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Abstract: Bifenthrin (BF) is a new highly effective broad-spectrum insecticide that has gained widespread use.
However, there is limited research on the potential toxic effects of bifenthrin pollution on amphibians. In this
research, Chinese giant salamanders (CGS) were exposed to three different concentrations of BF (0, 0.04, and 4
g/L BF) for 1-week to investigate the toxic effects. Behavioral changes, liver pathology, oxidative stress factors,
DNA damage, and transcriptome differences were observed and analyzed. The results showed that exposure
to BF (0.04 and 4) significantly decreased the adenosine-triphosphate (ATP), superoxide dismutase (SOD),
glutathione (GSH), catalase (CAT), and 8-hydroxydeoxyguanosine (8-OHdG) contents in the brain, liver, and
kidney of CGS, whereas the malondialdehyde (MDA) and reactive oxygen species (ROS) contents were
increased. The liver tissue showed considerable inflammatory reactions and structural malformations. RNAseq
analysis of the liver showed that BF caused abnormal antioxidant indices of CGS, which affected molecular
function genes such as catalytic activity, ATP-dependent activity, metabolic processes, signaling and immune
system processes, behavior and detoxification significantly up-regulated, resulting the differential genes were
significantly enriched in calcium signaling pathway, PPARa signaling pathway and NF-kB signaling pathway.
These results indicated that BF induced the abnormal production of free radicals to exceed the potential of the
self-defense system, causing different degrees of oxidative damage and lipid peroxidation in the body,
resulting in oxidative stress, abnormal lipid metabolism, DNA damage, tissue inflammation, and abnormal
behavior. This work provides a theoretical basis for the rational use of pyrethrin and environmental risks
assessment, and scientific guidance for the conservation of amphibian populations.

Keywords: bifenthrin; Chinese giant salamander; RNAseq; oxidative stress; DNA damage

1. Introduction

Pyrethroids are highly efficient and broad-spectrum insecticides that have gained widespread
use due to their effectiveness and low toxicity. Bifenthrin (BF) is a common pyrethroid insecticide
mainly used for the prevention and control of plant diseases and insect pests in arbor forests, tea
trees, and cotton (Yang et al., 2018). Despite the relatively rapid degradation of pyrethroids compared
to other pesticides, their extensive use has cause the high accumulation in water sources through
surface runoff, spraying, and rainwater scouring (Akan et al., 2014; Fernandez-Ramos et al., 2014; Ge
et al., 2010), even widely detected in kinds of organisms, such as fish, amphibian and humans (Gari
et al.,, 2018; Rawn et al., 2010). Chronic exposure may cause adverse reactions, including tissue
structure lesions, neurotoxicity, behavioral changes, endocrine disorders, decreased immune ability,
and decreased growth and development (Awoyemi et al., 2019; Baruah and Chaurasia, 2020; Jin et
al.,, 2013; Syed et al., 2018). This is also one of the important reasons for the decline of amphibian
populations (Hayes et al., 2010; Hof et al., 2011).
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The metabolism of pyrethroids, such as BF, may lead to intracellular reactive oxygen species
(ROS) levels rise (R. Reed et al., 2011). Excessive ROS can trigger oxidative stress reactions (Jiang et
al., 2022), leading to oxidative DNA and tissue damage, causing tissue structural abnormalities and
behavioral damage, and triggering inflammation and apoptosis (Choi et al., 2020; Park et al., 2020;
Yu et al., 2018). Therefore, identify the effects of BF on oxidative stress in aquatic organisms is
important to clarify the non-targeted effects of pyrethroids and other pesticides. Catalase (CAT),
superoxide dismutase (SOD), malondialdehyde (MDA), and glutathione (GSH) are important
indicators of biological peroxidation injury and 8-hydroxydeoxyguanosine (8-OHdG) has been
widely involved in the detection of DNA damageland oxidative stress (Farag et al., 2021; Liu et al,,
2020; Papadimitriou and Loumbourdis, 2002; Proki¢ et al., 2019; Wang et al., 2021). Furthermore,
RNA-seq technology is a useful tool for in-depth developing of how contaminants cause biological
toxicity. Rapid, comprehensive, and detailed analysis of non-model biological genomes and
transcripts is facilitated by the development and application of RNA-seq, which is widely used to
assess transcriptome changes in target tissues or cells, including splicing, novel transcripts, and gene
annotation (Collins et al., 2008; Liu et al., 2018; Zhang et al., 2019).

The Chinese giant salamander (CGS), Andrias davidianus, are amphibians whose larvae have a
similar lifestyle to fish. The CGS have high permeability bare skin and highly sensitive to
environmental changes, can be used as water quality bio-indicator (Langlois, 2021; Porte Visa et al.,
2005). However, limited studies on the toxic effects of pyrethroids and other pesticides on
amphibians. Especially the molecular toxicological effects of external compounds on the CGS, a non-
model experimental organism lacking complete genomic information, has not been fully elucidated.
In present study, we utilized the CGS as target organism to investigate the toxic effect of bifenthrin
on CGS, comparing behavioral changes, liver histopathology, oxidative stress factors, DNA damage
effects, and transcriptome differences between the control and bifenthrin treatments. The results
would provide theoretical basis for the rational use of pyrethrins and environmental risks, and
scientific guidance for the conservation of amphibian populations.

2. Materials and Methods

2.1. Animals, chemicals, and experimental design

BF and dimethyl sulfoxide (DMSO) used in this study was purchased from Aladdin Bio-Chem
Technology (Shanghai, China) and TCI chemicals (Shanghai, China), respectively. The study was
conducted in the College of Life Science, Anqing Normal University (Anqing, China). 100 CGSs
larvae at 8-month-old were purchased from a CGS farm (Anging, China) and acclimated in a 100 L
aquarium for 1 week, using dechlorinated tap water at 18 +2°C. CGSs had initial average body weight
at 5.7 £ 0.3 g and a total length of 85 + 10 mm. All CGSs were not fed during the entire experiment,
including domestication period and exposure period.

An acute-exposure experiment was conducted to determine the semi-lethal dose of BF. CGS
larvae were randomly grouped and placed in 1 L aquarium and exposed to either control or BF for 1
week. Each group consisted of 4 animals, and there were 3 groups per treatment. Nominal exposure
concentrations of BF dissolved in DMSO were: 6.25, 12.5, 25, and 50 pg/L, with a maximum solvent
concentration of 0.001% (v/v). The experiment was conducted at 16.5+ 0.5°C under a 10 h light: 14 h
dark photoperiod; 50% of the water was changed in each treatment every 12 h. CGS were observed
for poisoning symptoms after 24, 48, 72 and 96 hours of treatment and any dead CGS were taken out
of experimental tank at those times. Concerning the Acute Toxicity Classification Standard (GB/T
31270.12,2014) and classification test method for acute toxicity of dangerous chemicals to fish (GB/T
21281-2007), the following acute toxicity grades were established: acute toxicity grade I was obtained
when 96 h LC50 <1 mg /L, acute toxicity grade Il was obtained when 1 mg/L <96 h LC50 <10 mg/L,
and acute toxicity grade IIl was obtained when 10 mg/L <96 h LC50 < 100 mg/L.

Based on the determined semi-death dose, another 1-week experiment was conducted to observe
the acute toxic effects of BF on CGS larvae. The experimental design was the same as that described
for the acute exposure experiment except that CGSs were exposed to either the control or BF for 1
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week, with nominal exposure concentrations of 0.04 and 4 ug/L of BF in DMSO. At the end of the
experiment, all CGS larvae were euthanized using an overdose of 2-phenoxyethanol, followed by
cervical transection. The gonads were removed, weighed, and fixed in Bouin’s fixative solution
(Phygene Biotechnology Co., Ltd, Fuzhou, CN) for 24 h. These samples will be stored in 70 % ethanol
until histological observation. The brain, liver, and kidneys were stored at -80°C for subsequent
study.

All experimental procedures involving animals were conducted in compliance with the Animal

Care and Use Committee of the College of Life Science, Anqging Normal University, China (Permit
Number #2-01).

2.2. Physiological and biochemical indicator detection

Liver, brain, and kidney tissues were homogenized and centrifuged (3500 rpm, 15 min, 4°C). The
supernatant was retained for analysis. Total protein, ROS, GSH, MDA, SOD, and ATPase activity
were measured using commercial colorimetric kits. 8-OHdG content was measured using a
corresponding fish-specific ELISA kit. The above kits were obtained from the Nanjing Jiancheng
Institute of Bioengineering (Nanjing, China). All indicators were measured with a Spark 10M
microplate reader (Tecan Trading AG, Mannedorf, Switzerland) in accordance with the
manufacturer’s instructions.

2.3. Histological Evaluation

Paraffin-embedded fixed liver tiusse were sectioned into 5 um slices and stained with Mayer’s
Hematoxylin and Eosin Y (H-E staining). Gonads histological observation were conducted by a light
microscope (40X) and classified (Chen et al., 2019).

2.4. RNA isolation and sequencing

In present study, liver tissue was selected for RNA isolation and sequencing. TRIzol™ Reagent
kit (Invitrogen, Carlsbad, California, USA) was used to extract total RNA. The quality of RNA was
evaluated on an Agilent 2100 Bioanalyzer. (Agilent Technologies, Inc., Palo Alto, California, USA)
and verified by agarose gel electrophoresis without RNase. After total RNA extraction, mRNA was
isolated and purified using oligomeric (dT) magnetic beads, buffered to short fragments, and reverse
transcribed into cDNA using a NEBNext Ultra RNA library Prep Kit for lllumina (NEB #7530, New
England Biolabs, Ipswich, MA, USA) according to the manufacturer’s instructions. Purified double-
stranded cDNA fragments were subjected to end-repaired, a base was added, and then ligated to
Illumina sequencing linker. The ligation reaction was purified using AMPure XP Beads (1.0X) and a
polymerase chain reaction (PCR) was performed. The cDNA library was sequenced on an Illumina
Novaseq6000 (Gene Denovo Biotechnology Co., Guangzhou, China).

2.5. Transcriptome assembly, annotation and analysis

Transcriptome assembly was performed using Trinity software (Broad Institute, 2.6). Evaluation
of the quality of assembly results on the basis of N50 values, serial length and benchmark universal
single-copy orthologs (http://busco.ezlab.org/). Single gene serialization using NR, SwissProt, KEGG,
and COG/KOG databases (E-value <:0.00001) to select the protein with the highest serial similarity to
a given single gene to obtain protein function annotation information for a single gene. Gene-level
stratified clustering and log2(FPKM 1) were calculated for all sampled genes. Differentially expressed
genes (DEGs) were selected using edgeR’s general filtering criteria (log2Ifold changel>1, false
discovery rate [FDR] <0.05) filtered by FPKM data. Analyse DEG temporal expression profiles and
perform KEGG enrichment for each spectrum. Select and compare the desired genes to determine
how they change when expressed.

2.6. Statistical analysis
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Means + standard error (SE) are reported for physiological and biochemical indicators. Statistical
analyses were performed using SPSS (IBM, 23.0, Armonk, NY, USA). The significance level was set
at p <0.05. The normality (Shapiro-Wilk test) and the homogeneity of variance (Levene’s test) of the
data were checked before the statistical analysis. When normality and homogeneity of variance were
achieved, a one-way analysis of variance (p < 0.05) followed by Duncan’s multiple range test was
used to analyze the effect of BF on CGS larvae. If the normality and homogeneity of variance could
not be obtained, nonparametric methods were used. Statistical analyses on DEGs were performed
using OmicShare tools (https://www.omicsmart.com).

3. Results

3.1. Acute toxicity effects of BF on CGS larvae

Table 1 presents the results of the acute toxicity of BF on CGS larvae. The lethal concentrations
of BF killed half of CGS larvae (LC50) at 24, 48, 72, and 96 h were 50, 27.4, 12.5, and 9.9 ug/L,
respectively, and the safe concentration (SC) was identified at 2.47 ug/L. According to the
classifications outlined in section 2.1, BF was classified as acute grade I (highly toxic) to CGS larvae.

The CGS exhibited a stress response to BF exposure on an individual behavioral level (Figure 1).
CGS larvae exhibited grayish-white gill, abnormal activity, body torsion, and imbalance. Particularly
in high BF treatments, most CGS larvae also exhibited whitish bodies, slow movement and stiff

bodies.
Table 1. Acute effect of bifenthrin on giant salamander larvae.
BF concentration average mortality LCsoand 95% confidence interval (ug/L) SC (ug/L)
(ug/L) 24h  48h 72h  96h 24h 48h 72h 96 h
6.25 0 0 33 33
12.5 0 17 50 50 50 27.4
( 31.3- ( 18.2- 125 9.9 247
79.9 27 (76209) (6.8-14.4) :
25 0 17 67 100 ) )

50 50 100 100 100
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Figure 1. BF dose- and time-depended in the relative frequency of different behaviors during
exposure period. The numbers above the bars indicate the cumulative number of observed CGS larvae
exhibiting different behaviors for the first time.

3.2. Oxidative stress injury of BF exposure on CGS larvae

Based on the results of acute BF toxicity tests, Figure 2 and Table 2 exhibited the 1-week BF
exposure (0, 0.04 and 4 ug/L) effects on oxidative stress in various tissues of the CGS larvae.
Significant changes in the oxidative stress factors were detected in various tissues of the CGS larvae
(p <0.05). Compared with the control group, the concentrations of ATP, GSH, SOD, and CAT in the
brain, liver, and kidney in all BF exposure groups all decreased significantly with BF increasing. The
concentrations of ATP and SOD in the liver were significantly lower than those in the brain and
kidney in all BF treatments (p < 0.05), however, no significant difference (p > 0.05) of GSH and CAT
were detected among the three tissues. Conversely, MDA and ROS concentrations significantly
increased with BF concentration increasing and substantial difference were shown between the BF
treatments (p < 0.05). The kidney exhibited a more pronounced downward trend in SOD
concentration compared to the liver and brain with BF concentration increasing.

Table 2. Trends of different physiological parameters in brain, liver, and Kidney in response to

concentration.
Trendline formula 12 value Trendline formula 2 value
ATP_B y =-0.0755x + 0.4131 R?=0.931 GSH_L y =-0.0209x + 0.0731 R?=0.8685
ATP_L y =-0.0106x + 0.0379 R?=0.8799 ROS_L y =0.4x +0.6271 R2=0.995
ATP_K y =-0.0829x + 0.5667 R?=0.9573 ROS_K y=0.4864x + 0.468 R2=0.9712
SOD_K y =-0.0785x +0.2643 R?=0.8854 ROS_B y =0.5165x +0.4052 R2?=0.9399
SOD_L y =-0.0267x +0.1047 R?=0.8218 CAT_L y =-0.0375x + 0.1615 R?=0.9167
SOD_B y =-0.0266x +0.1724 R?=0.9779 CAT_B y =-0.0221x +0.1306 R?=0.9338

MDA _K y =0.004x + 0.0076  R2=0.9905 CAT_K y =-0.0279x + 0.1293 R2?=0.9673
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MDA_L y =0.005x + 0.0059 R?=0.9954 80OHdG_L y =0.4064x + 0.2127 R2=0.9342
MDA_B y=0.0137x + 0.0246 R2=0.9869 8OHdG_K y=0.4601x +1.2092 R?=0.9976
GSH_K y =-0.0208x + 0.0718 R?=0.9063 8OHdG_B y=0.6372x + 0.6869 R?=0.9528
GSH_B y =-0.0219x + 0.0746 R2=0.9171
( A) 0.6 (D) 0.06
0.5 = 005
E; 0.4 4 %u.(u
% 0.3 g 0.03
02 2o
< 0.1 & 0.01
0.0 - 0.00
0.3 4 0.07
E
(B) a ( ) ~ 0.06
=02 g
g 2 005
éi 02 E; 0.04
20‘1 g 0.03
2 g 0.02
g = 001
0.0 0.00 -
( C ) 014 - ( F ) 25
g =) £Bs
§ 010 g b .
Eom S 15 b b e
g 0.06 ‘EE o] & a a """" d
2 004 ej
e 002 2 0.5
0.00 0.0
0 0.04 4 0 0.04 4
Treatments (ug/L) Treatments (pg/1.)

Figure 2. Effect of BF treatment on ATP (A), SOD (B), CAT C), GSH (D), MDA (E) and ROS (F) in
brain (red), liver (blue) and kidney (gray) tissues of Chinese giant salamander. The dashed line in the
corresponding color represents the trend line of the change of the corresponding physiological index.
Data represent the mean + SEM (n = 12). Different letters above the columns indicate significant
differences at p < 0.05 between the control and treatments.

3.3. DNA damage of BF exposure on CGS larvae

Based on the results of acute BF toxicity tests, Figure 3 and Table 2 exhibited the DNA damage
effects of 1-week BF exposure on CGS larvae. Even the concentration of 8-OHdG in the liver was
lower than that in the brain and kidneys in all BF treatments, the 8-OHdG concentrations were
significantly increased in the brain, liver, and kidney with increasing BF concentration (p < 0.05).
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Figure 3. Effect of BF treatment on 8-OHdG (G) in brain (light blue), liver (green) and kidney (yellow)
tissues of Chinese giant salamander. The dashed line in the corresponding color represents the trend
line of the change of the corresponding physiological index. Data represent the mean + SEM (n =12).
Different letters above the columns indicate significant differences at p < 0.05 between the control and

treatments.

3.4. Effects of BF on liver tissue of CGS

Treated by BF, the liver tissue, which showed the lowest toxicity effects based on observed
antioxidant parameters, was selected as a sensitive sample for further study on BF toxicity effects.
The pathological analysis of the CGS liver tissue exposed to BF is shown in Figure 4. In the control
group, the liver structure was normal and red blood cells, hepatocytes and hepatic sinusoids were
clearly visible. A few cells in the livers of the 0.04 pg/L BF exposed CGS were enlarged, accompanied
by vacuolation and some dilated and congested hepatic sinusoids. In the CGS larvae exposed to 4
ug/L BE, the liver exhibited an apparent nuclear shift and atrophy; hepatomegaly increased, there
were larger vacuoles, and the boundary between hepatocytes was blurred.

(A) (B) _ (C)

Figure 4. Effect of BF on liver tissue of CGS larvae in control, 0.04 pg/L and 4 ug/L treatments (x4). a:
red blood cells; b: hepatocytes; c: hepatic sinusoids; d: a few cells were enlarged; e: vacuolization; f:
dilatation and congestion of hepatic sinusoids; g: nuclei shift or even atrophy; h: enlarged cells
increased with large vacuoles; i: The boundary between hepatocytes is blurred.

3.5. Transcriptome sequencing and sequence assembly

Compared with brain and kidney, the liver tissue was selected as a sensitive sample in present
study for further study on BF toxicity effects. Table 3 presents the cDNA libraries constructed from
liver samples of the control and BF treatments. After filtering the low mass readings, 593.22-865.21
million clean reads were obtained with Q20 and Q30 values of 97.28% and 92.63%, respectively. The
GC content ranged from 47.44-48.96%, indicating a good sequencing quality.
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Table 3. Quality of sequencing sample.

Sample RawData(bp) CleanData(bp) BF_Q20(%) BF_Q30(%) BF_N(%) BF_GC(%)

c1 8570323500 8497016973 835522(g;i99%) 798335222?135%) 10573 0.00% 407793(»2;2568%)
C2 7961443200 7884980846 779341(2;239 %) 749247(32?1 %) 9793 (0.00%) 38408(2223;1% )
C3 6180859800 6105641190 6025552;;?;09%) 577147(;?%;%) 1 18099(0‘00%) 302609(2;;26%)
L1 7345199100 7274677825 71456?§§§38% ) 680365(85?685,)% ) 440332(0.01% ) 34844?22i% )
Lo 8742854100 8652131352 8529852;%;.1566%) 816931(32174%) 10794 0.00%) 42726522;1207%)
L3 6757273800 6685690560 659089(857)_251% ) 630931(;1;267% ) 8150 (0.00%) 32686?1;207% )
H1 6501689700 6423849792 634422(;1;0538 %) 6079%3?.8520% ) 6252 (0.00%) 3 734?22.2811 %)
H2 6997675200 6924181647 68484522?217% ) 658776(32.5&% ) 6671 (0.00%) 336383(’22?7% )
H3 6005677500 5932246189 58785‘?2;158% ) 56540?321124% ) 5660 (0.00%) 28932?2181.5148% )

3.6. Annotation and classification of functional genes

To clarify gene function in liver of CGS larvae, genes were annotated in four databases (NR,
SwissProt, KEGG, and KOG) (Table 4). A total of 87,958 unigenes were annotated in these four major
databases, of which 56,230 genes (63.93%) were annotated to at least one gene in all databases. A total
of 30,931, 29,913, 15,458, and 19,999 genes were respectively annotated in the NR, KEGG, KOG, and
SwissProt databases, accounting for 35.17, 34.01, 17.57, and 22.74% of the genes. A total of 31,728
genes were annotated in all databases, accounting for 36.07% of the total genes.

Table 4. Gene annotation success rate statistics.

Number of Unigenes Percentage(%)
Nr 30931 35.17
KEGG 29913 34.01
KOG 15458 17.57
SwissProt 19999 22.74
annotation genes 31728 36.07
without annotation gene 56230 63.93
Total Unigenes 87958 100.00

3.7. Effects of BF on gene expression and functional enrichment of CGS larvae

Poisson distribution analysis was used to identify DEGs with FDR <0.001 and absolute log2 ratio
>1. A total of 66 and 115 DEGs were respectively identified in the 0.04 pg/L and 4 ug/L BF groups, of
which 26 genes were co-differentially expressed (Figure 5A). Especially, 48 and 98 DEGs were up-
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regulated and 18 and 17 DEG were down-regulated in the 0.04 pg/L and 4 pg/L BF groups,
respectively (Figure 5B).
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Figure 5. Venn diagram of DEGs in two comparisons (A) and numbers of up- and down-regulated
DEGs in each of BF treated comparison (B) on CGS .

The GO terms are shown in Figure 6. In the 0.04 pug/L group, there were 24, 12, 12, 4, and 3 up-
regulated biological process genes related to cellular process, response to stimulus, metabolic process,
signal transduction, and the immune system compared to the control group, respectively. Molecular
function genes related to catalytic activity and ATP-dependent activity were up-regulated in 9 and 3,
respectively (Figure 6A). In the 4 ug/L exposure group, there were 43, 29, 28, 12, and 11 up-regulated
genes related to cellular processes, metabolic processes, responses to stimuli, signal transduction, and
the immune system compared to the control group, respectively. In particular, one of antioxidant
activity, behavior related and detoxification genes up-regulated in high BF treatment. Genes with
molecular functions related to catalytic activity and ATP-dependent activity were up-regulated in 20
and 7, respectively (Figure 6B).
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Figure 6. GO enrichment analysis of differentially expressed genes of CGS in 0.04 pg/L (left) and 4
pg/L (right) BF treated groups.

KEGG enrichment analysis showed that the top five enriched pathways were calcium signaling,
dilated cardiomyopathy, rheumatoid arthritis, cardiac muscle contraction, and NF-Kappa B signaling
in 0.04 ug/L BF treated CGS (Figure 7A). In contrast, combining the top 20 GO and KEGG enriched
pathways, the most enriched pathways with 4 g/L BF treatment were in the following five categories:
calcium signaling, fat digestion and absorption, PPAR signaling, Staphylococcus aureus infection,

and NF-kappa B signaling (Figure 7B).
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Figure 7. KEGG enrichment analysis of differentially expressed genes of CGS in 0.04 ug/L (left) and 4
pg/L (right) BF treated groups. Orange line means p<0.05.

4. Discussion

BF is widely used in agriculture and accumulated in aquatic environment, sediments, and
organism(Liu et al., 2020; Yang et al., 2018). It can disrupt the levels of antioxidant enzymes in
organisms, causing tissue lesion and behavioral abnormalities (Awoyemi et al., 2019; Baruah and
Chaurasia, 2020; Jin et al., 2013; Syed et al., 2018). In this study, we observed abnormal expression of
oxidative stress factors, liver histopathology, behavioral changes, gene expression, and pathway
regulation in CGS larvae after 1 week BF exposure, indicating multiple toxicity.

4.1. Effects of BF on the acute toxicity of CGS larvae

Pyrethroid insecticide exposure is highly toxic to fish, partly due to the high absorption and slow
hydrolysis rates in fish gills, but mainly due to the hypersensitivity of the nervous systems of fish to
those pesticides (Aydin et al., 2005). In present study, CGS larvae exposed to BF exhibited grayish-
white gill, extremely active behavior at the beginning of exposure, body convulsions and imbalances.
Moreover, exposed CGS larvae moved slowly, bodies twisted and stiffened in the later stages of the
experiment. The zebrafish exposed to decabromodiphenyl ethane (DBDPE) showed similar
phenomenon of significant decreases in moving distance and moving speed, suggesting that the
calcium homeostasis in vivo was damaged, which affected the calcium signaling pathway and the
changes in muscle related proteins, interfered with the muscle contraction function, and then
changed the locomotion behavior of zebrafish (Sun et al., 2022). In the present study, BF induced the
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gene enrichment in CGS larvae liver related to metabolic, signaling, and immune system processes,
especially high BF accelerate the abnormal upregulation of behavioral and detoxification genes,
resulting in the abnormal gene enrichment related to calcium signaling pathways. Although only
liver samples were used for transcriptome analysis, unable directly react the causes of body
convulsions and torsion stiffness in CGS larvae affected by BF. However, a large number of enriched
genes related to the regulation of muscle contractions were detected in liver tissue, suggesting that
BF might be one of the reasons for the abnormal behavior of CGS larvae. Overall, this study highlights
the toxic effects of BF exposure on CGS larvae and suggests potential mechanisms underlying the
observed behavioral abnormalities. Further research is needed to elucidate the direct causes of body
convulsions and torsion stiffness and to explore the effects of BF exposure on CGS larvae more
comprehensively.

4.2. Effects of BF on oxidative stress in CGS larvae

In general, the generation and elimination of ROS in organisms maintain a dynamic balance,
abnormal ROS causing oxidative stress (Chauhan et al., 1997; Lushchak, 2011). The ability of SOD
and CAT to remove ROS is limited and excess ROS inhibits the activity of these enzymes. The enzyme
levels in vivo, such as SOD and CAT, are typically used to evaluate oxidative stress (Fatima et al.,
2007; Wang et al., 2021). In present study, ROS levels in the brain, liver, and kidney of larvae CGS
significantly increased with BF increasing, while the SOD and CAT levels significantly decreased.
This may be due to the disorder dynamic balance between the production and elimination of free
radicals induced by BF exposure. Similar phenomena were observed in fish against to pesticides
induced oxidative stress, speculating that pesticides accumulation promote ROS production and
impair the catalytic effect of antioxidant enzymes (Bhatia et al., 2014; Jin et al., 2013; Yan et al., 2015).
Those results inferred that BF could stimulate oxidative stress in CGS larvae, especially high BF
exposure directly inhibit the catalytic activities of SOD and CAT, leading to enormous injure to the
antioxidant system with increasing BF exposure.

To gain deeper insight in the BF antioxidant toxic effect on CGS larvae at molecular levels, the
transcriptome analysis was conducted in present study. The results revealed upregulated expression
of genes related to catabolic and ATP-dependent activities in vivo, particularly the genes related to
antioxidant activity were downregulated at high BF exposure levels. The differentially expressed
genes were enriched in calcium signaling pathway, PPAR signaling pathway and other pathways,
which ultimately interfered with the response to reactive oxygen. Some aquatic organisms, such as
Corbicula fluminea and zebrafish, exposed to pyrethroids showed a similar phenomenon, the genes
which correlate to ROS production and ATP synthesis were significantly downregulated in vivo,
affecting the balance between oxidants and antioxidants (Awoyemi et al., 2019; H. Zhang et al., 2020).
In summary, the abnormal antioxidant indexes of CGS larvae caused by BF may be due to abnormal
production and accumulation of ROS, causing abundant upregulation of molecular functional genes
such as catalytic activity and ATP-dependent activity, and abnormal regulation of the calcium
signaling pathway, PPAR signaling pathway, ect. Furthermore, the upregulation of the antioxidant
activity gene in the high BF exposure group reflects the emergency response of CGS larvae to toxicity
inhibited catalytic activity.

4.3. Effects of BF on DNA damage in CGS larvae

Novel pesticides not only induce the increasing of ROS and MDA concentration in vivo, which
are also two main causes of DNA damage, suggesting that oxidative stress is closely related to DNA
damage (Cao et al., 2016; Mai et al., 2010; Selvaraj et al., 2013; Song et al., 2019; C. Zhang et al., 2020).
The 8-OHdG, as a biomarker of DNA oxidative damage, showing a significant increase similarly as
ROS that observed in a variety of fish cells exposed to pollutants, which is also consistent with our
results. Those results speculated that pollutants may induce endogenous or exogenous ROS to attack
proteins and nucleic acids in living cells, leading to oxidative DNA damage. In addition, PPARa is a
sensor of lipid synthesis and is considered to be a key factor in liver and lipid metabolism (Franklin
etal.,, 2017; Tanaka et al., 2017). The excessive accumulation of ROS can destroy the structural stability
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of cell membranes and form the lipid peroxide MDA (Du et al., 2015). Similar results were observed
in the present study, ROS levels of the CGS larvae increased with BF increasing, and the MDA level
increasing accordingly. Transcriptome analysis also showed that increasing BF concentrations
interfered with the lipid metabolism of CGS larvae. Many DEGs were significantly enriched in the
PPAR signaling pathway and the fat digestion and absorption pathways (Gao et al., 2021), the
alteration of which can cause diseases related to oxidative DNA damage, including
neurodegenerative (such as Alzheimer’s disease and Parkinson’s disease) and autoimmune diseases
(such as rheumatoid arthritis and systemic lupus erythematosus) (Dizdaroglu, 2012; Valavanidis et
al., 2009). Our study also found that not only ROS, MDA and 8-OHdG contents in CGS larvae
significantly increased with BF increasing, but also exhibited symptoms of rheumatoid arthritis and
the viral myocarditis and systemic lupus erythematosus pathways were significantly enriched in the
liver by BF exposure. It is possible that BF caused oxidative stress and DNA damage in CGS larvae
that was the result of the combined action of abnormally high ROS and MDA. In summary, when the
production of free radicals exceeds the potential of the self-defense system, it can cause different
degrees of oxidative damage and lipid peroxidation to occur, leading to oxidative stress, abnormal
lipid metabolism, and DNA damage (Ullah et al., 2017).

4.4. Effects of BF on the live tissue of CGS larvae

The liver is the main organ that for metabolism, detoxification, and excretion of harmful
substances (El-Sayed and Saad, 2007; Ullah et al., 2018; H. Zhang et al., 2020). Liver histopathological
changes are key biomarkers to judge the toxic effects caused by exogenous poisons, environmental
stressors, and sudden harmful environmental changes (Ullah et al., 2018; Velisek et al., 2006). Various
studies have shown that pyrethroid pesticides can cause liver cell degeneration and necrosis,
hepatocyte walls disappearance, fat vacuole formation increase, and focal coagulative necrosis in fish,
such as Labeo Roxita, Oncorhynchus Mykis, and Ctenopharyngodon Idella (El-Sayed and Saad, 2007; Tilak
et al., 2003; Velisek et al., 2006). In this study, we found that the liver tissues of CGS larvae exposed
to BF exhibited pathological damage, low BF leaded to cell vacuolation, nuclear atrophy and a shift
in liver tissues, and high BF can cause severe liver inflammation. Transcriptome analysis showed that
the B-cell receptor signaling pathway was significantly enriched induce by low BF exposure, which
affected cell metabolism, gene expression, and cytoskeletal structure (Harwood and Batista, 2008;
Kurosaki et al., 2010). This may be the influencing factor of liver tissue appearing vacuolation, nuclear
shift, and even atrophy. BF exposure resulted in the significant upregulation of genes involved in
immune system processes and signaling, with the significant enrichment appeared in the PPAR and
NF-kB signaling pathways. The PARP-1/PPARa/SIRT1 pathway can induce liver inflammation by
activating NF-kB signaling pathway or cooperating with NF-kB signaling pathway (Du et al., 2015).
It is speculated that the highly inflammatory response exhibited by CGS larvae may be due to the
combined action of the PPAR and NF-kB signaling pathways. The severe histological lesions
observed in the liver of CGS larvae may related to the high production of ROS against to BF exposure,
which are known to cause oxidative damage to organism and chronic toxicity.

5. Conclusions

In conclusion, this present study demonstrates that BF induces free radical production in CGS
surpassing the capacity of the self-defense system. This induces to the significant upregulation of
molecular function genes associated with catalytic activity, ATP-dependent activity, metabolic
processes, signaling and immune system processes, behavior and detoxification. Consequently,
disrupted the regulation of the calcium signaling, PPAR, and NF-kB signaling pathways, which were
significantly enriched. The imbalance between free radicals and antioxidant defenses results in
varying degrees of oxidative damage and lipid peroxidation in CGS larvae, causing oxidative stress,
abnormal lipid metabolism, DNA damage, tissue inflammation, and abnormal behavior. The results
in present study provide a foundation for further study on the molecular mechanisms of pyrethrins
to amphibian, a theoretical basis for the rational use of pyrethrins and environmental risks, and
scientific guidance for the conservation of amphibian populations.
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