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• TBBPA and TCBPA induced liver 
toxicity in black spotted frog. 

• TBBPA and TCBPA trigger oxidative 
damage and autophagy in black spotted 
frog. 

• TBBPA and TCBPA could bind with 
PPARγ amino acid residues. 

• Lipid accumulation is significantly 
aggravated by TBBPA and TCBPA 
exposure.  

A R T I C L E  I N F O   

Editor: Damià Barceló  
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A B S T R A C T   

Tetrabromobisphenol A (TBBPA) and tetrachlorobisphenol A (TCBPA) have been widely used as flame re
tardants. However, their potential health risks to organisms have raised concerns, particularly for liver toxicity. 
Present study aimed to explore the toxic effects of TCBPA and TBBPA on black-spotted frogs (Pelophylax nigro
maculatus) liver oxidative stress, autophagy, and lipid accumulation. After exposure to 0.001, 0.01, 0.1, and 1 
mg/L TBBPA and TCBPA for 14 days, the content of cholesterol and triglyceride were significantly elevated. In 
addition, the malondialdehyde level rose greatly in dose dependent. However, the glutathione level declined in 
high TBBPA groups (0.01 and 0.1 mg/L). Furthermore, expressions of Beclin1, Atg5, and Atg7 were significantly 
increased, while p62 was markedly declined, respectively. Results obstained suggested that TBBPA and TCBPA 
exposure induced liver toxicity in black-spotted frog. This study provided insights into the toxicity mechanism of 
bisphenol flame retardants in amphibians and will aid in the ecological risk assessment of flame retardants.  
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1. Introduction 

Tetrabromobisphenol A (TBBPA) and tetrachlorobisphenol A 
(TCBPA) are widely used as flame retardants in a variety of consumer 
products, including electrical gadgets, fabrics, and polymers used in the 
electronics sector (Bjermo et al., 2017; Jarosiewicz et al., 2017). With 
annual output exceeding 2 million tons, TBBPA is account for approxi
mately 60 % of the global BFR (Brominated flame retardants) market 
(Jarosiewicz et al., 2017; Law et al., 2006; Yu et al., 2019). However, 
with its volatilization, leaching, and abrasion, TBBPA inevitably enters 
the environment (Kim et al., 2016). For example, He et al. (2013) and 
Yang et al. (2012) found that TBBPA concentrations in Dongjiang River 
and Chaohu Lake was 2.83 and 4870 ng/L, respectively. What's more, 
the content of TCBPA was 142.5–542.6 ng/g dry weight in river silt and 
sediment (Song et al., 2014a,Song et al., 2014b; Yuan et al., 2010). More 
seriously, it has been detected that the concentration of TBBPA was 42 
ng/g and 0.143 ng/mL in human breast milk and pregnant women 
serum, respectively (Huang et al., 2020; Li et al., 2020). 

Studies have shown that BFR have potential hepatotoxicity (Jia et al., 
2022; Ma et al., 2015; Yao et al., 2021). For example, TBBPA and TCBPA 
exposure could induce PPARγ overexpression and metabolic dysfunction 
of human hepatocellular carcinoma HepG2 cells (Yu et al., 2022). In 
addition, after incubation with TBBPA and TBBPS for 24 h, single- 
stranded DNA was broken in human peripheral blood mononuclear 
cells, which eventually led to DNA damage (Baranska et al., 2022). 
Moreover, many studies indicated that TBBPA and TCBPA might have 
adverse effects on the health of aquatic organisms (Zhang et al., 2022; 
Liu et al., 2023; Gong et al., 2023). For instance, Song et al. (2014a) 
found that after exposure to TBBPA and TCBPA for 21 days, the devel
opment of zebrafish embryos was slowed and the body showed edema 
and bleeding. After exposure to TBBPA and TCBPA for 14 days, the liver 
of black-spotted frog (Pelophylax nigromaculatus) was damaged through 
reactive oxygen species-dependent mitochondrial pathway apoptosis 
(Jia et al., 2022). 

As an important energy source for organisms, the homeostasis of 
lipid metabolism plays an important role in organisms (Lin et al., 
2022a). Previus study showed that oxidative stress could restrict mito
chondrial function and decrease fatty acid metabolism, which finally 
lead to lipid accumulation (Pan et al., 2018). Other study also revealed 
that oxidative stress might trigger lipid accumulation in BRL-3A cells 
through the Keap1/Nrf2 pathway (Zhao et al., 2018). Meanwhile, Gong 
et al. (2023) found that TBBPA could cause oxidative stress in carp 
which finally induce apoptosis and necroptosis. What's more, peroxi
some proliferator-activated receptor gamma (PPARγ), Acetyl-CoA 
carboxylase (ACC) and fatty acid synthase (FAS) played a critical role 
to regulate lipid synthesis (Choi et al., 2022; Lee et al., 2022; Su et al., 
2019; Huo et al., 2022; Luo et al., 2020). At the same time, studies 
revealed that TBBPA and TCBPA could alter the expression of PPARγ, 
the activity of ACC and FAS (Riu et al., 2011; Garoche et al., 2021; 
Kowalczyk et al., 2023). However, the impact of TBBPA and TCBPA on 
hepatic lipid balance in the liver of P. nigromaculatus are not clear yet. 

Numerous studies have shown that a deficiency in autophagy de
creases the formation of lipid droplets both in vivo and in vitro (Shibata 
et al., 2009, 2010). As a lipid buffer system, lipid droplets isolate fatty 
acids produced by autophagous degradation of membrane organelles 
and reduce lipid toxicity (Nguyen et al., 2017). Moreover, autophagy 
can be initiated by many stress and toxicological responses as well as 
pathological reactions (Moore et al., 2008). One study indicated that 
exposure to BPA and nanoparticles in a mixed toxicology trial caused 
excessive autophagy and apoptosis in rat testes with higher expression of 
Beclin-1 and Atg5 (Su et al., 2018). Similarly, TBBPA and TCBPA could 
induce carp neutrophil autophagy after expourse 3 h (Gong et al., 2023). 
Due to the close relationship between autophagy and lipid homeostasis, 
the effect of TBBPA and TCBPA on liver autophagy in P. nigromaculatus 
were investigated. 

As the typical amphibian in china, the black-spotted frog plays an 

important role in maintaining the biodiversity and system stability of 
farmland ecosystems. After the frog was listed as an endangered animal 
in 2004, its population continued to decline (IUCN, 2023). One known 
reason for this decline is the occurrence of environmental contaminants 
(Lent et al., 2021). Amphibians are particularly vulnerable to the 
adverse effects of environmental pollutants due to their unique living 
characteristics and a highly permeable skin (Siviter et al., 2021). 
Therefore, they can serve as a useful indicator of environmental pollu
tion. Previous experiments showed that P. nigromaculatus is highly 
sensitive to environmental contaminant, which might be a suitable or
ganism to assess the degree of environmental contamination (Zhang 
et al., 2019; Lin et al., 2022a; Lin et al., 2022b; Tang et al., 2018). 

Although a few studies have demonstrated the impact of TBBPA and 
TCBPA on liver toxicity, the precise mechanism remains unclear. 
Therefore, present study focused on lipid metabolic toxicity, oxidative 
injury, and autophagy in the liver caused by TBBPA and TCBPA. We 
hypothesize that oxidative stress and autophagy associated with lipid 
metabolism may contribute to liver damage produced by TBBPA and 
TCBPA. The results of this study will not only influence future research 
but also provide a fresh theoretical framework for understanding the 
harmful impacts of TBBPA and TCBPA on amphibian populations. 

2. Materials and methods 

2.1. Chemicals 

The TBBPA and TCBPA were acquired from Aladdin Industrial 
Company (CAS: 79–94-7) and TCI Industrial Development Corporation 
(CAS: 79–95-8), respectively. Dimethyl sulfoxide (DMSO) was bought 
from Lingfeng Chemical Reagent Corporation (CAS: 67–68-5). The pu
rity and solubility of TBBPA and TCBPA were listed in Table 1. Nanjing 
jiancheng Bioengineering Inc. supplied the enzyme-linked immunosor
bent assay kits used to measure total cholesterol (T-CHO, A111–1-1), 
TGs (A110–1-1), glutathione (GSH, A003–1-2), glutamic oxalacetic 
transaminase (AST, C010–2-1), and malondialdehyde (MDA, A003–1- 
2). Invitrogen supplied the TRIzol® Plus RNA Purification Kit and 
SuperScriptTM III First-Strand Synthesis SuperMix for quantitative real- 
time PCR (CAS: 11752–050). 

2.2. Animals and treatment condition 

Healthy adult male frogs (P. nigromaculatus, weights: 30 ± 5 g) were 
purchased from Huzhou, Zhejiang, China. After acclimating for 3 days, 
200 frogs were randomly assigned to 10 tanks, with each tank (0.3 m ×
0.3 m × 0.6 m) containing 2 L freshwater and 20 frogs. The frogs were 
acclimated in 50 ± 5 % relative humidity, with 12/12 h of light/dark, 
temperature 20–22 ◦C, pH 6.4–7.7, and dissolved oxygen exceeding 6.4 
mg/L. The TBBPA and TCBPA were dissolved with DMSO at a final 
concentration of <0.5 %. According to Zhang et al. (2018), the chosen 
exposure concentrations of TBBPA and TCBPA were 0, 0.001, 0.01, 0.1, 
and 1 mg/L. The working concentrations of TBBPA and TCBPA were 
determined and listed in Table 2. 

The earthworm (Eisenia fetida) was fed to the frogs twice a day (8:00 
and 18:00), and the aerated water was replaced using static displace
ment every day. After 14 days, the frogs were weighed, dissected, and 
samples taken from them following euthanasia. Within a short amount 

Table 1 
Information of TBBPA, TCBPA and DMSO.  

Chemicals Molecular 
formula 

CAS 
number 

solubility purity 

TBBPA C15H12Br4O2 79–94-7 <1 mg/mL ≥ 98 % 
TCBPA C15H12Cl4O2 79–95-8 – ≥ 98 % 

DMSO C2H6OS 67–68-5 
greater than or equal to 
100 mg/mL at 68 ◦F 

≥ 99.5 
%  
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of time, blood was drawn, and the livers of three frogs from each group 
were extracted, cleaned, and preserved for morphological analysis. 
Other livers were promptly frozen in liquid nitrogen and kept at − 80 ◦C. 

2.3. Oil red O staining 

Oil Red O staining was performed according to Zhang et al. (2019). 
In brief, three frogs livers were fixed with neutral formalin. Frozen liver 
tissue pieces were fixed in neutral formalin for 15 min before staining 
with Oil Red O and hematoxylin for 1 min. The stained sections were 
then refrozen, mounted with glycerogelatin, and examined under a 
microscope. 

2.4. AST in serum measurement 

The blood of three frogs was spun at 4000 g for 10 min at 4 ◦C 
(Eppendorf, 5427R, Germany). Then, the AST activities of frog serum 
were measured by AST kit following the manufacturer's instructions. 

2.5. MDA and GSH content measurements 

Liver tissues were homogenized in cold phosphate-buffered saline 
(PBS, three replicates, pH 7.4) and the residue collected. The MDA and 
GSH levels were measured using the appropriate kits, following the 
manufacturer's instructions. 

2.6. T-CHO content measurement 

The T-CHO (three replicates) content was determined using the COD- 
PAP method. Cholesterol esters were broken down by cholesterol 
esterase into cholesterol. Then, cholesterol was broken-down by 
cholesterol oxidase into cholesterone and hydrogen peroxide. Red 
quinone molecules were produced by the reaction of hydrogen peroxide 
with phenol and 4-aminoantipyrine. The optical density of compounds 
containing quinones was determined at 510 nm using a 
spectrophotometer. 

2.7. TG content measurement 

The TG (three replicates) content was determined using the GPO- 
PAP method. Lipase converts TG into glycerin, which is then broken- 
down by glycerol kinase to produce glycerol-3-phosphate. Hydrogen 
peroxide is produced when glycerol triphosphate is oxidized by glycerol 
3-phosphate oxidase. Hydrogen peroxide combines with 4-aminoanti
pyrine and 4-chlorophenol to form red quinone compounds. The TG 
kit was used to determined TG content and the optical density of the 
compound was measured using a spectrophotometer at a wavelength of 
510 nm. 

2.8. The qPCR 

Total RNA in the liver was extracted using a TRIzol® Plus RNA Pu
rification Kit (three replicates). The total RNA was isolated, purified by 
RNase-Free DNase Set, and detected using an ultraviolet spectropho
tometer in accordance with the manufacturer's directions. The qPCR was 
used to finish the reverse-transcription experiment using the Super
ScriptTM III First-Strand Synthesis SuperMix. Primer Premier 6.0 and 
Beacon Designer 7.8 were used to create the qPCR primers (Table 3). 
Then, qPCR was carried out using a CFX 384 Touth™ Real-Time PCR 
Detection System (Bio-Rad, USA). The reaction system contained 1.0 μL 
of cDNA, 0.5 μL of forward primer (10 μM), 0.5 μL of reverse primer (10 
μM), and 10.0 μL of Power SYBR® Green Master Mix (Applied Bio
systems, USA). The thermocycler was programmed for 1 min of dena
turation at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C and 25 s at 63 ◦C 
for annealing and extension. The CT (2− ΔΔCt) method was used to 
measure the level of gene expression. 

2.9. Molecular docking 

The structure of PPARγ (template PDB ID, PPARγ: 3e00.1.B) was 
modeled using the homology modeling service of SWISS-MODEL 
(https://swissmodel.expasy.org/). The PubChem website provided the 
chemical formulas for TBBPA and TCBPA (https://pubchem.ncbi.nlm. 
nih.gov/). Software version 4.2.6 of AutoDock Tools was used to 
obtain the available ligand and receptor (Scripps Research Institute, 
USA). AutoDock Vina 1.1.2 was used for the molecular docking, with the 
minimized shapes serving as input structures. Pictures were prepared 
using PyMol version 2.6 (Delano Scientific LLC, USA). 

2.10. Statistical analysis 

The data were analyzed using Graphpad Prism 8.1. One-way analysis 
of variance was used to determine the differences between the experi
mental data of the control and exposure groups. Dates were analyzed by 
Kolmogorov-Smirnoy test and all of them conform to a normal distri
bution (Table S1). The datas were presented as mean ± standard error of 
the mean (SEM), with P < 0.05 indicating a significant difference, and P 
< 0.01 indicating an extremely significant difference. 

3. Results 

3.1. TBBPA and TCBPA induce hepatic oxidative stress 

We investigated the impact of TBBPA and TCBPA on liver health 
using the AST activity in serum, as well as MDA and GSH levels in the 
liver (Fig. 1A-C). Compare with control, the AST activity was rising at 
the low concentration (0.001 mg/L), and the increase was noticeably 
higher with TBBPA (P < 0.01). The AST activity was significantly higher 
in the group treated with 0.01 mg/L TCBPA than the 0.01 mg/LTBBPA 
group (P < 0.01, Fig. 1A). Compared to the control, all TBBPA and 
TCBPA treatment groups showed a marked increase in MDA content in 
the liver (P < 0.01, Fig. 1B). The increase was more prominent in the 
TCBPA than the TBBPA group, with significant differences for the groups 
that received 0.1 mg/L (P < 0.05). Additionally, compared to the con
trol, both the 0.01 and 0.1 mg/L TBBPA treatment groups showed a 
decrease in GSH levels after 2 weeks exposure (Fig. 1C). 

3.2. TBBPA and TCBPA induce lipid accumulation 

3.2.1. Histopathology detection of liver changes 
Oil Red O staining, which has the capacity to color lipid droplets, was 

used to identify the lipid droplets in P. nigromaculatus liver. Fig. 2C-L 
depicts the amounts of lipid buildup in the liver after treatment with 
TBBPA and TCBPA. There were very few lipid droplets in the control 
group (Fig. 2A), and DMSO treatment resulted in only few lipid droplets 

Table 2 
Measured background and theworking concentrations of TBBPA and TCBPA 
tested (Mean ± SE) in each experimental group.  

TBBPA Theoretical 
concentration 
(mg/L) 

0.001 0.01 0.1 1 

Actual 
concentration 
(mg/L) 

0.0011 
± 0.0001 

0.0107 
± 0.0009 

0.0995 
± 0.0015 

0.9883 
± 0.0125 

TCBPA Theoretical 
concentration 
(mg/L) 

0.001 0.01 0.1 1 

Actual 
concentration 
(mg/L) 

0.0010 
± 0.0001 

0.0099 
± 0.0008 

0.1039 
± 0.0090 

0.1039 
± 0.0090  
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(Fig. 2D). With the TBBPA (Fig. 2E-H) and TCBPA (Fig. 2I-L) treatments, 
lipid droplets accumulated in a dose-dependent manner. With higher 
dose treatment, the droplets increased in number and had larger vol
umes and deeper color. Liver from the 0.001 mg/L TBBPA group showed 
granulated lipid accumulation in hepatocytes (Fig. 2E). In Fig. 2H, there 
were more noticeable lipid droplets. They aggregated into larger drop
lets with exposure to 1 mg/L TBBPA (Fig. 2E) and 1 mg/L TCBPA 
(Fig. 2L). Similar levels of lipid accumulation were observed in groups 
treated with TCBPA and TBBPA. 

3.2.2. Effects of TBBPA and TCBPA on expression levels of TG and T-CHO 
genes 

To investigate how TBBPA and TCBPA affected formation of hepatic 
lipids, we determined the contents of T-CHO and TG. Only the 1 mg/L 
TCBPA group had a substantially raised T-CHO level (Fig. 2K, P < 0.01). 
The T-CHO contents were lower for TBBPA than TCBPA groups. The 
most pronounced differences between TBBPA and TCBPA were for those 
receiving 0.01 and 1 mg/L doses. Notably, the disparity between the 1 
mg/L treatment groups was very substantial (P < 0.01), and the high 

concentration treatments contributed to T-CHO accumulation. The 1 
mg/L TBBPA and TCBPA groups had very significant increases in TG 
levels (Fig. 2L). The TBBPA groups had lower TG levels than TCBPA, 
with extremely significant differences only between 1 mg/L treatment 
groups. High doses of TCBPA increased T-CHO contents, while high 
doses of TBBPA and TCBPA significantly increased TG contents. 

3.2.3. Effect of TBBPA and TCBPA on TG and T-CHO synthesis 
The proportional expression of PPARγ in the liver after 14 days of 

treatments with various amounts of TBBPA and TCBPA is shown in 
Fig. 3A. At 0.001, 0.01, 0.1, and 1 mg/L, the PPARγ expressions in the 
treatment groups were significantly higher than in control (P < 0.05). 
The PPARγ expression levels increased in a dose-dependent manner. The 
highest dose treatment group had the maximum levels of expression. 
Expression of FAS mRNA was significantly higher in the 0.01, 0.1, and 1 
mg/L TBBPA and TCBPA groups (Fig. 3B, P < 0.01), and in the 0.001 
mg/L TBBPA group (P < 0.05). However, there was no discernible 
distinction between the TBBPA and TCBPA treatments. Fig. 3C displays 
the proportional ACC mRNA levels in livers of the groups treated with 

Table 3 
Real-time PCR primers.  

Gene GenBank Accession Product Size (bp) Oligonucleotide Sequence real time PCR 

GAPDH FJ617544.1 245 Forward primer GTCATCCCTGCTCTGAACGGAAAA 
Reverse primer GCCTTCACTACGGCTTTGATGTCT 

FAS XM_012967541.1 84 Forward primer GGAGAAGCCTTTAGCCGAGACC 
Reverse primer GATGCGATTGGCAAACATAGCAC 

ACC NM_001137614.1 103 Forward primer GAAAGAGCAATCCGTTTCGTGG 
Reverse primer GTCCTCCTGGGACTGGCACAT 

GPAT NM_001079096.1 141 Forward primer GACGTCCGTAAGAGCATGTTTTG 
Reverse primer CTTCACTTTGTTGGTGGATTTGG 

SREBP2 NM_001092085.1 102 Forward primer GACGGTTACCCCTCACGTCCA 
Reverse primer GGGCTGCCATCTGCCTTCAC 

HMG-CoA M29258.1 113 Forward primer CTGGGAGGTCATCGTTGGGACT 
Reverse primer CTTCAAACTTGGGGCAAGCATAA 

PPARγ M84163.1 106 Forward primer GCCTCTGGGTTCCACTATGGC 
Reverse primer GGCAATTCAGGTCGCACCTTTCA 

RPL13A From transcriptome 114 Forward primer CAGAGCACCTAGCCGCATCTT 
Reverse primer GGAGGTGGGATACCGTCAAAGA 

Atg5 From transcriptome 77 Forward primer CTGGGGAATACTCCATGAGCTTT 
Reverse primer GTTGTGGATGGGTTTGCAGAAT 

Atg7 From transcriptome 141 Forward primer GCAGCCAAGTTTGTATCCAGGTAT 
Reverse primer GCTGCTCTGGGTTTTGACACCT 

P62 From transcriptome 79 Forward primer GGTTACCCTGGCAGAGGCTTT 
Reverse primer CAGGTGGAGTCTGACATTGTTCTG 

Beclin1 From transcriptome 112 Forward primer CTCCAGGCACCGTTTGTAGTTCT 
Reverse primer GGATGTGGATCACCCTCTGTGT 

All sequences are shown as 5′ → 3′. Annotated from the transcriptome (Liu et al., 2022). 

Fig. 1. the levels of transaminase in serum and MDA (malondialdehyde) contents and GSH (Glutathione) levels in the liver exposed TBBPA and TCBPA for 14 days. 
(A) Activities of AST (Glutamic oxalacetic transaminase), (B) MDA in the liver homogenates, (C) GSH in the liver homogenates. Bars represent the mean ± SEM. One- 
way analysis of variance was used to analyze the differences between the experimental data of the control group and the treatment group. Asterisk signs indicates that 
the experimental group is compared with the blank control group, well signs indicates that the TBBPA treatment group is compared with the TCBPA group at the 
same concentration (*P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01). 
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0.001, 0.01, 0.1, and 1 mg/L TBBPA and TCBPA. Compared to the 
control, the 0.01, 0.1, and 1 mg/L TBBPA and TCBPA groups had a 
significantly higher increase (P < 0.01). However, the results were 
comparable across the two treatment groups. Compared to the control, 
expression of GPAT increased significantly in both TBPPA and TCBPA 
treatments at dosages of 0.01, 0.1, and 1 mg/L (Fig. 3D, P < 0.01). In 
addition, the level was higher for 0.001 mg/L TCBPA compared to the 
control (P < 0.05). Furthermore, the 1 mg/L TBBPA group had signifi
cantly lower GPAT mRNA levels than the comparable TCBPA group (P <
0.01). 

All treatment groups had significantly higher SREBP2 mRNA relative 
expressions in the liver compared to the control (P < 0.01) (Fig. 3E). 
Furthermore, between the TBBPA and TCBPA treatments, in 0.01, 0.1, 
and 1 mg/L groups, there were significant increases in expression of 
hepatic SREBP2 mRNA. The HMG-CoA mRNA expressions in liver were 
significantly higher in the 0.01, 0.1, and 1 mg/L TBBPA and TCBPA 
groups compared to control (Fig. 3F, P < 0.01). These revealed sub
stantial rises in the 0.01, 0.1, and 1 mg/L treatment groups compared to 
the control. 

3.2.4. PPARγ-binding potential of TBBPA and TCBPA 
We conducted molecular docking to analyze the binding potential of 

TBBPA and TCBPA with PPARγ amino acid residues. The results indi
cated that TCBPA formed a hydrogen bond with the hydroxyl group of 
PPARγ via residues ALA-346 and ASP-347 on the side chain. Meanwhile, 
the oxygen atom on the TBBPA ligand formed hydrogen bonds with the 
hydrogen atom on the PPAR receptor protein's GLN-290 residues. The 
binding energy between TBBPA and PPARγ was − 6.4 kcal/mol, and 
between TCBPA and PPARγ was − 7.9 kcal/mol (Table 4). These results 
showed that TBBPA and TCBPA had binding potential with PPARγ 
protein receptors in P. nigromaculatus (Fig. 3G). 

3.3. Expression of autophagy-related genes 

The levels of autophagy-related transcripts showed that TBBPA and 
TCBPA increased Atg5/7 and Beclin1 mRNA expression (Fig. 4A–C), 
while down-regulating the level of P62 (Fig. 4D). Our findings indicated 
that TBBPA and TCBPA caused liver oxidative injury in frogs and 
stimulated cell autophagy. Genes involved in autophagy underwent 
dose-dependent changes at the transcript level. Compared to controls, 
the TBBPA and TCBPA groups had noticeably higher Atg5 expression 
levels at 0.1 and 1 mg/L (Fig. 4B), and the 0.01, 0.1, and 1 mg/L TBBPA 
and TCBPA groups had substantially raised Atg7 transcript levels 
(Fig. 4A). In all treatment groups, there was a significant rise in 
expression of Beclin1 mRNA, but this was more pronounced in the 0.1 
and 1 mg/L TCBPA groups than in the 0.1 and 1 mg/L TBBPA group 
(Fig. 4C). However, expression of P62 dropped in a dose-dependent 
fashion, with a noticeably greater decline for the 0.001 mg/L TCBPA 
group than the 0.01, 0.1, and 1 mg/L TBBPA and TCBPA groups 
(Fig. 4D). Overall, the results showed that TCBPA had a stronger effect 
on frog liver than TBBPA. 

4. Discussion 

Study revealed that TBBPA and TCBPA could lead to lipid accumu
lation in zebrafish liver, and finally might contribute to development of 
obesity (Riu et al., 2014). However, the impacts of BFR on liver toxicity 
and their potential molecular pathwaysof frog remain poorly under
stood to date. The results obtained in present study showed that expo
sure to two commonly used BFR (TBBPA and TCBPA) exerted liver 
toxicity on the black-spotted frog P. nigromaculatus, whcih might cause 
by alteration in special cellular and molecular processes. 

The activity of AST is one of the most common indicators for 

Fig. 2. Lipid droplets, T-CHO (total cholesterol) and TG (triglyceride) contents in the liver exposed to TBBPA and TCBPA for 14 days. (C) Control group; (D) DMSO 
group; (E-H) and (I-L) indicate TBBPA group and TCBPA group, respectively. Black arrows indicate the location of fat droplets. (A) T-CHO Contents in the liver; (B) 
TG Contents in the liver. One-way analysis of variance was used to analyze the differences between the experimental data of the control group and the treatment 
group. Asterisk signs indicate that the experimental group is compared with the blank control group, well signs indicate that the TBBPA treatment group is compared 
with the TCBPA group at the same concentration (*P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01). 
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evaluating liver function (Jakubczyk et al., 2020). In addition, the level 
of GSH and MDA in liver also play an important role in regulating liver 
homeostasis (Hu et al., 2019). AST activity in the liver of freshwater 
crucian carp increased considerably after 4, 8, and 16 days of TBBPA 
exposure, causing abnormal liver function (Yang et al., 2013). 
Furthermore, MDA expression level in human breast cancer cells 

Fig. 3. Relative mRNA expression of PPARγ (Peroxisome Proliferator-activated receptor gamma), SREBP2 (sterol regulatory element-binding protein 2) and HMG-CoA (3- 
hydroxy-3-methylglutaryl) mRNA in the liver of P. nigromaculatus after 14 days of exposure to TBBPA and TCBPA, along with molecular docking results. (A-F) Relative 
expression level of PPARγ (peroxisome proliferator-activated receptor gamma), FAS (fatty acid synthase), ACC (acetylCoA carboxylase), GPAT (acetylCoA carboxylase), 
SREBP2 (sterol regulatory element-binding protein 2) and HMG-CoA (3-hydroxy-3-methylglutaryl CoA) mRNA in the liver, separately. One-way analysis of variance was 
used to analyze the differences between the experimental data of the control group and the treatment group. Bars represent mean ± SEM. Asterisk signs indicate that 
the experimental group is compared with the blank control group, well signs indicate that the TBBPA treatment group is compared with the TCBPA group at the same 
concentration (*P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01). (G) Results of molecular docking between BPA and PPARγ, the TBBPA was represented by green sticks, 
the TCBPA by magenta sticks, and the PPAR protein by a cyan caricature. The residues in the binding compartments and their environs are represented by cyan sticks. 
The hydrogen bond is represented by the yellow dashed lines. 

Table 4 
The lowest binding energies for TCBPA and TBBPA to the PPAR active site.  

Proteins Pollutant Binding energy (kcal/mol) Binding sites 

PPARγ 
TBBPA − 6.4 GLN-290 
TCBPA − 7.9 ALA-346, ASP-347  
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increased while the GSH level decreased after exposure to TBBPA and 
TCBPA for a certain period, leading to a significant increase in lipid 
peroxidation (Zhao et al., 2019). Consistent with previous findings, re
sults in present study found that TBBPA and TCBPA significantly 
increased the activity of AST liver enzymes of serum (Fig. 1A), raise 
MDA accumulation (Fig. 1B) and decreased GSH content in liver of frog 
(Fig. 1C). The above results indicated that TBBPA and TCBPA induced 
lipid peroxidation of frog liver, which might be a reason for abnormal 
liver function. 

It's commonly known that oxidative stress could regulate lipid ho
meostasis (Chen et al., 2022). Oil Red O staining showed that liver lipid 
accumulation of frog was dose depend along with TBBPA and TCBPA 
after 14 days exposure (Fig. 2A–J). In addition, TBBPA and TCBPA could 
significantly increase T-CHO and TG levels of frog liver in high con
centrations (Fig. 2K and L). Based on related studies, the quantity of lipid 
accumulation in juvenile zebrafish exposed to TBBPA and TCBPA was 
significantly greater than the control group. Other study revealed that 
TBBPA and TCBPA enhanced lipid accumulation in HepG2 cells, and 
TCBPA had more impact (Liu et al., 2020). Similarly, the lipid droplets of 
TCBPA group were larger than TBBPA in present study. In summary, our 
research suggested that the P. nigromaculatus liver was impaired when 
exposed to TBBPA and TCBPA, which caused lipid deposition and 
altered gene expression levels. 

As a member of the nuclear hormone receptor superfamily, PPARγ 
has the ability to regulate lipid production (Yang et al., 2018). Studies 
have shown that TBBPA and TCBPA can modulate and stimulate PPARγ 
(Riu et al., 2011; Fang et al., 2015; Cheng et al., 2022). In our experi
ments, TBBPA and TCBPA were markedly interrupting PPARγ expres
sion (Fig. 3A), which might promote lipid accumulation in frog liver. 
Molecular docking simulation is a reliable method for determining 

probable interactions between substances and proteins (Ding et al., 
2017). The stable hydrogen bond binding sites between the receptor and 
the ligand can be formed with the help of binding energy, indicating 
docking activity between the ligand and the receptor. Hydrogen bonds 
play an important role in connecting protein receptor residues with 
molecular ligands (Chen et al., 2019). In this study, TCBPA ligands 
bound to PPARγ residues ALA-346 and ASP-347 via hydrogen bonds, 
while TBBPA formed hydrogen bonds with PPARγ protein receptor 
residues GLN-290 through hydrogen atoms. Furthermore, the affinities 
of TBBPA and TCBPA were − 6.4 and − 7.9 kcal/mol respectively. These 
results suggested that TCBPA could embed into the binding domain of 
the receptor protein easier, and had stronger docking activity than 
TBBPA. Molecular ligands and protein receptors combine to create a 
complex which might threat to organisms. For example, bis(2- 
ethylhexyl)-2,3,4,5-tetrabromophthalate could interact with PPARγ 
residues HIS199, PRO176, and LIE153, the binding of residues ulti
mately affected the lipid metabolism and disrupted energy homeostasis 
of juvenile zebrafish (Guo et al., 2020). In our research, molecular 
docking showed that both TBBPA and TCBPA were capable of binding to 
PPARγ, which might be another factor affecting lipid accumulation in 
frog liver. 

PPARγ responsive genes include those related to adipogenesis, such 
as ACC and FAS, and GPAT responsible for TG synthesis (Li et al., 
2022b). In our study, expression of FAS, ACC and GPAT were signifi
cantly increased after 14 days of exposure to TBBPA and TCBPA (Fig. 3B- 
D). Hence, the absence of TBBPA and TCBPA might interrupt fat syn
thesis via alter regulating FAS, ACC and GPAT expression. Furthermore, 
SREBPs, a subgroup of transcription factors, include the fundamental 
helix-loop-helix-leucine zipper (Miyata et al., 2022). The SREBPs 
(SREBP1 and SREBP2) and HMG-CoA play an important role in maintain 

Fig. 4. Relative autophagy-related genes in the liver in the liver exposed to TBBPA and TCBPA for 14 days. (A-C) Relative expression level of Atg7, Atg5, Beclin1and 
p62 mRNA in the liver in proper order. One-way analysis of variance was used to analyze the differences between the experimental data of the control group and the 
treatment group. Bars represent mean ± SEM. Asterisk signs indicates that the experimental group is compared with the blank control group, well signs indicates that 
the TBBPA treatment group is compared with the TCBPA group at the same concentration ((*P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01). 
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liposome balance and transcription (Cheng et al., 2022; Kowalczyk 
et al., 2023; Li et al., 2022a). With 14 days of treatment, the relative 
transcription levels of SREBP2 and HMG-CoA were increased (Fig. 3E, 
F). Therefore, TBBPA and TCBPA might initiate mechanism to promote 
TG accumulation in frog liver. 

Autophagy can be activated and inhibited by rapamycin (Rapa) and 
chloroquine (CQ), respectively. In addition, reactive stress was known to 
activate autophagy, which could have beneficial or harmful effects on 
cell survival. Previous study showed that Atg5, Atg7, Beclin-1 and p62 
involved in initiate of autophagy (Kuma and Mizushima, 2010; Hasan 
et al., 2020). Our findings indicated that TBBPA and TCBPA significantly 
upregulated Atg5/7 and Beclin1 mRNA expression levels while sub
stantially downregulated p62 expression levels (Fig. 4A–D), suggesting 
that both TBBPA and TCBPA induced autophagy in P. nigromaculatus 
liver. 

5. Conclusion 

This study demonstrated that exposure to high doses of TBBPA and 
TCBPA induced cellular autophagy, caused oxidative stress and lipid 
accumulation in liver of P. nigromaculatus. In addition, TBBPA and 
TCBPA influenced the expression of lipid metabolism related genes. 
However, the precise mechanisms by which these impacts occur require 
further investigation. Furthermore, there is a lack of toxicity research 
based on the TBBPA and TCBPA molecular structures related to bio
toxicity, and additional research is necessary to identify the underlying 
biochemical mechanism. This research project also aimed to elucidate 
the biochemical mechanism of the lipid biosynthesis pathway. The po
tential implications of these findings for environmental and public 
health are significant, as TBBPA and TCBPA are commonly used in a 
variety of consumer products and have been detected in the environ
ment. These compounds may pose a risk to aquatic organisms and could 
potentially have negative effects on human health through contami
nated food or water sources. Therefore, it is crucial to continue inves
tigating the toxic effects of these chemicals and to develop measures to 
minimize their release into the environment. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2023.166421. 
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