining the enhanced prolif-
eration activity, up-regulation of Glycolysis-related genes, and increased
MMP (Figs. 1a, 2d, 3b, and 3c).

To further clarify the specific function of the DEGs, the genes
significantly up-regulated and down-regulated in the Low and High
TBBPA exposure groups of 1 or 81 nM were further chosen. After veri-
fying the up- and down-regulation state through q-PCR, 29 distinct
genes whose gene expression levels were different from both the Control
and negative control (DMSO) groups were screened out. The gene
expression of 12 genes was testified up-regulated, while 17 genes were
testified down-regulated (Fig. 4e). Among them, the ACSL5, RPL44, and
PLCXD3 genes were the top three up-regulated genes with an up-
regulation range of 5.50-136.24 times. Meanwhile, the CYP2B6,
CYP4F3, and RPL31 genes were also the top three down-regulated
genes, ranging from 9.43 to 105.05 times. As Fig. 4e shows, after
TBBPA exposure, the genes related to metabolism stage changed, with
1.25-136.24 times up-regulated lipid metabolism genes ACSL5, AOX1,
and PLCXD3, but 1.08-21.88 times down-regulated vitamin metabolism
genes CYP2B6, SLC19A2, and CYP4F3, indicating the metabolic path-
ways most affected by low concentration TBBPA exposure. It is known
that CYP (cytochrome P450) enzymes can metabolize exogenous com-
pounds in liver microsomes (Hedrich et al., 2016). We believe the
toxicity under chronic exposure of TBBPA was caused by multiple
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substances, including TBBPA and its derivative metabolites under
metabolic processes such as oxidative debromination, reductive debro-
mination, oxidative CYP enzyme-mediated biotransformation, Phase II
conjugation (Hakk and Letcher, 2003). Based on the down-regulation of
CYP2B6 and CYP4F3 after TBBPA exposure, we speculated that the
process of TBBPA metabolism was impeded. Besides, BMP3, a
gene-mediated nucleotide metabolism through mediating gene expres-
sion involving gonadal growth and embryonic differentiation, was also
4.87 times down-regulated at 81 nM TBBPA exposure levels. In com-
parison, CD48 capable of inducing gene expression that releases growth
factor through CaN was slightly up-regulated. These opposing outcomes
again verify that after TBBPA exposure, the cells could induce two
different pathways to deal with TBBPA toxicity, risking genomic dis-
ruptions and leading to metabolism abnormalities. Meanwhile,
1.24-105.05 times down-regulated genes of RPL31 and EEF1A1 as well
as 7.88- to 8.76-fold up-regulated RP144 gene, all participated in protein
biosynthesis and metabolism process, indicating that the rate of protein
biosynthesis and metabolism process were all affected after TBBPA
exposure.

As Fig. 4e shows, in keeping with MMP result, GABRP was also found
to be induced hyperpolarization with 4.16-fold up-regulation at 1 nM
TBBPA exposure level. One of the outcomes of this result was the inhi-
bition of apoptosis. Consistent with this result, the gene TLR1 and ppp5c
mediated apoptosis pathways through the gene MyD88 and gene MAPK,
respectively, were also found to be slightly down-regulated. This can
further explain the above-mentioned heatmap result that one of the pro-
apoptosis genes were down-regulated (Fig. 3e). Unexpectedly,
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consistent with GO annotations analysis (Fig. S5E), cellular skeleton-
related genes like ACTG2 and RHOG were also 1.55- to 4.04-fold
down-regulated. Besides, RHOG could also mediate actin-f through
Rac signal pathway (Klems et al., 2020), thereby down-regulating
ACTG2. Besides skeleton protein, the expression of genes coding trans-
membrane protein like KCNJ13, SLC19A2, and AQP5 were all found to
be 1.36-6.76 times down-regulated after TBBPA exposure (Fig. 4e),
indicating that TBBPA could impair the stability of cellular skeleton and
the transmembrane transport of the cell membrane.

In addition, mitochondrial complex I related gene ND1 and ion
transport protein-related gene KCNJ13 were also found to be 1.16- to
6.76-fold down-regulated in both Low and High concentration TBBPA
treated groups, while the glucose uptake related gene of GCNT1 was up-
regulated (Fig. 4e). As is well known, the mitochondria of eukaryotes
consist of five complexes, together affecting normal functioning of
glycolysis, electron transport chain, energy metabolism, and oxidative
stress (Martinez-Reyes et al., 2016). Therefore, we can conclude that
TBBPA exposure can regulate mitochondrial function in HepG2 cells,
evidenced by MMP promotion, ROS generation, glucose ingestion, and
glycolysis-related gene upregulation according to the results shown in
Figs. 2-4.

3.5. Low concentration TBBPA activated Ras signaling pathway

From RNA-sequencing results, two growth factors, FGF17 and
EFN5A, were found with different expression genes. Their regulation
levels were up-regulated and down-regulated, respectively (Fig. 4e),
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Fig. 5. (a) Heatmap depicting all targeted genes related to Ras signaling pathway in HepG2 cells. (b) Ras upstream signaling pathway. (c) Ras downstream signaling
pathway (Norel also known as RASSF5, AF6 also known as AFDN, IMP also known as BRAP, RLIP76 also known as RALBP1).
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after TBBPA exposure. The enriched KEGG term analysis revealed that
FGF17 and EFN5A were both involved in the activation of Ras signaling
pathway, in which they mainly pass signals into cellular through
membrane receptor proteins like CSF1R, FGFR1, and EGFR (collectively
known as RTK) (Fig. 5b). FGFR1 was found to be 3.10-fold up-regulated
in 1-nM TBBPA exposure group, while CSF1R and EGFR were found to
be 1.40-1.60 times down-regulated in 81-nM TBBPA exposure group
(Fig. 5a).

To further figure out final results of these superimposed effects upon
their co-downstream gene Ras (Steelman et al., 2020; Zhao et al., 2020;
Agrawal et al., 2020), the gene expression of three major forms of Ras
(Fragoza et al., 2019) (H-Ras, M-Ras, and R-Ras) and the corresponding
downstream genes were further measured. From q-PCR test (Fig. 5a),
H-Ras, M-Ras, and R-Ras were found to be 1.3-1.8, 1.7-3.2, and 1.5-2.0
times up-regulated after TBBPA exposure, respectively, proving that
TBBPA could induce the up-regulation of these three kinds of Ras genes.
R-Ras was activated by RasGRFs, which are not mediated through GF
and its corresponding receptor. Thus, the genes downstream of H-Ras
and M-Ras were considered. As shown, Norel, TIAM1, AF6, BRAP,
RALGDS, and RLIP76 were found to be 1.17-4.03 times up-regulated in
both 1-nM and 81-nM TBBPA exposure groups. Among them, five genes
of Norel, TIAM1, AF6, BRAP, and RALGDS were all found to be regu-
lated by either H-Ras or M-Ras. Therefore, based on the q-PCR assay
results, we could affirm a high correlation between low concentration
TBBPA and Ras signaling pathway. Low concentration TBBPA exposure
could induce cellular Ras signaling pathway through the growth factor
FGF17. Although a few genes in the Ras signaling pathway were
down-regulated through other mechanisms, the total expression situa-
tion showed the leading role of FGF17 in this pathway, and the corre-
sponding outcome of the cellular toxicity caused by TBBPA exposure
was confirmed herein.

4. Discussion

Since TBBPA has been used as BFRs, several studies have been con-
ducted about toxicity of itself and its derivatives (Yu et al., 2019).
Existing in vivo (mice or zebrafish) or in vitro (cells or liver microsome)
studies mainly focused on the toxicity at a sub-lethal TBBPA concen-
tration. It can be concluded from the existing studies that low concen-
tration TBBPA exposure would cause neither death nor acute illness.
However, low concentration level exposure might disrupt normal
physiological and metabolic activities leading to chronic diseases like
endocrine, neurodevelopmental or immune system disorders. Given the
lack of studies on TBBPA, it is crucial to explore the effects of TBBPA on
human beings with occupational population-level exposure in plasma.

This study mainly focuses on the chronic impact of low concentration
TBBPA (nM) in vitro. The actual residual concentrations detected in
human plasma ranged from tens to hundreds of nM depending upon the
exposure level (Covaci et al., 2009). To simulate occupational exposure
mode, long-term exposure (also called chronic exposure) experiments
were conducted, where HepG2 cells were exposed to low concentration
TBBPA for four to five generations. The culture medium containing
TBBPA was changed once a day.

The proliferation activity of HepG2 was monitored after TBBPA
exposure. The cellular proliferation activity responded most sensitively
to 1 nM TBBPA exposure (Fig. S1). The proliferation effect accumulated
with prolonged exposure time (Fig. 1a), which disagreed with previous
research results that a TBBPA concentration higher than 1 pM can cause
a decrease in the cell activity and eventually the cell death (Ogunbayo
et al., 2008; Strack et al., 2007), while in line with recent research that
demonstrated that TBBPA could promote the proliferation of endome-
trial cancer cells (Guan et al., 2021; Jin et al., 2021). In keeping with the
proliferation, AMPK was activated, improving proliferation and
longevity of HepG2 cells through glycolysis (Fig. 2c-d) (Nejabati et al.,
2020). Besides, Norel, one of the downstream genes of Ras, was
up-regulated (Fig. 5a), which help to resist the processes of cell-cycle
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arrest and apoptosis (Li et al., 2018). However, while cell proliferation
was promoted, cells were rushed into another cell cycle. The cellular
mitosis was simpler than that supposed to be, affecting the genetic
consistency of the cells after the division. Herein, the proliferation effect
of TBBPA probably is not a short-term stress, and even at this level the
toxicity of TBBPA is still worth evaluating.

In line with the migration capabilities of Ishikawa cells, an endo-
metrial cancer cell line, promoted by low concentration TBBPA and its
derivatives (Su et al., 2020; Lyu et al., 2020), the scratch closure rate was
found to be promoted by TBBPA (Fig. S2), indicating that TBBPA pro-
motes the malignant migration of cancer cells. We also chose 1 and
81 nM as representative Low and High concentration groups to study the
cytoplasmic membrane toxicity of TBBPA. Results showed that exposure
to TBBPA for 24 h could cause cell membrane damage. However, the
damage was also repaired within the exposure duration (Fig. S3). Our
24 h exposure data were consistent with a previous study (Szychowski
and Wojtowicz, 2016). Paleo et al. found a conserved mechanism known
as “Plasma membrane repair”, which helps cells to survive an injury
(Paleo et al., 2020). The level of LDH released in culture media is
probably due to stress after 24 h TBBPA exposure, which can be repaired
by regulating cell function. The membrane of HepG2 could be repaired
even under the long-term stimulation of TBBPA. These studies indicated
that low concentration TBBPA exposure may not only cause cytotoxicity,
but also evoke the self-saving mechanism of HepG2 cells. However, the
RNA-sequencing results further confirmed that the cellular skeleton and
the transmembrane transport of the cell membrane-related genes were
down-regulated (Fig. 4e), demonstrating that the membrane injury was
still genetically regulated.

ROS generation in the cells might be involved in cytotoxicity,
apoptosis, and autophagy (Zorov et al., 2014). The majority of ROS are
produced by mitochondria, as reported in early reference (Hamanaka
and Chandel, 2010). ROS produced by mitochondria (mitoROS) can
enter cytoplasm either through free diffusion or voltage-dependent
anion channels, playing an important role in signal transduction and
maintaining intracellular activities (Mittler et al., 2011). In our study,
low concentration TBBPA exposure caused little ROS generation in
HepG2 cells in 24 h (Fig. 2a), which is consistent with a previous study
(Kuiper et al., 2007) stating that long-term exposure could lead to the
accumulation of TBBPA concentration and its effects resulting in the
increase of the mitoROS release level when exposure time was pro-
longed. Our results also confirmed that ROS generation at a relatively
low level could activate the AMPK signal and promote cell proliferation
and survival (Fig. 2c). Thus, increasing exposure time could increase
ROS production and impose a higher cytotoxicity risk, impacting tumor
progression (Chandel and Tuveson, 2014).

MitoROS overproduction, the reduction of MMP, and the decreased
ATP are three major pathological states when mitochondrial damage
occurred (Nejabati et al., 2020; Wang et al., 2020). A similar cumulative
effect on MMP has also been observed after long-term exposure to low
concentration TBBPA (Fig. 3a). Accordingly, in combination with
mitoROS release in a relatively low degree, promotion of MMP, and
activated OXPHOS, the mitochondria were speculated to be in a more
active state leading to speed up the metabolism. Thereby, a low degree
of ROS generation prolonged the lifespan of the cells and resisted toxic
injury. High MMP was confirmed to provoke the pathway opposite to
apoptosis to offset some of the damages, possibly leading to a high
apoptosis state. However, the percentage of apoptotic cells in the total
cells still increased after the exposure (Fig. 3d and 3e), confirming that
TBBPA had at least two different mechanistic effects on the cell viability,
leading to two opposite effects. This also suggested that the self-saving
mechanism of HepG2 cells was not strong enough to offset apoptosis
(Nejabati et al., 2020; Meng et al., 2020).

During RNA-sequencing, 29 DEGs were identified affected by low-
level TBBPA in HepG2. Bioinformatics analysis, consistent with previ-
ous studies, revealed that DEGs were involved in regulating multiple
biological processes and molecular functions, such as hyperpolarization,
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apoptosis, transmembrane transport, mitochondrial function, and
glucose uptake (Figs. 2 and 3). Furthermore, lipid-related metabolic
activity was enhanced, evidenced by the up-regulated ACSL5, AOX1,
and PLCXS3 genes. In contrast, the vitamin-related metabolic activity
was inhibited, proven by the down-regulation of cyp2b6, slc19a2, and
cyp4f3 genes. It has been reported that the triacylglycerol biosynthesis
was promoted while gluconeogenesis process was inhibited in response
to Phenanthrene (Phe) treatment through Ras/MAPK/PI3K/akt/FOXO
signaling pathways, thereby disturbing the sugar and lipid metabolism
(Jiang et al., 2021). Besides, except for vitamin metabolism, CYP (cy-
tochrome P450) enzymes can metabolize exogenous compounds and
help cellular metabolization of TBBPA, further reducing its toxicity
(Hakk and Letcher, 2003). As a result, the process of TBBPA metabolism
was impeded, cells were continually stimulated by TBBPA. The oxida-
tive stress and inflammatory effects persisted, providing growth signals
that promote the proliferation of malignant cells (Iliopoulos et al.,
2009). However, metabolic activity related to nucleotide and protein
was affected but unclear because some of genes were up-regulated while
others were downregulated (Fig. 4e). Combined with the DEGs related
to nucleotide metabolism without linking with a specific pathway, the
sequencing results prove that TBBPA at the occupational population
level in plasma can affect gene expression and elevate overall
metabolism.

Furthermore, two crucial genes, FGF17 and EFNA, were found up-
stream of these different expression genes, both of which are growth
factors that could pass a signal through the adequate receptor following
Ras activation (Fig. 5b). Ras is one of the oncogenes. The occurrence of
lung cancer, pancreatic cancer, and colorectal cancer is closely related to
its mutation, and the patients with cancer are more liable to possess a
higher mutation possibility (Khan et al., 2019). Ras (also known as p21)
protein is located inside cell membrane and plays an essential role in
signaling cell growth and differentiation. It is a type of guanosine
triphosphate (GTP) binding protein (a coupling factor of cellular infor-
mation transfer), which regulates information transfer through the
mutual transformation of GTP and guanosine diphosphate (GDP)
(Thurman et al., 2020). However, the activation mechanism of Ras
signaling pathway and the self-saving mechanism of healthy hepatic
cells following exposure to organic pollutants are still unclear. A study
arrived at a similar result that (Yang et al., 2021) TBBPA can activate the
FGF10 signaling and promote expression of genes related to cell cycle
progression, proving that after TBBPA exposure at the hepatoblast stage,
the cells would especially evoke cytokine the growth factor to prolong
the life span of the cancer cells. These findings will help reveal the
self-saving mechanism and stress injury effect on HepG2 cells with low
concentration TBBPA exposure, leading to an overall elevation of the
mechanism as a consequence.

CRediT authorship contribution statement

Lirong Lu: Methodology, Formal analysis, Writing - original draft.
Junjie Hu: Methodology, Data curation. Guiying Li: Writing - review &
editing. Taicheng An: Conceptualization, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by National Natural Science Foundation of
China (41731279 and 41877363), National key research and develop-
ment project (2019YFC1804504), and Local Innovative and Research
Teams Project of Guangdong Pearl River Talents Program
(2017BT01Z032).

10

Journal of Hazardous Materials 416 (2021) 125797
Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2021.125797.

References

Agrawal, S., Maity, S., AlRaawi, Z., Al-Ameer, M., Kumar, T.K.S., 2020. Targeting drugs
against fibroblast growth factor(s)-induced cell signaling. Curr. Drug Targets.
https://doi.org/10.2174/138945012199920101220192.

Alexander, J., Benford, D., Boobis, A., Ceccatelli, S., Cottrill, B., Cravedi, J.P., Doerge, D.,
Dogliotti, E., Edler, L., Farmer, P., Filipi¢, M., Fink-Gremmels, J., Fiirst, P.,

Guérin, T., Knutsen, K., Machala, M., Mutti, A., Rose, M., Zeilmaker, M., 2011.
Scientific opinion on tetrabromobisphenol A (TBBPA) and its derivatives in food
EFSA panel on contaminants in the food chain (CONTAM). EFSA J. 9, 1-61.

Cannon, R.E., Trexler, A.W., Knudsen, G.A., Evans, R.A., Birnbaum, L.S., 2019.
Tetrabromobisphenol A (TBBPA) alters ABC transport at the blood-brain barrier.
Toxicol. Sci. 169, 475-484.

Chandel, N.S., Tuveson, D.A., 2014. The promise and perils of antioxidants for cancer
patients. N. Engl. J. Med. 371, 177-178.

Chen, J., Tanguay, R.L., Simonich, M., Nie, S., Zhao, Y., Li, L., Bai, C., Dong, Q.,
Huang, C., Lin, K., 2016a. TBBPA chronic exposure produces sex-specific
neurobehavioral and social interaction changes in adult zebrafish. Neurotoxicol.
Teratol. 56, 9-15.

Chen, J., Tanguay, R.L., Xiao, Y., Haggard, D.E., Ge, X, Jia, Y., Zheng, Y., Dong, Q.,
Huang, C., Lin, K., 2016b. TBBPA exposure during a sensitive developmental
window produces neurobehavioral changes in larval zebrafish. Environ. Pollut. 216,
53-63.

Choi, E.M., Suh, K.S., Rhee, S.Y., Oh, S., Kim, S.W., Pak, Y.K., Choe, W., Ha, J., Chon, S.,
2017. Exposure to tetrabromobisphenol A induces cellular dysfunction in
osteoblastic MC3T3-E1 cells. J. Environ. Sci. Health Part A 52, 561-570.

Covaci, A., Voorspoels, S., Abdallah, M.A., Geens, T., Harrad, S., Law, R.J., 2009.
Analytical and environmental aspects of the flame retardant tetrabromobisphenol-A
and its derivatives. J. Chromatogr. A 1216, 346-363.

Dirtu, A.C., Jaspers, V.L.B., Cernat, R., Neels, H., Covaci, A., 2010. Distribution of PCBs,
their hydroxylated metabolites, and other phenolic contaminants in human serum
from two European countries. Environ. Sci. Technol. 44, 2876-2883.

Dufour, P., Pirard, C., Charlier, C., 2017. Determination of phenolic organohalogens in
human serum from a Belgian population and assessment of parameters affecting the
human contamination. Sci. Total Environ. 599-600, 1856-1866.

Dunnick, J.K., Sanders, J.M., Kissling, G.E., Johnson, C.L., Boyle, M.H., Elmore, S.A.,
2015. Environmental chemical exposure may contribute to uterine cancer
development: studies with tetrabromobisphenol A. Toxicol. Pathol. 43, 464-473.

Dunnick, J.K., Morgan, D.L., Elmore, S.A., Gerrish, K., Pandiri, A., Ton, T.V., Shockley, K.
R., Merrick, B.A., 2017. Tetrabromobisphenol A activates the hepatic interferon
pathway in rats. Toxicol. Lett. 266, 32-41.

ECB, 2,2/,6,6'-tetrabromo-4,4’-isopropylidenediphenol (tetrabromobisphenol-A or TBBP-
A), European Union Risk Assessment Report Part II - Human Health, (2006).

Fragoza, R., Das, J., Wierbowski, S.D., Liang, J., Tran, T.N., Liang, S., Beltran, J.F.,
Rivera-Erick, C.A., Ye, K., Wang, T.Y., Yao, L., Mort, M., Stenson, P.D., Cooper, D.N.,
Wei, X., Keinan, A., Schimenti, J.C., Clark, A.G., Yu, H., 2019. Extensive disruption
of protein interactions by genetic variants across the allele frequency spectrum in
human populations. Nat. Commun. 10, 4141.

Grosse, Y., Loomis, D., Guyton, K.Z., El Ghissassi, F., Bouvard, V., Benbrahim-Tallaa, L.,
Mattock, H., Straif, K., 2016. Carcinogenicity of some industrial chemicals. Lancet
Oncol. 17, 419-420.

Guan, G., Su, H., Wei, X., Zheng, Y., Jin, X., 2021. The promotion of tetrabromobisphenol
A exposure on Ishikawa cells proliferation and pivotal role of ubiquitin-mediated I
kappa B’ degradation. Ecotoxicol. Environ. Saf. 207, 111254.

Hakk, H., Letcher, R.J., 2003. Metabolism in the toxicokinetics and fate of brominated
flame retardants - a review. Environ. Int. 29, 801-828.

Hamanaka, R.B., Chandel, N.S., 2010. Mitochondrial reactive oxygen species regulate
cellular signaling and dictate biological outcomes. Trends Biochem. Sci. 35,
505-513.

Hedrich, W.D., Hassan, H.E., Wang, H., 2016. Insights into CYP2B6-mediated drug-drug
interactions. Acta Pharm. Sin. B 6, 413-425.

Herman-Antosiewicz, A., Singh, S.V., 2005. Checkpoint kinase 1 regulates diallyl
trisulfide-induced mitotic arrest in human prostate cancer cells. J. Biol. Chem. 280,
28519-28528.

Iliopoulos, D., Hirsch, H.A., Struhl, K., 2009. An epigenetic switch involving NF-kappa B,
Lin28, Let-7 microRNA, and IL6 links inflammation to cell transformation. Cell 139,
693-706.

Jakobsson, K., Thuresson, K., Rylander, L., Sjoodin, A., Hagmar, L., Bergman, A., 2002.
Exposure to polybrominated diphenyl ethers and tetrabromobisphenol A among
computer technicians. Chemosphere 46, 709-716.

Jiang, S.L., Fang, D.A., Xu, D.P., 2021. Transcriptome changes of Takifugu obscurus liver
after acute exposure to phenanthrene. Physiol. Genom. 53, 116-124. https://doi.
org/10.1152/physiolgenomics.00100.2020.

Jin, X., Su, H., Xu, L., Wang, Y., Su, R., Zhang, Z., Guan, G., Li, Z., 2021. Different co-
culture models reveal the pivotal role of TBBPA-promoted M2 macrophage
polarization in the deterioration of endometrial cancer. J. Hazard. Mater. 413,
125337, 125337-125337.


https://doi.org/10.1016/j.jhazmat.2021.125797
https://doi.org/10.2174/138945012199920101220192
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref2
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref2
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref2
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref2
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref2
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref3
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref3
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref3
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref4
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref4
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref5
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref5
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref5
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref5
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref6
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref6
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref6
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref6
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref7
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref7
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref7
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref8
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref8
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref8
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref9
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref9
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref9
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref10
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref10
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref10
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref11
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref11
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref11
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref12
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref12
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref12
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref13
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref13
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref13
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref13
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref13
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref14
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref14
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref14
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref15
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref15
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref15
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref16
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref16
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref17
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref17
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref17
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref18
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref18
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref19
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref19
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref19
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref20
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref20
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref20
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref21
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref21
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref21
https://doi.org/10.1152/physiolgenomics.00100.2020
https://doi.org/10.1152/physiolgenomics.00100.2020
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref23
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref23
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref23
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref23

L Luetal

Johnson-Restrepo, B., Adams, D.H., Kannan, K., 2008. Tetrabromobisphenol A (TBBPA)
and hexabromocyclododecanes (HBCDs) in tissues of humans, dolphins, and sharks
from the United States. Chemosphere 70, 1935-1944.

Khan, A.Q., Kuttikrishnan, S., Siveen, K.S., Prabhu, K.S., Shanmugakonar, M., Al-
Naemi, H.A., Haris, M., Dermime, S., Uddin, S., 2019. RAS-mediated oncogenic
signaling pathways in human malignancies. Semin. Cancer Biol. 54, 1-13.

Klems, A., van Rijssel, J., Ramms, A.S., Wild, R., Hammer, J., Merkel, M., Derenbach, L.,
Preau, L., Hinkel, R., Suarez-Martinez, 1., Schulte-Merker, S., Vidal, R., Sauer, S.,
Kivelae, R., Alitalo, K., Kupatt, C., van Buul, J.D., le Noble, F., 2020. The GEF Trio
controls endothelial cell size and arterial remodeling downstream of Vegf signaling
in both zebrafish and cell models. Nat. Commun. 11, 5319.

Knudsen, G.A., Hall, S.M., Richards, A.C., Birnbaum, L.S., 2018. TBBPA disposition and
kinetics in pregnant and nursing Wistar Han IGS rats. Chemosphere 192, 5-13.
Kuiper, R.V., Canton, R.F., Leonards, P.E., Jenssen, B.M., Dubbeldam, M., Wester, P.W.,
van den Berg, M., Vos, J.G., Vethaak, A.D., 2007. Long-term exposure of European
flounder (Platichthys flesus) to the flame-retardants tetrabromobisphenol A (TBBPA)

and hexabromocyclododecane (HBCD). Ecotoxicol. Environ. Saf. 67, 349-360.

Li, A., Zhuang, T., Shi, W., Liang, Y., Liao, C., Song, M., Jiang, G., 2020. Serum
concentration of bisphenol analogues in pregnant women in China. Sci. Total
Environ. 707, 136100.

Li, S., Teng, J., Li, H., Chen, F., Zheng, J., 2018. The emerging roles of RASSF5 in human
malignancy. Anti Cancer Agent Med. Chem. 18, 314-322.

Liang, S., Liang, S., Zhou, H., Yin, N., Faiola, F., 2019a. Typical halogenated flame
retardants affect human neural stem cell gene expression during proliferation and
differentiation via glycogen synthase kinase 3 beta and T3 signaling. Ecotoxicol.
Environ. Saf. 183, 109498.

Liang, Z., Li, G., Xiong, J., Mai, B., An, T., 2019b. Purification, molecular
characterization and metabolic mechanism of an aerobic tetrabromobisphenol A
dehalogenase, a key enzyme of halorespiration in Ochrobactrum sp. T. Chemosphere
237, 124461.

Liu, J., Ma, S., Lin, M., Tang, J., Yue, C., Zhang, Z., Yu, Y., An, T., 2020. New mixed
bromine/chlorine transformation products of tetrabromobisphenol A: synthesis and
identification in dust samples from an e-waste dismantling site. Environ. Sci.
Technol. 54, 12235-12244.

Lu, J.F., He, M.J., Yang, Z.H., Wei, S.Q., 2018. Occurrence of tetrabromobisphenol a
(TBBPA) and hexabromocyclododecane (HBCD) in soil and road dust in Chongging,
western China, with emphasis on diastereoisomer profiles, particle size distribution,
and human exposure. Environ. Pollut. 242, 219-228.

Lyu, L., Jin, X., Li, Z., Liu, S., Li, Y., Su, R., Su, H., 2020. TBBPA regulates calcium-
mediated lysosomal exocytosis and thereby promotes invasion and migration in
hepatocellular carcinoma. Ecotoxicol. Environ. Saf. 192, 110255.

Martinez-Reyes, 1., Diebold, L.P., Kong, H., Schieber, M., Huang, H., Hensley, C.T.,
Mehta, M.M., Wang, T., Santos, J.H., Woychik, R., Dufour, E., Spelbrink, J.N.,
Weinberg, S.E., Zhao, Y., DeBerardinis, R.J., Chandel, N.S., 2016. TCA cycle and
mitochondrial membrane potential are necessary for diverse biological functions.
Mol. Cell 61, 199-209.

Meng, P., Zhu, M., Ling, X., Zhou, L., 2020. Wnt signaling in kidney: the initiator or
terminator? J. Mol. Med. 98, 1511-1523.

Mittler, R., Vanderauwera, S., Suzuki, N., Miller, G., Tognetti, V.B., Vandepoele, K.,
Gollery, M., Shulaev, V., Van Breusegem, F., 2011. ROS signaling: the new wave?
Trends Plant Sci. 16, 300-309.

Nakagawa, Y., Suzuki, T., Ishii, H., Ogata, A., 2007. Biotransformation and cytotoxicity
of a brominated flame retardant, tetrabromobisphenol A, and its analogues in rat
hepatocytes. Xenobiotica 37, 693-708.

Nejabati, H.R., Schmeisser, K., Shahnazi, V., Samimifar, D., Faridvand, Y., Bahrami-
Asl, Z., Fathi-Maroufi, N., Nikanfar, S., Nouri, M., 2020. N1-methylnicotinamide: an
anti-ovarian aging hormetin? Ageing Res. Rev. 62, 101131.

Ogunbayo, O.A., Lai, P.F., Connolly, T.J., Michelangeli, F., 2008. Tetrabromobisphenol A
(TBBPA), induces cell death in TM4 Sertoli cells by modulating Ca** transport
proteins and causing dysregulation of Ca®" homeostasis. Toxicol. Vitr. 22, 943-952,

P. National Toxicology, Toxicology studies of tetrabromobisphenol A in F344/NTac rats
and B6C3F1/N mice and toxicology and carcinogenesis studies of
tetrabromobisphenol A in Wistar Han Crl:WI(Han) rats and B6C3F1/N mice (gavage
studies), National Toxicology Program technical report series, (2014).

11

Journal of Hazardous Materials 416 (2021) 125797

Paleo, B.J., Madalena, K.M., Mital, R., McElhanon, K.E., Kwiatkowski, T.A., Rose, A.L.,
Lerch, J.K., Weisleder, N., 2020. Enhancing membrane repair increases regeneration
in a sciatic injury model. Plos One 15, e0231194.

Park, S.Y., Choi, E.M., Suh, K.S., Kim, H.S., Chin, S.O., Rhee, S.Y., Kim, D.Y., Oh, S.,
Chon, S., 2019. Tetrabromobisphenol A promotes the osteoclastogenesis of
RAW264.7 cells induced by receptor activator of NF-kappa B ligand in vitro.

J. Korean Med. Sci. 34, e267.

Poimenova, A., Markaki, E., Rahiotis, C., Kitraki, E., 2010. Corticosterone-regulated
actions in the rat brain are affected by perinatal exposure to low dose of bisphenol A.
Neuroscience 167, 741-749.

Porrini, S., Belloni, V., Della Seta, D., Farabollini, F., Giannelli, G., Dessi-Fulgheri, F.,
2005. Early exposure to a low dose of bisphenol A affects socio-sexual behavior of
juvenile female rats. Brain Res. Bull. 65, 261-266.

Shi, Z., Wang, Y., Niu, P., Wang, J., Sun, Z., Zhang, S., Wu, Y., 2013. Concurrent
extraction, clean-up, and analysis of polybrominated diphenyl ethers,
hexabromocyclododecane isomers, and tetrabromobisphenol A in human milk and
serum. J. Sep. Sci. 36, 3402-3410.

Shin, E.S., Jeong, Y., Barghi, M., Seo, S.H., Kwon, S.Y., Chang, Y.S., 2020. Internal
distribution and fate of persistent organic contaminants (PCDD/Fs, DL-PCBs, HBCDs,
TBBPA, and PFASs) in a Bos taurus. Environ. Pollut. 267, 115306.

Steelman, L.S., Chappell, W.H., Akula, S.M., Abrams, S.L., Cocco, L., Manzoli, L.,

Ratti, S., Martelli, A.M., Montalto, G., Cervello, M., Libra, M., Candido, S.,
McCubrey, J.A., 2020. Therapeutic resistance in breast cancer cells can result from
deregulated EGFR signaling. Adv. Biol. Regul. 78, 100758.

Strack, S., Detzel, T., Wahl, M., Kuch, B., Krug, H.F., 2007. Cytotoxicity of TBBPA and
effects on proliferation, cell cycle and MAPK pathways in mammalian cells.
Chemosphere 67, S405-S411.

Su, H., Guan, G., Ahmed, R.Z., Lyu, L., Li, Z., Jin, X., 2020. TBBPA stimulated cell
migration of endometrial cancer via the contribution of NOX-generated ROS in lieu
of energy metabolism. J. Hazard. Mater. 400, 123204.

Sun, Y., Wang, Y., Li, M., Cheng, K., Zhao, X., Zheng, Y., Liu, Y., Lei, S., Wang, L., 2018.
Long-term trends of liver cancer mortality by gender in urban and rural areas in
China: an age-period-cohort analysis. BMJ Open 8, €020490.

Szychowski, K.A., Wojtowicz, A.K., 2016. TBBPA causes neurotoxic and the apoptotic
responses in cultured mouse hippocampal neurons in vitro. Pharmacol. Rep. 68,
20-26.

Thurman, R., Siraliev-Perez, E., Campbell, S.L., 2020. RAS ubiquitylation modulates
effector interactions. Small GTPases 11, 180-185.

Wang, Y., Wu, T., Tang, M., 2020. Ambient particulate matter triggers dysfunction of
subcellular structures and endothelial cell apoptosis through disruption of redox
equilibrium and calcium homeostasis. J. Hazard. Mater. 394, 122439.

Wu, Y., Li, Y., Kang, D., Wang, J., Zhang, Y., Du, D., Pan, B., Lin, Z., Huang, C., Dong, Q.,
2016. Tetrabromobisphenol A and heavy metal exposure via dust ingestion in an e-
waste recycling region in Southeast China. Sci. Total Environ. 541, 356-364.

Yang, R., Liu, S., Liang, X., Yin, N., Jiang, L., Zhang, Y., Faiola, F., 2021. TBBPA, TBBPS,
and TCBPA disrupt hESC hepatic differentiation and promote the proliferation of
differentiated cells partly via up-regulation of the FGF10 signaling pathway.

J. Hazard. Mater. 401, 123341.

Yin, N., Liang, S., Liang, S., Yang, R., Hu, B., Qin, Z., Liu, A., Faiola, F., 2018. TBBPA and
its alternatives disturb the early stages of neural development by interfering with the
NOTCH and WNT pathways. Environ. Sci. Technol. 52, 5459-5468.

Yu, Y., Yu, Z., Chen, H., Han, Y., Xiang, M., Chen, X., Ma, R., Wang, Z., 2019.
Tetrabromobisphenol A: disposition, kinetics and toxicity in animals and humans.
Environ. Pollut. 253, 909-917.

Zhao, Z., Zhang, D., Wu, F., Tu, J., Song, J., Xu, M., Ji, J., 2020. Sophoridine suppresses
lenvatinib-resistant hepatocellular carcinoma growth by inhibiting RAS/MEK/ERK
axis via decreasing VEGFR2 expression. J. Cell. Mol. Med. 25, 549-560. https://doi.
org/10.1111/jcmm.16108.

Zieminska, E., Lenart, J., Diamandakis, D., Lazarewicz, J.W., 2017. The role of Ca%*
imbalance in the induction of acute oxidative stress and cytotoxicity in cultured rat
cerebellar granule cells challenged with tetrabromobisphenol A. Neurochem. Res.
42, 777-787.

Zorov, D.B., Juhaszova, M., Sollott, S.J., 2014. Mitochondrial reactive oxygen species
(ROS) and ROS-induced ROS release. Physiol. Rev. 94, 909-950.


http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref24
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref24
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref24
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref25
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref25
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref25
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref26
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref26
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref26
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref26
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref26
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref27
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref27
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref28
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref28
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref28
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref28
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref29
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref29
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref29
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref30
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref30
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref31
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref31
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref31
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref31
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref32
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref32
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref32
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref32
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref33
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref33
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref33
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref33
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref34
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref34
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref34
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref34
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref35
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref35
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref35
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref36
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref36
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref36
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref36
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref36
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref37
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref37
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref38
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref38
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref38
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref39
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref39
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref39
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref40
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref40
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref40
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref41
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref41
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref41
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref42
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref42
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref42
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref43
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref43
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref43
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref43
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref44
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref44
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref44
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref45
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref45
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref45
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref46
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref46
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref46
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref46
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref47
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref47
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref47
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref48
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref48
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref48
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref48
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref49
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref49
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref49
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref50
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref50
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref50
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref51
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref51
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref51
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref52
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref52
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref52
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref53
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref53
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref54
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref54
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref54
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref55
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref55
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref55
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref56
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref56
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref56
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref56
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref57
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref57
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref57
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref58
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref58
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref58
https://doi.org/10.1111/jcmm.16108
https://doi.org/10.1111/jcmm.16108
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref60
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref60
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref60
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref60
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref61
http://refhub.elsevier.com/S0304-3894(21)00761-5/sbref61

	Low concentration Tetrabromobisphenol A (TBBPA) elevating overall metabolism by inducing activation of the Ras signaling pa ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Cell culture and TBBPA exposure
	2.3 Cell proliferation activity test
	2.4 Apoptosis and lactate dehydrogenase (LDH) assay
	2.5 Wound healing assay
	2.6 Mitochondrial reactive oxygen species (mitoROS) measurement
	2.7 Mitochondrial membrane potential (MMP) examination
	2.8 RNA isolation and relative assay
	2.9 Statistical analysis

	3 Results
	3.1 Low concentration TBBPA promoted HepG2 cell proliferation
	3.2 MitoROS levels elevated to maintain cellular stability
	3.3 Low concentration TBBPA mediated cellular apoptosis
	3.4 Low concentration TBBPA affected the gene expression
	3.5 Low concentration TBBPA activated Ras signaling pathway

	4 Discussion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	References


