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Tetrabromobisphenol A (TBBPA) is a flame retardant that adversely affects the environment and human health.
The present study exposed HepG2 cells to low concentrations of TBBPA daily to investigate the changes in gene
regulation, mainly related to pathways associated with the endocrine system. The quantitative polymerase chain
reaction (qQPCR) confirmed that prolonged exposure gradually activated the thyroid hormone and parathyroid
hormone signaling pathways. The expression levels of genes related to the thyroid hormone signaling pathway
were upregulated (1.15-8.54 times) after five generations of exposure to 1 and 81 nM TBBPA. Furthermore,
co-exposure to 81 nM TBBPA and 0.5 nM thyroid hormone receptor antagonist for five generations significantly
reduced the expression of thyroid hormone and parathyroid hormone receptors. Meanwhile, 81 nM TBBPA inhib-
ited the activation of the Ras pathway and downregulated Ras gene expression level (3.7 times), indicating the
association between the toxic effect and thyroid hormone receptors. Additionally, our experiments revealed that
the thyroid hormone pathway regulated the induction of the Ras signaling pathway by TBBPA. The study thus
proves that daily exposure to TBBPA interferes with the thyroid hormone signaling pathway and subsequently

the endocrine system.

1. Introduction

Tetrabromobisphenol A (TBBPA) is the most widely used brominated
flame retardant, which accounts for more than 60% of production [1].
It enters the human body during production and use through various
routes, including inhalation, ingestion, and dermal contact [2-4]. With
the increasing use of TBBPA-containing products, the concentration of
TBBPA in the indoor dust in Eastern China has attained relatively high
levels, increasing exposure risks in humans [5]. Numerous studies have
detected TBBPA in human plasma and found that the concentration
in people with occupational exposure is higher than that in the gen-
eral population [6,7]. Animal studies have shown that TBBPA perturbs
erythropoiesis [8], is toxic to liver [9], and imposes neurodevelopmen-
tal [10,11] and endocrine toxic effects [12,13] and carcinogenic risk
[14,15]. Research has also found that different toxicities are associated
with each other, and endocrine toxicity induces estrogen interference
toxicity and carcinogenic risk [16,17]. Therefore, it is necessary to study
the endocrine toxicity of TBBPA in humans.

Gene expression regulates protein expression levels and, in turn, in-
fluences the physiological and metabolic behavior of an organism. Cur-
rently, the assessment of genotoxicity induced by brominated flame re-
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tardants is an important field of toxicity research and demands risk as-
sessment. However, studies on the genotoxic effects of TBBPA at the
molecular level are relatively scarce. To better understand the toxic ef-
fects and the potential risk of brominated flame retardants, the toxic
mechanisms at the molecular level need to be elucidated. Generally,
DNA damage assay, transcriptome analysis, micronucleus test, and chro-
mosomal aberration analysis are used to assess the genotoxic effects;
however, the majority are used in fish exposed to a variety of chemicals
and pollutants [18,19].

Biomarkers are biochemical markers that demonstrate changes un-
der the influence of an external stimulus and are used as indicators to
assess the structural or functional changes in organs, tissues, and cells.
Therefore, the detection of abnormal concentrations of biomarkers will
reveal the influence of a specific stimulus in organisms [20]. Identify-
ing biomarkers can help understand the characteristics of TBBPA injury
and track the consequences. So far, no specific molecular biomarker has
been identified to assess the genotoxic effects of TBBPA. The experiment
of two generations of TBBPA exposure in Sprague-Dawley rats showed
no significant effect of TBBPA on the reproduction, growth, or devel-
opment of their offspring, even when the exposure concentration was
1000 mg/kg Body Weight/day [13]. However, in a study evaluating
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the effect of TBBPA on the sperm quality of common carp, DNA dam-
age was significantly higher in the 2.5 nM TBBPA exposure group than
that in the control group, suggesting the effect of low-concentration ex-
posure on sperm quality and DNA integrity [21]. In addition, 367 nM
TBBPA exposure in a rat model damaged the sperm DNA and changed
the epigenetic markers of sperm chromatin [22]. A recent study in fish
showed that 9.36 M TBBPA exposure significantly increased oxidative
stress and DNA damage [23]. These studies indicate that although low
levels of TBBPA do not directly affect the expression of the important
proteins related to reproduction, growth, and development in fish and
mice, TBBPA exposure may induce DNA damage in carp and rats. How-
ever, the potential biomarkers of TBBPA and the mechanism of gene
regulation under TBBPA exposure are still unclear.

A whole-gene expression impact analysis can evaluate the toxic ef-
fects of TBBPA on early development by modeling the early stages of em-
bryonic development using mouse embryonic system cells (ESC) [24].
The present study hypothesizes that exposure to TBBPA may lead to po-
tential developmental toxicities, including effects on the nervous and
myocardial/skeletal muscular systems. Moreover, TBBPA disrupted the
endocrine activities in mice through prolactin signaling [24]. Studies on
the TBBPA exposure in zebrafish based on transcriptome analysis using
RNA-seq showed effects on the expression of genes related to physiolog-
ical processes, such as neural development, muscle filament gliding and
contracting, extracellular matrix disintegration, and tissue changes. In
addition, exposure to TBBPA increased the expression of genes encod-
ing uridine diphosphate glucuronidase (UGT) in zebrafish, which may
impact thyroxine (T,) metabolism and lead to neurobehavioral changes
[11]. Overall, these results indicate that exposure to TBBPA can induce
changes in gene expression in mice and zebrafish and interfere with their
endocrine system, neural development, and other physiological activi-
ties. However, the risk of gene regulation caused by exposure to TBBPA
in the human body is still unclear.

Based on the animal exposure studies, there was a proportional ac-
cumulation of TBBPA in the liver and TBBPA had a risk of inducing liver
cancer [25-27]. Therefore, liver cancer cells were selected to study the
effects of daily exposure to low-dose TBBPA on liver cancer. Our pre-
vious studies have shown that TBBPA exposure at micromolar and mil-
limolar concentrations can severely induce cell damage and death, while
nanomolar concentrations can induce oxidative stress leading to apopto-
sis [28,29]. This study investigated the effects of low-concentration daily
exposure of TBBPA on gene expression in HepG2 cells. The study veri-
fied the expression of receptors and expression levels of genes. The toxi-
city under daily exposure to TBBPA at low concentrations was explored
based on previous studies on cell physiological toxicity. The present
study’s findings may provide a basic reference for further research on
TBBPA toxicity.

2. Material and methods
2.1. Materials

The human hepatocellular liver carcinoma cell line (HepG2) was
generously provided by the Guangzhou Medical University, China.
TBBPA (97%) and dimethyl sulphoxide (DMSO, 99%) were purchased
from Sigma-Aldrich (USA). DMEM, fetal calf serum (FBS), penicillin
(100 U/mL)-streptomycin (0.1 mg/mL), and Trypsin-EDTA were pur-
chased from Gibco (Thermo Fisher, USA). Phosphate-buffered saline
(PBS) was purchased from Sangon (Shanghai, China), and the TRIzol
reagent was purchased from Invitrogen (USA). TB Green® Premix Ex
Taq™ II was purchased from Takara Biotechnology Co. (Dalian, China).

2.2. Cell culture and TBBPA exposure
The HepG2 cell line was grown in DMEM supplemented with 10%

FBS and 1% penicillin-streptomycin at 37 °C in a 5% CO, humidified cell
culture incubator. According to the concentration of TBBPA detected in
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the plasma of occupationally exposed people (2.5 pg/g to 3.99 ng/g
lipid weight), the concentration of TBBPA exposure in occupationally
exposed people was calculated as 0.1-100 nM [6,7,30-34]. Therefore,
we chose 1 and 81 nM concentrations to simulate the exposure pat-
tern of occupationally exposed people. The TBBPA stock solution was
prepared in dimethyl sulphoxide (DMSO, a final DMSO concentration
of 0.1%). The medium containing TBBPA was changed immediately
after the cells adhered to the culture plate and daily. Three indepen-
dent experiments were conducted for each low-concentration or high-
concentration TBBPA exposure group.

2.3. RNA isolation and sequencing

After TBBPA exposure, total RNA was extracted from the HepG2
cells using the TRIzol reagent. The cDNA was obtained by reverse-
transcription using MonScript™ RTIII All-in-One Mix with dsDNase
(Wuhan, China). Real-time quantitative polymerase chain reaction
(gPCR) was performed using TB Green® Premix Ex Taq™ II on a CFX96
Touch System (Bio-Rad, USA). The real-time qPCR procedure is pro-
vided in the Supporting Information, and the primer sequences are
shown in Table S1.

RNA-seq was performed at the Majorbio Company (Shanghai, China)
following the standard procedures using total RNA obtained from
HepG2 cells treated with TBBPA, DMSO, or DMEM. The sequencing data
were further used to analyze the genes with differential expression be-
tween the low-concentration and high-concentration groups. The edgeR
software was used to analyze the differences, using a screening threshold
of |log2FC|> 1 and p < 0.05. The free online Majorbio Cloud Platform
was used for data analysis.

2.4. qPCR assay

The real-time qPCR program had a 3 min hot start at 95 °C, followed
by 40 cycles of 10 s at 95 °C, 10 s at Tm, and 30 s at 72 °C. The melt
curve was used to ensure the specificity of each primer, and GAPDH was
used as the internal reference (Sangon, Shanghai, China).

2.5. Statistical analysis

Data are expressed as average + standard deviation. Statistical sig-
nificance was evaluated using the Student’s t-test. Mean values were
considered significantly different at p < 0.05. Microsoft Excel was used
to perform all statistical analyses.

3. Results

3.1. Daily exposure to a low concentration of TBBPA regulates endocrine
system-related pathways in HepG2 cells

In this study, HepG2 cells were cultured in complete DMEM,
medium containing DMSO, medium containing 1 nM TBBPA, and
medium containing 81 nM TBBPA for five generations and termed
as blank control group (CONTROL), negative control group (DMSO),
relatively low-concentration group (LOW), and relatively high-
concentration group (HIGH), respectively. The reference source of
genes used during sequencing was that of the human genome
(Homo_sapiens), and the reference genome version used was GRCh38.
P13 (http://asia.ensembl.org/Homao_sapiens/Info/Index).

The quality control analysis of the sequenced samples (Table 1) re-
vealed an average error rate of the bases less than 0.1%, and the quality
assessment of the sequencing data revealed that the percentage of the
bases with sequencing quality above 99% (Q4y) and 99.9% (Qs,) ac-
counted for 85% and 80% of the total bases, respectively. The sum of
guanine (G) and cytosine (C) accounted for 50 to 52% of the total bases.
These values indicate that the constructed library and sequencing qual-
ity were high, and the sequencing results were reliable.
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Fig. 1. Bioinformatics analysis based on RNA sequencing of HepG2 cells, KEGG histogram of pathway enrichment analysis of co-expressed genes at the

1 and 81 nM exposure groups.

Table 1
Quality control data statistics.

Sample Clean reads Clean bases Error rate(%) Q20(%) Q30(%) GC content(%)

C1 46957270 7003018540 0.0252 97.94 94 50.75
C2 47372722 7051154432 0.025 98 94.13  50.83
D1 50403238 7495431782 0.0252 9791 93.92 50.86
D_2 49982068 7437016280 0.0256 97.75 93.55 50.78
H1 47415256 7085857585 0.0257 97.74 93.52 51.23
H2 48176678 7180706951 0.0254 97.86 93.8 51.05
L1 55170016 8232221656 0.0253 97.89 93.88 50.85
L2 44677968 6661535759 0.0262 97.54 93.06 50.84

Clean reads: the total number of items in sequencing data after quality control;
Clean bases: the total number of Clean reads multiplied by the length of reads
after quality control; Error rate (%): the average Error rate of sequencing base
corresponding to the quality control data; Q20 (%) and Q30 (%): the quality of
sequencing data after quality control is evaluated. Q20 and Q30, respectively
refer to the percentage of the total bases whose sequencing quality is above
99% and 99.9%; GC Content (%): The percentage of the sum of G and C bases
corresponding to the quality control data in the total base.

A detailed bioinformatic analysis was performed using the sequenc-
ing results, and a set of differentially expressed genes was identified.
KEGG functional enrichment analysis of these differentially expressed
genes revealed that most genes enriched after the daily exposure to low-
concentration TBBPA were related to endocrine system-related path-
ways (Fig. 1). Among them, six major signal pathways, including the
oxytocin signaling pathway, parathyroid hormone synthesis, secretion
and action, thyroid hormone signaling pathway, insulin signaling path-
way, progesterone-mediated oocyte maturation, and estrogen signaling
pathway, were identified.

3.2. Expression levels of the thyroid hormone-related genes increases in the
subsequent generations

Furthermore, qPCR was performed to verify the regulation of dif-
ferentially expressed genes in the endocrine system of HepG2 cells af-
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Fig. 2. The expression of endocrine system-related genes in HepG2 cells
after long-term exposure to TBBPA by the q-PCR test verification.

ter daily exposure to low-concentration TBBPA (Fig. 2). After exposure
to low-concentration TBBPA for five generations, the genes related to
the thyroid hormone signaling pathway were upregulated 1.31-7.37
folds in HepG2 cells. These genes were mainly associated with the Ras
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homolog (RHEB2) [35], solute carrier family 16 member 2 (SLC16A2)
[36], thyroid hormone receptor beta (THRB) [37], type II thyroxine 5’
deiodinase (DIO2) [38], Ras-related protein M-Ras (MR) [39], thyroid
hormone receptor alphal (THRA1) [40], thyroid hormone receptor al-
phal type 2 (THRA2) [41], Ras-related protein H-Ras (HR), [42] and
protein kinase A (PKA) [43]. In addition, the expression levels of genes
encoding PKA and parathyroid hormone receptor (PTHR1) were upreg-
ulated 2.11-4.46 folds in HepG2 cells after exposure to TBBPA, prob-
ably related to the parathyroid hormone signaling pathway [44]. The
expression levels of genes encoding phosphorylase kinase alpha/beta
subunit (PHKA) and phosphoenolpyruvate carboxykinase (PCK1) were
upregulated 4 folds after TBBPA exposure for five generation. These
two genes and RHEB2 are related to insulin signaling pathway [45-
47]. The expression levels of genes encoding ADP-ribosylation factor-
like protein 5A (ARL5A) and voltage-dependent calcium channel beta-
4 (CACNB4), related to oxytocin signaling pathway [48,49], were up-
regulated 1.22 and 1.89 folds, respectively, after 81 nM TBBPA expo-
sure for five generations. Additionally, oocyte meiosis pathway-related
gene speedy/RINGO cell cycle regulator family member E1 (RINGO1)
[50] and estrogen pathway-related gene type I cytoskeletal 17 (KRT17)
[51] were upregulated 1.18-2.26 folds after TBBPA exposure for five
generations. These observations together indicate that the daily expo-
sure to TBBPA upregulated genes related to endocrine system pathways
in HepG2 cells, especially those related to thyroid hormone signaling
pathway. The initial analysis revealed that the highest proportion of
genes expressed after daily exposure to TBBPA were associated with the
thyroid hormone signaling pathway, and therefore, we further focused
on the genes related to the thyroid hormone and parathyroid hormone
pathway. We investigated the expression levels of thyroid hormone- and
parathyroid hormone-related genes in each generation of HepG2 cells
exposed to TBBPA for five successive generations.

Genes related to the thyroid and parathyroid hormone signaling
pathway were found to be downregulated in HepG2 cells after initial
exposure to TBBPA for the first two generations (Fig. 3). Compared
with the negative control group, genes, except PKA, were downregu-
lated (2.4—-61.5%) in HepG2 cells exposed to low and high concentra-
tions of TBBPA in the first generation (Fig. 3a). These observations in-
dicate that when HepG2 cells were initially exposed to TBBPA, the thy-
roid hormone signaling pathway was inhibited, thereby inhibiting the
physiological activity of the cells. After exposure to TBBPA for more
than two generations, the parathyroid hormone receptor gene PTHR1
began to recover its expression level (Fig. 3b), indicating differences in
the effects of daily exposure and short-term stimulation on the thyroid
hormone pathways. After exposure to 81 nM TBBPA, PTHR1 was upreg-
ulated 1.13 times, and SLC16A2, the transmembrane transport protein
of thyroid hormone T3, was upregulated 1.31 times. These results in-
dicate that an initial TBBPA exposure could inhibit the expression of
the receptors of the thyroid and parathyroid glands, either via contact
inhibition or by interfering with the receptor gene transcription. How-
ever, after continuous exposure, the expression of genes regulating the
transmembrane transport proteins related to thyroid hormones got up-
regulated. These results reveal that daily exposure to TBBPA can induce
high expression of thyroid hormone-related receptor proteins and inter-
fere with the thyroid hormone pathway in HepG2 cells.

With prolonged exposure, the expression levels of thyroid hormone-
and parathyroid hormone-related genes gradually increased in the third
and fourth generations (Fig. 4a,b). In the third generation, the expres-
sion levels of other genes related to thyroid hormones and parathyroid
hormones were upregulated 1.03 to 5.39 times (Fig. 4a), except for the
cAMP-specific phosphodiesterase 4 (PDE4) (one of the downstream sig-
nals of PTHR1 [52]), SLC16A2, PTHR1, THRB, and DIO2. Among them,
the expression levels of PDE4 decreased 31.4—39.8%, while SLC16A2,
PTHR1, THRB, and DIO2 were slightly downregulated. Similarly, in the
fourth generation, Ras homolog (RHEB2), PDE4, ThrAl, ThrA2, and
PKA, one of the downstream signals of thyroid hormones, were stably
upregulated 1.08-2.91 times (Fig. 4b). These results suggest that daily
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Fig. 3. Heat map of expression (relative to negative controls) of genes as-

sociated with thyroid and parathyroid pathways in HepG2 cells after ex-
posure to TBBPA for (a) one generation, (b) two generations.

exposure to low concentrations of TBBPA may activate the Ras signaling
pathway via the activation of thyroid hormone receptor alpha.

By the fifth generation, the genes related to thyroid and parathyroid
gland pathways were basically upregulated, and the expression levels
of other genes were 1.57—6.65 times higher than those in the nega-
tive control group, except that the PDE4 expression level was still down
3.6% after exposure to 81 nM TBBPA (Fig. 5). PDE4 regulates cAMP
hydrolysis, and cAMP is the medium for PTHR to activate downstream
signals. Therefore, the downregulation of PDE4 may lead to cAMP ac-
cumulation and promote PTH signaling pathway activation [53]. The
downregulation of the PDE4 gene in HepG2 cells after daily exposure
to TBBPA may be one of the mechanisms of the TBBPA-mediated ac-
tivation of the parathormone signaling pathway. Among the upregu-
lated genes mentioned above, the thyroid hormone receptor al was
found to be upregulated 4.68—7.37 times, which implies significant ac-
tivation of thyroid hormone signaling pathways. All these results sug-
gest that daily exposure to TBBPA can upregulate genes related to thy-
roid hormone and parathyroid hormone pathways and activate thyroid
and parathyroid hormones. Thus, RNA sequencing and qPCR valida-
tion proved that a short-term TBBPA stimulation could inhibit the ac-
tivation of cellular thyroid hormone and parathyroid hormone signal-
ing pathways. However, with exposure for successive generations, the
genes related to the thyroid hormone and parathyroid hormone signal-
ing pathways were gradually upregulated, activating the pathway. This
mechanism can gradually mediate the physiological processes of cell
survival, growth, and metabolism and ensure the viability of cells un-
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Fig. 4. Heat map of expression (relative to negative controls) of genes as-
sociated with thyroid and parathyroid pathways in HepG2 cells after ex-
posure to TBBPA for (a) three generations, (b) four generations.

4G-PKA

der TBBPA exposure. However, high expression of thyroid hormone-
related genes after daily exposure may have negative effects, includ-
ing the negative feedback regulation of pituitary and hypothalamus,
higher basal metabolism leading to an increased incidence of heart dis-
ease [54], or excessive muscle consumption and weight loss due to in-
creased protein metabolic rate [55]. Therefore, further studies should as-
sess the harmful effects of daily exposure to TBBPA on the physiological
process.

3.3. TBBPA regulatory mechanism is directly related to thyroid hormone
receptor

Further experiments were carried out to investigate whether the up-
regulation of thyroid and parathyroid pathway-related genes in HepG2
cells after daily exposure to TBBPA was directly associated with TBBPA
as the thyroid hormone receptors. HepG2 cells were exposed to a thyroid
hormone receptor antagonist (TRA) and the thyroid hormone (T3) com-
bined with TBBPA to investigate their influence on the effect of TBBPA
on genes related to thyroid and parathyroid pathways. TRA directly an-
tagonizes the effect of the thyroid hormone at the receptor level [56],
and T3 is secreted in the cells, increasing metabolic activity[57].

The thyroid hormone receptor antagonists have high affinity, and
TRa and TRp have an IC50 value of 36 and 22 nM, respectively [58].
In this study, qPCR revealed (Fig. 6) that the expression of thyroid
hormone receptor and parathyroid hormone receptor was inhibited
73.2-97.0% after 24 h of exposure to 0.5 nM TRA. In contrast, ex-
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Fig. 6. Heat map of expression (relative to negative controls) of genes as-
sociated with thyroid and parathyroid pathways in HepG2 cells after ex-
posure to TBBPA, with T; and TR Antagonist 1 for one generation.

posure to 0.5 nM T3 for 24 h promoted the expression of thyroid
hormone and parathyroid hormone receptor 1.1-1.5 times. These ob-
servations indicate that TRA and T3 regulated the expression of thy-
roid hormone and parathyroid hormone receptors, respectively. There-
fore, the cells were exposed to a combination of TRA or/and T3
TBBPA to explore the association between TBBPA and thyroid hormone
receptors.

In the first generation, no significant change was detected in the ex-
pression levels of thyroid hormone and parathyroid hormone receptors
after co-exposure to 1 nM TBBPA with T3, 1 nM TBBPA with TRA, and
1 nM TBBPA with T3 and TRA (Fig. 6). However, after co-exposure to
81 nM TBBPA and T3, thyroid hormone receptor genes THRB, THRAI,
and THRA2 were upregulated 1.08, 1.10, and 1.16 times, respectively,
compared with the exposure to 81 nM TBBPA alone, which is consis-
tent with T3-mediated upregulation of thyroid hormone receptor. How-
ever, the THRA1 gene was downregulated in T3 and 81 nM TBBPA co-
exposure groups compared with the T3 alone, which suggests that 81
nM TBBPA inhibited the dominant function of the THRA1 gene, while
T3 promoted the upregulation of thyroid hormone receptor genes. Af-
ter co-exposure to 81 nM TBBPA and TRA, the genes PTHR, THRB, and
THRA1 were downregulated 48.1%, 60.1%, and 56.2%, respectively,
compared with the exposure to 81 nM TBBPA alone. After co-exposure



T. An, L. Lu and G. Li

THRA2

THRA1

1.52
e 148
THRB 140
1.36
1.30
126
123
117
1.14
1.10
1.02
1.00
058
050
0.80
062
034

10.26
0.21
0.17
10.13

Fig. 7. Heat map of expression (relative to negative controls) of genes as-
sociated with thyroid and parathyroid pathways in HepG2 cells after ex-
posure to TBBPA, with T; and TR Antagonist 1 for five generations.

6.17
3.58
2.95
2.69
12.37
1.96
1.88
1.64
‘ ‘ 159

PTHR

HR

1nM TBBPA +
81 nM TBBPA
0.5nMT;

+

0.5 nM TR Antagonist 1 +

to TBBPA, TRA, and T3, the genes PTHR, THRB, and THRA1 were down-
regulated 34.9%, 69.6%, and 61.9%, respectively, compared with the
exposure to 81 nM TBBPA alone. These observations indicate that the
exposure to TBBPA at 81 nM concentration promoted the expression of
THRB, THRA2, MR, and PTHR but inhibited the expression of THRA1.
However, co-exposure to TBBPA and TRA significantly inhibited the ex-
pression of the above-mentioned five genes; the addition of T3 did not
prevent the inhibitory effect. These results indicate that TBBPA expo-
sure for 24 h promoted the inhibition of the thyroid hormone signaling
pathway with combined inhibitors. However, the gene THR2 was up-
regulated 1.16 to 8.84 times when co-exposed to 81 nM TBBPA and T3,
TRA, and all three (81 nM TBBPA + T3 + TRA) compared with the expo-
sure to 81 nM TBBPA alone. These results demonstrate that the interfer-
ence effect of TBBPA on thyroid hormones was more obvious when the
exposure concentration was 81 nM, proving a mechanism of action of
81 nM TBBPA similar to that of thyroid hormone; moreover, this effect
regulated the expression of the Ras gene.

Furthermore, the expression levels of thyroid hormone and parathy-
roid hormone receptors in HepG2 cells after co-exposure to 1 nM TBBPA
and T3 reduced by 10.1-29.2% compared with the exposure to 1 nM
TBBPA alone (Fig. 7). This observation indicates that another regulatory
mechanism exists, in addition to the intrinsic mechanisms under expo-
sure to 1 nM TBBPA, via which 81 nM TBBPA promoted the activation of
thyroid hormone signaling pathways. This unknown mechanism proba-
bly regulates the genes related to the thyroid hormone and parathyroid
hormone pathways. Moreover, the thyroid hormone and TBBPA were
antagonistic under this mechanism. However, no significant change was
detected in the expression levels of thyroid hormone and parathyroid
hormone receptors under the co-exposure of 1 nM TBBPA and TRA and
the co-exposure of TBBPA, TRA and T3, which suggests that the above
regulatory mechanisms were not affected by thyroid hormone receptors.

After co-exposure to 81 nM TBBPA and T3, the parathyroid hormone
receptor gene PTHR and the thyroid hormone receptor genes THRB,
THRAI1, and THRA2 were upregulated 1.38, 1.70, 1.80, and 1.49 times,
respectively, compared with the exposure to 81 nM TBBPA alone. After
co-exposure to 81 nM TBBPA and TRA, the genes PTHR, THRB, THR1,
and THR2 were downregulated 52.0%, 60.4%, 50.9%, and 28.9%, re-
spectively, compared with the exposure to 81 nM TBBPA alone. Mean-
while, after co-exposure to 81 nM TBBPA, TRA and T3, PTHR and THRB
were downregulated 14.2% and 34.1%, respectively, compared with the
exposure to 81 nM TBBPA alone, while THRA1 and THRA2 were upreg-
ulated 2.18 and 4.70 times, respectively. These results indicate that af-
ter five generations of co-exposure, the interference effect of TBBPA on
the thyroid hormones in the cells became more obvious at an exposure
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concentration of 81 nM. In addition, 81 nM TBBPA exposure mainly
promoted the expression of thyroid hormone and parathyroid hormone
receptors. Even in the presence of TRA, TBBPA cooperated with T3 and
promoted the upregulation of THRA expression and subsequently the
activation of the thyroid hormone signaling pathway to improve cell
metabolism. Meanwhile, after inhibiting the expression of the thyroid
hormone receptor, the regulatory effect of TBBPA on the parathyroid
hormone receptor genes PTHR and Ras was neutralized. These results
prove that the TBBPA regulation of the parathyroid hormone signaling
pathway and Ras signaling pathway is correlated with thyroid hormone
receptors.

4. Discussion

Many researchers have reported that exposure to TBBPA causes thy-
roid hormone disruption in zebrafish and rats [59-61]. In our previ-
ous work, daily exposure to low-dose TBBPA caused oxidative stress, in-
duced apoptosis, and activated the Ras signaling pathway in the HepG2
cells [29]. In this study, RNA sequencing revealed that the gene network
related to the endocrine system was disrupted in HepG2 cells exposed
to low concentrations of TBBPA for five generations (Figs. 1 and 2).
Among the genes regulated by TBBPA, the genes related to thyroid hor-
mone accounted for the majority, suggesting that the TBBPA toxicity
interfering with the thyroid hormones is mainly based on transcriptome
regulation.

Thyroid hormones regulate cell functions by controlling the basal
metabolic rate and mitochondrial function [62], thereby stimulating
thermogenesis and metabolism [63]. Studies have shown that the thy-
roid hormones regulate various physiological and metabolic behaviors,
including growth, apoptosis [64], differentiation, protein, lipid and elec-
trolyte metabolism [65], and cell movement [66]. The thyroid hor-
mones regulate protein synthesis by promoting mRNA synthesis [67],
which mediates fat formation, fatty acid beta-oxidation, and choles-
terol synthesis, reversing cholesterol transport pathways [68]. Besides,
thyroid hormones promote the transcription of growth hormone genes
[69] and influence cholinergic transmission during brain development
[70]. These earlier studies have proven the significant role of thyroid
hormones in human development, growth, and routine metabolic pro-
cess.

TBBPA disrupts the endocrine system, especially the thyroid hor-
mone homeostasis [71,72]. Studies have shown that TBBPA exposure
induces ROS production [73], similar to the regulatory mechanism of
thyroid hormones on mitochondrial function. TBBPA also interferes with
erythropoiesis, impairing blood circulation in the embryonic stage [74].
Besides, TBBPA can affect PPAR reverse transcription and influence fat
formation. Research has shown that TBBPA is structurally similar to
thyroxine and competitively binds to thyroxine receptors [75] to in-
duce cell proliferation [76]. Therefore, TBBPA has been widely used as
an agonist of thyroid hormone and estrogen. One of the major mecha-
nisms is that TBBPA interferes with the thyroid hormone signaling path-
way and changes the intracellular ratio of T3 to T, [10]. In the first
and second generations of HepG2 cells in our continuous exposure ex-
periment, TBBPA inhibited the expression of thyroid hormone receptor
genes (Fig. 3a and b), consistent with the TBBPA toxicity on zebrafish
[77]. However, with prolonged exposure, the thyroid hormone receptor
gene expression gradually upregulated and retained a stable high level
in the fifth generation of exposure (Figs. 4 and 5). Earlier, Chi et al.
found that TBBPA had a stronger binding affinity to transthyretin (TTR)
than T,, but the binding mechanism of them was similar [78]. These re-
sults uncover the endocrine disruption toxicity of TBBPA and imply that
the outcome of TBBPA binding to TTR may lead to negative feedback
regulation of the hypothalamic-pituitary-thyroid axis and the upregula-
tion of thyroid hormone receptor [78]. Parsonsa et al. found that thyroid
hormone disruption by TBBPA was more pronounced in larvae at 96 h
post-fertilization (hpf) compared to 48 hpf, specifically manifested by
upregulated thyroid hormone receptor and deiodinase gene expression
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[79]. Thus, the study proves that exposure to a low concentration of
TBBPA gradually mediates the upregulation of thyroid hormone recep-
tors in HepG2 cells, probably due to the binding affinity between TBBPA
and TTR.

5. Conclusion

Our previous research has found that daily exposure to TBBPA leads
to Ras signaling pathway activation, promoting cell proliferation and
survival via the fibroblast growth factor. The present study found that
the daily exposure to low concentrations of TBBPA activated the thyroid
hormone signaling pathway in the HepG2 cells, which was counterbal-
anced by the thyroid hormone receptor antagonist. The gene regulation
of Ras was also counteracted, implying the influence of the thyroid hor-
mone signaling pathway on the activation of the Ras signaling path-
way. TBBPA was found to alter the content of thyroid hormones and
mRNA expression of thyroid hormone synthesis-related enzymes, prob-
ably related to the upregulation of insulin-like growth factor homolog
(IGF) [80]. Collectively, our findings prove that the daily exposure to
TBBPA gradually activates the thyroid hormone signaling pathway of
the HepG2 cells, thereby mediating the regulatory mechanisms of cell
survival, the Ras signaling pathway. These findings will help reveal the
disruption of the endocrine system in HepG2 cells with the daily expo-
sure to low concentrations of TBBPA, leading to the activation of the
thyroid hormone signaling pathway and downstream pathway neces-
sary for growth and development.
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