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Tetrabromobisphenol A (TBBPA), which is the most widely employed brominated flame retardant, and its
alternative tetrachlorobisphenol A (TCBPA) are widely distributed in aquatic environments. In the present study,
the hepatotoxicity induced by TBBPA and TCBPA was investigated in Rana nigromaculata, and the potential
mechanisms were investigated with a particular focus on ROS (reactive oxygen species) -dependent
mitochondria-mediated apoptosis. Healthy adult frogs were exposed to 0, 0.001, 0.01, 0.1, and 1 mg/L water
borne TBBPA and TCBPA for 14 days. The results showed that liver weight was significantly increased by
51.52%–98.99% in the 0.01, 0.1, and 1 mg/L TBBPA and TCBPA groups relative to the control. Histological
examination revealed that the structure of the liver, to some extent, was influenced by TBBPA and TCBPA with
nuclear shrinkage and mitochondrial swelling. Meanwhile, TBBPA and TCBPA have significantly increased the
alanine transaminase level in serum and the content of ROS, while inhibiting the activity of superoxide dismutase
in the liver. In addition, DNA fragments were observed in the TBBPA and TCBPA groups relative to the control.
Expression of Cytochrome C was significantly increased by 1.13-, 1.38-, 1.60-, and 2.46-fold in 0.001, 0.01, 0.1,
and 1 mg/L TBBPA, and by 1.26-, 1.51-, 2.14-, and 2.98- fold in 0.001, 0.01, 0.1, and 1 mg/L TCBPA, respec
tively, which indicated that TCBPA may be more toxic than TBBPA. Similarly, the ratio of Bax/Bcl-2 was
increased in a dose-dependent manner. These results indicated that apoptosis in the ROS-dependent mito
chondrial pathway mediates hepatotoxicity caused by TBBPA and TCBPA. The present study will facilitate an
understanding of the toxicity mechanism of flame retardants.

1. Introduction
Flame retardants are widely used in a variety of industrial applica
tions, including plastic production, building materials, and paints, to
prevent fires and improve plasticizing properties. Tetrabromobisphenol
A (TBBPA) is the most widely used brominated flame retardant (BFR),
accounting for approximately 60% of the total BRF applications (Law
et al., 2006). As an alternative to TBBPA, tetrachlorobisphenol A
(TCBPA) has also been widely used in recent years (Song et al., 2014b).
Consequently, TBBPA and TCBPA can be directly or indirectly released
into the environment, e.g., through migration from TBBPA-based prod
ucts and effluent from wastewater treatment plants, and have been
detected in water, soil, sludge, sediment, and organisms worldwide (Chu
et al., 2005; Fan et al., 2013; Law et al., 2006; Voordeckers et al., 2002).
The concentration of TBBPA can be μg/L in aquatic environments. For

example, 0.0003–0.54, 0.024–0.224, and 0.85–4.87 μg/L have been
detected in the aquatic environment of raw leachates from landfills
(Japan) (Suzuki and Hasegawa, 2006), the Qinghe River, China (Yin
et al., 2011), and Chaohu Lake, China (Yang et al., 2012a). Due to their
high lipophilicity and environmental stability (Szychowski and Wojto
wicz, 2016), TBBPA and TCBPA can be easily ingested and accumulated
in living organisms, e.g., fish and birds (Halldin et al., 2001; Law et al.,
2006; Szychowski and Wojtowicz, 2016). Notably, TBBPA has been
detected in sera of human infants, with mean concentrations of 83.4
ng/g lipid ranging from < method detection limit to 714 ng/g of lipid
(Kim and Oh, 2014). Therefore, it is extremely urgent to investigate the
potential toxicity of TBBPA and TCBPA, especially at environmental
concentrations.
As TBBPA is highly lipophilic, the liver may be the main target organ
of TBBPA, which has been confirmed by Szymanska et al. (2000). The
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liver is a crucial organ for the metabolism and detoxification of drugs
and xenobiotics, and it may be highly susceptible to injury by various
xenobiotics (Nakagawa et al., 2007). Thus, some studies have been
conducted on the effect of TBBPA on the liver of organisms. These
studies have shown that TBBPA, to some extent, can induce oxidative
stress, disturbing metabolism. However, there is still controversy
regarding the potential liver toxicity of TBBPA. Unlike TBBPA, risk
assessment knowledge of TCBPA is limited.
Environmental containment is considered one of the main causes of
organism decline, e.g., amphibians, and amphibians are vulnerable to
the toxicity of environmental containment (Hopkins, 2007; Siviter et al.,
2021; Sparling et al., 2010). Among amphibians, Rana nigromaculata,
listed as an endangered species, has a high reproduction rate, high
sensitivity to environmental contaminants and other stressors,
numerous biological traits that make it tractable in experimental
manipulation, and can be easily cultured in the laboratory, making it a
suitable model organism for toxicity research [more information can be
found in Hopkins (2007) and Sparling et al. (2010)]. Previous studies
also confirmed that R. nigromaculata is a suitable organism for the risk
assessment of environmental contaminants, including TBBPA (Tang
et al., 2018; Zhang et al., 2019a; Zhang et al., 2018b). Thus, in the
present research, the effects of TBBPA and TCBPA on the frog
R. nigromaculata were examined.
When an organism is exposed to environmental contaminants or
stress, the dynamic equilibrium of reactive oxygen species (ROS) can be
disturbed, resulting in excessive ROS. Excessive ROS generation, which
has been considered a biomarker of many contaminants, can further
induce oxidative stress, causing cell damage, and ultimately leading to
cell death (Ali, 2014; Liu et al., 2020; Poljsak et al., 2013). Oxidative
stress is considered one of the mechanisms involved in the effect of
environmental contaminants (Ali et al., 2018; Ali et al., 2014; Liu et al.,
2021). A recent study on L02 cells suggested that the oxidative
stress-induced Nrf2 pathway may be a defense mechanism in response to
TBBPA (Zhang et al., 2019b). TBBPA may exert its effects on organisms
through oxidative stress, while the upstream and downstream signaling
mechanisms for regulating oxidative stress are still unknown (Zhang
et al., 2019b). ROS production and oxidative stress are important signals
of apoptosis (Ali and Ali, 2014; Li and Ping, 2007). Apoptosis is mainly
activated by mitochondrial-dependent pathways, death receptor
involvement, or endoplasmic reticulum stress (Jo et al., 2017; Zim
mermann et al., 2001). Bisphenol A (BPA) can result in mitochondrial
DNA deletion and mitochondrial dysfunction (Tran et al., 2020; Wang
et al., 2021). As derivatives of BPA, TBBPA and TCBPA may have similar
effects on organisms. Thus, we hypothesized that ROS-dependent
mitochondria-mediated apoptosis might be a toxic effect of TBBPA
and TCBPA.
Thus, the present study aimed to assess the hepatotoxicity induced
by TBBPA and TCBPA and to understand the mechanism involved. To
determine whether hepatotoxicity was induced by TBBPA and TCBPA,
the ultrastructure of liver and alanine transaminase (ALT) activity in
serum were determined. Subsequently, the potential mechanism in
response to TBBPA and TCBPA were investigated, with a particular focus
on ROS-dependent mitochondria-mediated apoptosis, which mainly
included ROS content, superoxide dismutase (SOD) activity, and the
gene expression of Cytoc (Cytochrome C), Bcl2, and Bax. These results
will foster a better understanding of the ecological risk assessment of
flame retardants, especially TBBPA and TCBPA.

freshwater (UV-sterilized and well-aerated water; pH 7.5 ± 0.5; dis
solved oxygen more than 6 mg/L) for two weeks for acclimatization. The
frogs were fed with commercial food (Haid Group Co., LTD, Guangdong,
China) daily, and the water was exchanged every 48 h.
TBBPA (purity ≥98%, CAS: 79-94-7) and DMSO (dimethyl sulfoxide)
(purity ≥99.5%, CAS: 67-68-5) were obtained from Aladdin Industrial
Corporation (Shanghai, China). TCBPA (purity ≥98%, CAS: 79-95-8)
was purchased from TCI Industrial Development Corporation
(Shanghai, China).
2.2. TBBPA and TCBPA exposure
Healthy adult male frogs were randomly divided into 10 treatment
groups (20 frogs per group) and kept in an aquarium (30 cm × 30 cm ×
60 cm) exposed to 50% ± 5% humidity at 20–22 ◦ C, pH 7.5 ± 0.5, 12-h
light-dark cycle. Each group was kept in 2 L of water in the aquarium.
Based on the environmental concentration and previous studies (Song
et al., 2014a; Zhang et al., 2018a), to understand the toxicity mecha
nism, the experimental group was exposed to 0, 0.001, 0.01, 0.1, and 1
mg/L TBBPA or TCBPA at different concentrations. TBBPA and TCBPA
melted in DMSO, and the highest final concentration of DMSO was 0.5%.
The control group was kept in a 2 L volume of dechlorinated tap water,
and the 0.5% DMSO treatment group was used as the reagent blank. The
actual exposure concentrations of TBBPA were 0.0011 ± 0.0001,
0.0107 ± 0.0009, 0.0995 ± 0.0015, and 0.9883 ± 0.0125, corre
sponding to nominal exposure at 0.001, 0.01, 0.1 and 1 mg/L, respec
tively, and 0.0010 ± 0.0001, 0.0099 ± 0.0008, 0.1039 ± 0.0090,
0.9840 ± 0.0187, in the 0.001, 0.01, 0.1 and 1 mg/L TCBPA groups,
respectively (Zhang et al., 2018b). During exposure, the water was
completely renewed every 48 h, and the frog were fed daily with com
mercial food (Haid Group Co., Ltd., Guangdong, China). The livers and
blood of the frogs were dissected and sampled after 14 days. Some livers
were fixed with 2.5% glutaraldehyde for morphology observation. Most
livers and other tissues were immediately frozen using liquid nitrogen
and stored at − 80 ◦ C for further analysis.
2.3. Morphology observation by electron transmission
Fresh livers were fixed with 2.5% glutaraldehyde at 4 ◦ C for more
than 4 h. The liver samples were rinsed 3 times in phosphate buffer (PBS,
0.1 M, pH 7.0) for 15 min each time. After that, each sample was
postfixed in 1.5% osmium acid for 1 h and washed three times with 0.1
M PBS (pH 7.0) for 15 min each. Thereafter, the samples were dehy
drated with a series of graded alcohols (30%, 50%, 70%, 80%, 90%,
95%, and 100%) for 15–20 min at each step and then transferred to pure
acetone. Paraffin-embedded sections were stained with uranyl acetate
and alkaline lead citrate for 5–10 min. Finally, the samples were
observed under a transmission electron microscope.
2.4. Analysis of alanine transaminase in serum
The blood samples were centrifuged at 4000 rpm for 10 min. The
activity of alanine transaminase (ALT) in serum was detected by an ALT
kit (Code#C009-1-1, Nanjing Jiancheng Bioengineering, Inc., Jiangsu,
China) according to the manufacturer’s instructions. ALT acts on a
substrate composed of alanine and α-ketoglutaric acid at 37 ◦ C and pH
7.4 to form pyruvate and glutamic acid. After reacting for 30 min, a 2,4dinitrophenylhydrazine (DNPH) hydrochloride solution was added to
terminate the reaction, and DNPH was an addition reaction with a
carbonyl group in the keto acid to form phenylpyruvate pyruvate.
Benzoquinone is reddish-brown under alkaline conditions; absorbance
was read at 505 nm and enzyme activity was calculated.

2. Materials and methods
2.1. Animals and chemicals
Healthy adult frogs (R. nigromaculata) of a similar size were obtained
from ChangXing Agriculture Development Co., LTD (Huzhou, Zhejiang,
China). To avoid gender differences, only male frogs were selected. The
frogs were held in laboratory conditions at 20–22 ◦ C in culture

2.5. Analysis of reactive oxygen species levels
The ROS level in the liver was tested using the fluorescent probe
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2′ ,7′ -dichlorodihydrofluorescein diacetate (DCFH-DA) (Code#E004-11, Nanjing Jiancheng Bioengineering, Inc., Nanjing, Jiangsu, China).
DCFH-DA can be oxidized into the strong green fluorescent substance
DCF (2′ ,7′ -dichlorofluorescein) by esterase in the presence of reactive
oxygen species. There is a maximum fluorescence peak near the exci
tation wavelength of 502 nm and an emission wavelength of 530 nm,
and the intensity is proportional to the level of reactive oxygen in the
cell.

2.9. Statistical analysis
All data in the experiment are expressed as the mean ± standard
deviation, and the statistical analysis of the experimental data was
performed using SPSS software. One-way analysis of variance was used
to analyze the differences between the experimental data of the control
group and the treatment group. The Kruskal-Wallis test was used for the
data distribution was skewed. The ‘Corrplot’ package in R software
(version 4.1.2) was used to analyze Pearson’s correlation. P < 0.05 was
considered to indicate a significant difference; P < 0.01 was considered
to indicate a very significant difference.

2.6. Analysis of SOD activity in liver
The liver samples were homogenized using cold phosphate buffer
(PBS, pH 7.4), and then the supernatant was collected after centrifuga
tion. Superoxide dismutase (SOD) activity was detected by a SOD kit
(Code#A001-1-2, Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions and was assayed at 550 nm
by measuring its ability to inhibit the photoreduction of nitro blue
tetrazolium.

3. Result
3.1. Effects of TBBPA and TCBPA on the liver weight of the frog
No significant difference in body weight was observed in the TBBPA
and TCBPA exposure groups relative to the control (P > 0.05; Table 2).
Compared to the control, the liver weights of frogs were significantly
increased by 54.55%, 65.66%, and 72.73% after exposure to 0.01, 0.1,
and 1 mg/L TBBPA, and by 51.52%, 98.99%, and 88.89% in the 0.01,
0.1, and 1 mg/L TCBPA groups, respectively (Table 2, P < 0.05).
Notably, the increase in liver weight in the 0.1 and 1 mg/L TCBPA
groups was slightly higher by 20.12% and 9.36%, respectively, than that
in the corresponding TBBPA groups.

2.7. DNA ladder experiment
A total of 20 mg of liver tissue was taken from each group, trans
ferred to a precooled grinding body, and homogenized rapidly. After
adding 350 μL of PBS buffer and 0.9 μL of RNase A, liver tissue was
gently ground for 30 s. A total of 350 μL of tissue homogenate was
collected and transferred to a 2 mL centrifuge tube. The extraction
protocol followed the kit’s instructions (code#AP-MN-P-50, Axygen
Biosciences, Hangzhou, China). After extraction, the products were
electrophoresed with a 1% agarose gel, and the DNA samples were
stained with 30 μg/L ethidium bromide and imaged by a gel imaging
system (Kodak, New York Rochester, USA). The mean intensity of
fragments with the lowest size was measured using ImageJ software
(Wayne Rasband, NIH USA) (Schneider et al., 2012).

3.2. Microstructure analysis of liver cells
The normal cell nucleus is mainly composed of the nuclear mem
brane and nucleolus. The whole shape is spherical, and it is round or
oval after sectioning. As shown in Fig. 1A and F, the control or DMSO
group had a uniform distribution of nuclear chromatin, continuous and
complete nuclear membranes, and large amounts of rough endoplasmic
reticulum and ribosomes around the nucleus. Exposure to 0.001 mg/L
TBBPA, resulted in mild cell nuclear shrinkage (Fig. 1B, black arrow).
With increasing concentration (0.01 mg/L TBBPA), the cell nucleus
shrinkage (Fig. 1C, black arrow) was more intense. Moreover, mild
chromatin marginalization (Fig. 1D, white arrow) was observed in the
0.1 mg/L TBBPA treatment group compared with the control group and
was more severe with increasing concentration (1 mg/L, Fig. 1E).
Moreover, nuclear membrane boundary blur was also observed in 1 mg/
L TBBPA (Fig. 1E).
Similar to TBBPA, the cell nucleus exhibited slight shrinkage
(Fig. 1G, black arrow) and chromatin marginalization (Fig. 1G, white
arrow) in the group treated with 0.001 mg/L TCBPA. The cell nucleus
shrink seriously, and chromatin marginalization (Fig. 1H, white arrow)
was observed after exposure to 0.01 mg/L TCBPA. The nucleus was
irregular in shape (Fig. 1I, black arrow) after exposure to 0.1 mg/L
TCBPA. Chromatin was broken, and chromatin marginalization was
observed (Fig. 1J, white arrow) in the 1 mg/L TCBPA treatment group.
Normal mitochondria are mainly composed of the outer membrane,
space, inner membrane, and cristae, and the whole organelle is oval
(Fig. 2A and F). After frogs were exposed to 0.001 mg/L TBBPA, some
mitochondria appeared mildly swollen (Fig. 2B, white triangle) With
increasing concentration (0.01 mg/L), the swollen mitochondria
(Fig. 2C, white triangle) was more intense, and edge blur was observed.
Mitochondrial crest expansion (Fig. 2D, red triangle) was observed in

2.8. Gene expression analysis
Total RNA was extracted from the liver using TRIzol® reagent
(Invitrogen, USA) and purified using the RNase-free DNase Set Kit
(Qiagen, USA). The quality, content, and purity of RNA were determined
by ultraviolet spectrophotometry and electrophoresis. The Super
Script™ III First-Strand Synthesis SuperMix Kit (Invitrogen Life Tech
nologies, Germany) was used to reverse the transcription of RNA into
cDNA. Primer Premier 6.0 and Beacon Designer 7.8 were used for
quantitative PCR primer design and then synthesized by Bioengineering
(Shanghai) Co., Ltd. The primer sequences are listed in Table 1. Subse
quently, qRTPCR was performed on the CFX 384 Touth™ real-time PCR
detection system (Bio-Rad, USA). The reaction system included 8.0 μL of
SDW, 10.0 μL of Power SYBR® Green Master Mix (Applied Biosystems,
USA), 0.5 μL of forward primer (10 μM), 0.5 μL of reverse primer (10
μM) and 1.0 μL cDNA. The reaction was carried out in a thermal cycler,
with denaturation at 95 ◦ C for 1 min, 95 ◦ C for 15 s, and annealing at
63 ◦ C for 25 s, for 40 cycles. RPL13A was selected as a reference gene,
and the 2-△△Ct method (Livak and Schmittgen, 2001) was used to
quantify gene expression levels.

Table 1
Real-time PCR primers and conditions.
Gene

Forward Sequences (5′ to 3′ )

Reserve Sequences (5′ to 3′ )

Size (bp)

Annealing (◦ C)

RPL13A
CytoC
Bax
Bcl2

CAGAGCACCTAGCCGCATCTT
CTTTTGGAGATGGACCACGGAA
GTAGCCAGTGAAGAAGTTCCAGAG
GAGGAGTATGTCCCCTTACAACC

GGAGGTGGGATACCGTCAAAGA
GGAGAATGGTCGCTGTTGCTACT
GTTTCCATCCAGCTCATCACCTA
GGGTAAGATGGAGAAGCCCTGATA

114
81
108
127

60
60
60
60
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Table 2
Effects of TBBPA and TCBPA on the weight and liver weight of frogs (mean ± standard deviation, n = 20). Asterisks denote significant differences between TBBPA and
TCBPA compared with the control (*P < 0.05, **P < 0.01).
Parameters

Toxin

Control

DMSO

0.001 mg/L

0.01 mg/L

0.1 mg/L

1 mg/L

Body weight

TBBPA
TCBPA
TBBPA
TCBPA

29.88 ± 5.01
29.88 ± 5.01
0.99 ± 0.21
0.99 ± 0.21

30.23 ± 5.21
30.23 ± 5.21
1.08 ± 0.20
1.08 ± 0.20

30.23 ± 4.94
28.74 ± 5.44
1.23 ± 0.14
1.22 ± 0.25

31.58 ± 4.12
30.98 ± 4.45
1.53 ± 0.15**
1.50 ± 0.11**

31.95 ± 7.80
31.86 ± 5.71
1.64 ± 0.27**
1.97 ± 0.32**

29.50 ± 3.94
30.80 ± 5.72
1.71 ± 0.29**
1.87 ± 0.30**

Liver weight

Fig. 1. Morphology observations in the liver cells of frogs exposed to 0, 0.001, 0.01, 0.1 or 1 mg/L TBBPA or TCBPA for 14 days. (A) Normal cell nucleus from the
control group (12000 × ). (F) Cell nuclei of the 0.5% DMSO group (12000 × ). Cell nucleus exposure after TBBPA (B–E) and TCBPA (G–J), nuclear shrinkage (black
arrow), and chromatin margination (white arrow) (12000 × ).

Fig. 2. Ultrastructure in the liver cells of frogs exposed to 0, 0.001, 0.01, 0.1 or 1 mg/L TBBPA or TCBPA for 14 days. (A) Mitochondria of the control group (60000
× ). (F) Mitochondria of frogs exposed to 0.5% DMSO (60000 × ). Mitochondrial exposure after TBBPA (B–E) and TCBPA (G–J), mitochondrial swolling (white
triangle), and mitochondrial crest expansion (red triangle) (60000 × ).

the 0.1 mg/L TBBPA treatment group. More mitochondria exhibited
crest expansion (Fig. 2E, red triangle) in the group treated with
increasing concentrations (1 mg/L TBBPA). Similarly, mild mitochon
drial swelling (white triangle) and crest expansion (red triangle) were
also observed in the TCBPA treatment groups and more severe expan
sion was observed with increasing concentrations (Fig. 2G–J). Notably,
edge blur was observed in the 0.1 and 1 mg/L TCBPA groups.

0.001 mg/L TBBPA (33.45%) and TCBPA (32.78%) treatment groups
compared with the control group (P < 0.05; Fig. 3), and extremely
significant increases were observed in the 0.01 and 0.1 mg/L TBBPA
(45.87% and 37.65%, respectively) and TCBPA (46.26% and 52.03%)
treatment groups compared with the control group (P < 0.01; Fig. 3).
However, no difference was observed in the 1 mg/L TBBPA and TCBPA
treatment groups (P > 0.05; Fig. 3).

3.3. Analysis of transaminase in serum

3.4. Analysis of ROS levels and SOD activity in liver cells

The contents of ALT in serum were significantly increased in the

Compared with the control group, ROS contents in the livers of frogs
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action of TBBPA and TCBPA were detected by the conventional agarose
gel method. No significant fragmentation was visible in the control and
DMSO groups (Fig. 5A; second and third lanes from left). After 14 days of
exposure, the experimental group showed step-like electrophoresis. The
size of the main DNA fragment was approximately 250, 500, 800, 1200,
and 1950 bp (as the largest molecular weight of marker was 2000 bp,
fragments larger than 2000 bp could not be quantified). Moreover,
exposure to high concentrations of TBBPA and TCBPA resulted in
brighter bands of DNA (Fig. 5). For example, the intensity of the smallest
fragment was 7.66, 7.73, 9.90, and 12.74 times in the 0.001, 0.01, 0.1,
and 1 mg/L TBBPA groups, respectively, compared with the control
group. Similarly, significant increases (P < 0.01; Fig. 5B) were also
observed in the intensity of the smallest fragment in the 0.001, 0.01, 0.1,
and 1 mg/L TCBPA groups at times of 3.98, 7.00, 9.95, and 12.59,
respectively.
3.6. Expressions of apoptosis-related genes
After the frogs were exposed to TBBPA and TCBPA for 14 days, the
expression of Cytoc and Bax, and the Bax/Bcl-2 ratio was increased with
increasing exposure concentrations of TBBPA and TCBPA (P < 0.05;
Fig. 6A, C-D). Cytoc expression was significantly increased by 1.13-,
1.38-, 1.60-, and 2.46-fold in 0.001, 0.01, 0.1, and 1 mg/L TBBPA and by
1.26-, 1.51-, 2.14-, and 2.98- fold in 0.001, 0.01, 0.1, and 1 mg/L TCBPA
(P < 0.05; Fig. 6A), which indicated that TCBPA may be more toxic than
TBBPA. Similarly, the Bax/Bcl-2 ratio was significantly increased by
1.77-, 2.87-, 3.94-, and 3.84-fold in 0.001, 0.01, 0.1, and 1 mg/L TBBPA,
and by 2.25-, 3.64-, 4.77-, and 6.22- fold in 0.001, 0.01, 0.1, and 1 mg/L
TCBPA, respectively (P < 0.05; Fig. 6D).
However, the expression level of anti-apoptosis-related gene Bcl-2
was significantly decreased in the 0.71-fold 0.01 mg/L TBBPA group (P
< 0.05), and extremely significant reductions were observed in the 0.1
mg/L TBBPA (0.57-fold) and 0.01, 0.1, and 1 mg/L TCBPA (0.66-, 0.57-,
and 0.53-fold) treatment groups compared with the control group (P <
0.01, Fig. 6B).

Fig. 3. Effects of TBBPA and TCBPA on serum alanine transaminase (ALT)
levels in frogs. Bars represent mean ± standard deviation (n = 3). Asterisks
denote significant differences between TBBPA and TCBPA compared with the
control (*P < 0.05, **P < 0.01).

significantly increased in a dose-dependent manner by 35.39%, 49.22%,
74.56%, and 93.16% in 0.001, 0.01, 0.1, and 1 mg/L TBBPA, respec
tively (P < 0.05, 0.001 mg/L; P < 0.01, 0.01–1 mg/L; Fig. 4A). Similarly,
a dose-dependent increase was also observed in the TCBPA treatment
group, with increased rates of 114.40%, 126.43%, 135.46%, and
164.42% at the concentrations of 0.001, 0.01, 0.1, and 1 mg/L,
respectively (P < 0.01; Fig. 4A). The increase in the TCBPA group was
more significant than the corresponding concentrations in the TBBPA
group (P < 0.01, Fig. 4A).
In terms of SOD activity, compared with that in the control group,
significant decreased by 31.85% was observed in the 0.01 mg/L TBBPA
group (P < 0.01; Fig. 4B); SOD activity was reduced by 18.48%, 22.59%,
and 35.67% in the 0.001, 0.01, and 0.1 mg/L TCBPA groups, respec
tively (P < 0.05, 0.001 and 0.01 mg/L; P < 0.01, 0.1 mg/L; Fig. 4B).
Furthermore, the decline in SOD vitality was more obvious in the 0.1
mg/L TCBPA group than in the corresponding TBBPA groups (P < 0.05;
Fig. 4B).

3.7. Data correlation analysis of ROS and apoptosis-related genes
The results showed that ROS levels were extremely positively
correlated with Bax (r = 0.95, P < 0.001, TBBPA; r = 0.96, P < 0.001,
TCBPA) and Cytoc (r = 0.91, P < 0.001, TBBPA; r = 0.82, P < 0.001,
TCBPA) expression levels and negatively correlated with Bcl-2 (r =
− 0.76, P < 0.001, TBBPA; R = − 0.93, P < 0.001, TCBPA) expression
levels and SOD activity (r = − 0.82, P < 0.001, TCBPA) (Fig. 6E–F).
These results indicated that the accumulation of ROS may induce
apoptosis by mitochondrial-dependent pathways.

3.5. Effects of TBBPA and TCBPA on DNA agarose gel electrophoresis in
liver cells
The DNA characteristics of hepatocytes of R. nigromaculata under the

Fig. 4. Effects of TBBPA and TCBPA on ROS levels and SOD activity in frog livers. Bars represent mean ± standard deviation (n = 3). Asterisk signs denote significant
differences between TBBPA and TCBPA compared with the control, and well signs denote significant differences between TBBPA and TCBPA in the same concen
tration group (*P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01).
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Fig. 5. Effects of TBBPA and TCBPA on DNA agarose gel electrophoresis in liver cells. DNA ladder analysis (A) with subsequent quantification of the smallest
fragment (B, mean ± standard deviation) in frogs exposed to 0.001, 0.01, 0.1, and 1 mg/L TBBPA and TCBPA. Asterisk signs denote significant differences between
TBBPA and TCBPA compared with the control, and wells signs denote significant differences between TBBPA and TCBPA in the same concentration group (n = 3) (*P
< 0.05, **P < 0.01, #P < 0.05, ##P < 0.01). A marker (first lane) with a molecular weight ranging from 100 bp to 2000 bp was used.
Fig. 6. Effects of TBBPA and TCBPA on the expres
sion levels of apoptosis-related genes. (A) Cytoc. (B)
Bax. (C) Bcl-2. (D) Bax/Bcl-2 ratio. Bars represent
mean ± standard deviation (n = 3). Asterisk signs
denote significant differences between TBBPA and
TCBPA compared with the control, and well signs
denote significant differences between TBBPA and
TCBPA in the same concentration group (*P < 0.05,
**P < 0.01, #P < 0.05, ##P < 0.01). Pearson’s cor
relation matrix between the content of ROS (reactive
oxygen species) and the expression of SOD (superoxide
dismutase), Cytoc (Cytochrome C), Bax, Bcl2, and Bax/
Bcl2 in frogs exposed to TBBPA (E) and TCBPA (F).
The color gradient suggests the correlation coeffi
cient, with red and blue indicating negative and
positive associations, respectively. (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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4. Discussion

the excessive accumulation of ROS might overwhelm the antioxidant
enzyme system, causing oxidation system and antioxidant system
imbalance.
As an intracellular messenger, ROS can induce apoptosis, a form of
programmed cell death. Cell apoptosis is mainly regulated by activation
of the caspase cascade. Cytoc can trigger the caspase cascade, which
depends on the participation of mitochondria, while mitochondrial
apoptosis is regulated via Bcl-2 family members. Cell stress induces the
transfer of Bax from the cytoplasm to mitochondria, promotes Cytoc
release, and further activated the caspase cascade, causing cell apoptosis
(Fig. 7) (Zimmermann et al., 2001). In the present study, the experi
mental group showed step-like electrophoresis, indicating that DNA
fragmentation and apoptosis occurred in liver cells. Bax increased
significantly, while Bcl-2 declined significantly in a dose-dependent
manner, and the ratio of Bax/Bcl-2 was significantly increased at 0.01,
0.1, and 1 mg/L TBBPA and TCBPA. In addition, the level of Cytoc was
significantly increased at 0.1 and 1 mg/L TBBPA and 0.01, 0.1, and 1
mg/L TCBPA. Similarly, BPA triggered ROS generation as an initial step,
mediated mitochondrial dysfunction, and induced apoptosis in the
colonic epithelium (Qu et al., 2018). In this research, TBBPA- and
TCBPA-induced apoptosis was further confirmed by the DNA ladder
assay. Therefore, the present study indicated that TBBPA and TCBPA
induced the accumulation of ROS and oxidative stress, and then further
possibly contributed to the apoptosis of hepatocytes.
As an alternative or substitute for TBBPA, TCBPA has been applied in
various industries. However, recently, TCBPA has been reported to have
comparable obesogen effects and estrogenic activities, as the effects of
TBBPA, using organisms in vivo (Riu et al., 2014; Song et al., 2014a) and
cell lines in vitro (Hoffmann et al., 2017; Riu et al., 2011). The
concentration-dependent increases in ROS content, ALT activity, SOD
activity, as well as the expression of Cytoc, Bax, and Bax/Bcl-2, in the
frogs following TBBPA or TCBPA exposure suggested the induction of
oxidative stress and apoptosis in the frogs, indicating that similar
toxicity was observed in TBBPA and TCBPA. Moreover, the above results
suggested that the alternative TCBPA may be more toxic than TBBPA.
For example, the increase in liver weight in the 0.1 and 1 mg/L TCBPA
groups was slightly higher by 20.12% and 9.36%, respectively, than that
in the corresponding TBBPA groups; ROS were excessively produced by
both TBBPA and TCBPA and the ROS content with TBBPA was 1.34–1.58
times higher than that in the corresponding group treated with TCBPA;
SOD activity was only significantly decreased by 31% in the 0.01 mg/L
TBBPA group and by 18–35% under the three concentrations (0.001,
0.01, and 0.1 mg/L) of TCBPA. These results provide further evidence
that TCBPA may also pose a great risk to aquatic organisms, and even the
ecosystem and human health, as does TBBPA.
In summary, TBBPA and TCBPA significantly increased the liver
weight of R. nigromaculata, caused liver morphological abnormalities,
and elevated the levels of liver enzymes in serum. TBBPA and TCBPA
exposure caused ROS to increase in a dose-dependent manner, and SOD
activity declined in R. nigromaculata livers. Furthermore, we verified the
occurrence of apoptosis by DNA fragments, which are hallmark of

TBBPA is the most widely used brominated flame retardant and
widely exists in plastic, textiles, and electronic products, it has been
detected in both organisms and abiotic organisms (Liu et al., 2016). The
widespread presence of TBBPA has put enormous pressure on the
environment, while environmental pollutants are considered one of the
main factors that have caused the decline of amphibian species (Hayes
et al., 2010). TBBPA has been found to be highly toxic to organisms
(Yang et al., 2012b). In the present study, no significant difference in
body weight was observed by TBBPA and TCBPA, compared to the
control, consistent with research on TBBPA-treated mice (Watanabe
et al., 2010). However, TBBPA and TCBPA had significantly increased
effects on liver weight. Given that BPA (bisphenol A) and BPF (bisphenol
F), with similar structure to TBBPA and TCBPA, could increase the liver
weight by lipid accumulation (Meng et al., 2019), and TBBPA could lead
to lipid accumulation in R. nigromaculata, thus, the increased liver
weight caused by TBBPA and TCBPA may be related to lipid accumu
lation. This phenomenon has been found with various environmental
contaminants, e.g., polyfluoroalkyl substances (Seyoum et al., 2020).
To further evaluate liver damage, we examined the microstructure of
the liver and the content of ALT, which is considered one of the vital
biomarkers of liver function, in the serum. The histopathological anal
ysis showed that TBBPA and TCBPA caused hepatocyte microstructure
changes, such as nuclear shrinkage, chromatin marginalization, and
mitochondrial swelling. In addition, after frogs were exposed to TBBPA
and TCBPA for 14 days, serum ALT levels significantly increased in
R. nigromaculata. Similar results were also found in other organisms (e.g.
mice, fish) in response to TBBPA exposure or other contaminants with
similar structures (e.g., BPA) (Chen et al., 2016; Choi et al., 2011; Meng
et al., 2019; Tada et al., 2007). The above results indicated that TBBPA
and TCBPA have toxic effects on the liver of R. nigromaculata, leading to
hepatocyte damage and abnormal liver function. However, the mecha
nism remains unknown and should be further investigated.
The dysfunction and damage to the frog liver may result from the
generation of excess ROS, which was related to oxidative stress, as
observed in our study. Here, ROS and SOD, which are suitable bio
markers of oxidative stress (Liu et al., 2020; Wu et al., 2018), were
significantly increased dose-dependently by 35%–164% in frogs
exposed to 0.001–0.1 mg/L TBBPA and TCBPA. The homeostasis of
intracellular ROS guarantees the normal metabolism of an organism;
however, excessive ROS, which may be caused by environmental con
taminants, will lead to oxidative stress. Superoxide radicals, the main
component of ROS, can be scavenged by SOD. This study shows that
TBBPA and TCBPA significantly increased ROS levels in frog liver, and
the vital antioxidant enzyme SOD was significantly decreased by 18%–
35% in frogs exposed to 0.01 mg/L TBBPA and 0.001–0.1 mg/L TCBPA.
Oxidative stress-induced by TBBPA has been reported in organisms, e.g.,
zebrafish (Danio rerio) and earthworms (Eisenia fetida) (Cho et al., 2020;
Wu et al., 2016; Xue et al., 2009). These results indicated that TBBPA
and TCBPA could induce oxidative stress in R. nigromaculata liver, and

Fig. 7. Effects of TBBPA and TCBPA on the frog Rana nigromaculata. ROS, reactive oxygen species; TBBPA, tetrabromobisphenol A; TCBPA, tetrachlorobisphenol A.
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apoptosis, using DNA ladder experiments, and detected the mRNA
expression levels of mitochondrial pathway apoptosis-related genes. The
results showed that TBBPA and TCBPA upregulated the mRNA expres
sion levels of Bax and Cytoc, while downregulating the level of Bcl-2. The
data correlation analysis of ROS and apoptosis-related genes showed
that ROS levels were significantly correlated with the expression levels
of apoptosis-related genes. Our results indicated that TBBPA and TCBPA
elicited oxidative damage in frog liver by ROS-dependent mitochondriamediated apoptosis pathways. Moreover, the damage caused by TCBPA
is more serious than that caused by TBBPA. The hepatotoxicity of TCBPA
is similar to or even more toxic than that of TBBPA. More cautious is
needed to develop BFR-related alternatives in the future.
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5. Conclusions
In this study, the toxic effects of TBBPA and TCBPA were elucidated
in the liver of R. nigromaculata, and a model for assessing the toxicology
of TBBPA and TCBPA was proposed. TBBPA and TCBPA exposure
induced ROS generation and activated oxidative stress, induced
apoptosis, damaged the tissues and function of the liver, and decreased
the liver weight of frogs. Namely, TBBPA and TCBPA induced ROSdependent mitochondria-mediated apoptosis and caused oxidative
damage in the liver of R. nigromaculata. The hepatotoxicity of TCBPA is
similar to or even more toxic than that of TBBPA. This study provides
vital supporting evidence indicating that TCBPA does not necessarily
represent a safer alternative to TBBPA, consistent with the implications
of previous studies focusing solely on reproductive toxicity.
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