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A B S T R A C T   

The similar nervous system structure between crustaceans and insects and the high-water solubility of thiame-
thoxam can lead to the more severe toxicity of thiamethoxam to crustaceans. However, the effects of thiame-
thoxam on crustaceans are unclear. Therefore, a 96-h acute toxicity test was performed to explore the 
hepatotoxicity and neurotoxicity effects of thiamethoxam on Chinese mitten crab (Eriocheir sinensis) at con-
centrations 0 µg/L, 150 µg/L and 300 µg/L. The antioxidant and detoxification systems (including phases I and II) 
were significantly activated after exposure of juvenile crabs to thiamethoxam for 24 h in 300 µg/L group, 
whereas the toxic activation effect in 150 μg/L group was delayed. Moreover, a similar pattern was observed for 
the transcription levels of immune-related genes. Further analysis of inflammatory signaling pathway-related 
genes showed that thiamethoxam exposure with 300 µg/L for 24 h may induce a pro-inflammatory response 
through the NF-κB pathway. In contrast, the gene expression levels in 150 µg/L group were significantly upre-
gulated compared with 0 µg/L group after 96 h. In addition, although the acute exposure of 150 μg/L thiame-
thoxam did not seem to induce significant neurotoxicity, the acetylcholinesterase activity was significantly 
decreased in 300 μg/L group after thiamethoxam exposure for 96 h. Correspondingly, thiamethoxam exposure 
with 300 µg/L for 24 h resulted in significantly downregulated transcriptional levels of synaptic transmission- 
related genes (e.g. dopamine-, gamma-aminobutyric acid- and serotonin-related receptors). Therefore, thiame-
thoxam may be harmful and cause potential toxic threats such as neurotoxicity and metabolic damage to 
crustaceans.   

1. Introduction 

Because of their effectiveness in controlling pests and crop diseases, 
pesticides have contributed significantly to global agricultural produc-
tion, and most importantly, pesticides have an increasingly high demand 
for food due to population growth (Strassemeyer et al., 2017; Tudi et al., 
2021). Neonicotinoids, a popular neurotoxic insecticide, specifically 
target nicotinic acetylcholine receptors (nAChRs) in the central nervous 
system (CNS) of arthropods (Zhang et al., 2018). In contrast to other 
insecticides, neonicotinoids are more efficient, stable and less toxic to 
vertebrates (Kagabu, 2011; Matsuda et al., 2005). Given the advantages 
of neonicotinoids, they have become the most widely used insecticide in 

more than 120 countries and dominate 30% of the pesticide market 
(Mahai et al., 2019; Zhang et al., 2020). However, many studies have 
recently reported that the widespread use of neonicotinoids can affect 
different species, such as rats (Rattus norvegicus) (Abd-Elhakim et al., 
2018), blue crabs (C. sapidus Rathbun) (Osterberg et al., 2012), bum-
blebees (Bombus spp.) (Tasman et al., 2020), and Mongolian racerunners 
(Eremias argus) (Wang et al., 2019b). Therefore, assessing the physio-
logical effects of neonicotinoids on different species in the environment 
can help determine the ecological risk of neonicotinoids. 

Thiamethoxam is a representative of the second-generation neon-
icotinoid and is among the most widely used neonicotinoid pesticides 
(Cheghib et al., 2020). In addition, thiamethoxam is the most soluble 
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neonicotinoid pesticide and has great leaching potential (Pietrzak et al., 
2019). Therefore, thiamethoxam can quickly enter other environmental 
media, especially surface water (Main et al., 2014). The occurrence of 
thiamethoxam has been detected more than once in the aquatic envi-
ronments of different countries, such as the USA (Miles et al., 2017), 
Australia (Sánchez-Bayo and Hyne, 2014), Poland (Drozdzynski, 2008), 
Japan (Yamamuro et al., 2019), Greece (Tsaboula et al., 2016) and 
China (Mahai et al., 2019). The concentrations of thiamethoxam 
monitored in the water environment were above the EU legislation 
standards (Pietrzak et al., 2019). The statistics revealed that the con-
centrations of thiamethoxam in global surface water ranged from 0.001 
to 225 µg/L (Morrissey et al., 2015). It is worth noting that the residual 
amounts of thiamethoxam in the aquatic environment would accumu-
late over time (Sánchez-Bayo et al., 2016). Furthermore, thiamethoxam 
is relatively stable in water, allowing it to have a half-life ranging from 
0 to 36.6 days in aquatic environments and even to remain stable for 
approximately 600 days at pH 7 (Borsuah et al., 2020; Pietrzak et al., 
2019). These properties of thiamethoxam have raised concern that it 
may pose a potential threat to aquatic animals (Malhotra et al., 2021). 
Previous studies have demonstrated that thiamethoxam exposure can 
induce oxidative stress in silver catfish (Rhamdia quelen) (Baldissera 
et al., 2018). Oxidative stress can account for the hepatotoxicity induced 
by thiamethoxam (Yan et al., 2016). As an agonist of nAChR in the 
nervous system, thiamethoxam can cause neurological disorders and 
systemic neurotoxicity by disrupting synaptic transmission in the ner-
vous system (Hladik et al., 2018). A toxicological study also showed that 
thiamethoxam presented neurotoxicity to zebrafish (Liu et al., 2018). 
Long-term exposure to thiamethoxam causes adverse effects on the 
endocrinium of Chinese rare minnow (Gobiocypris rarus) (Zhu et al., 
2019). The stability of thiamethoxam allows it to remain at high con-
centrations for several days after entering the aquatic environment, 
highlighting the need for evaluating the acute toxicity of high concen-
trations of thiamethoxam to aquatic organisms to better understand the 
mechanism and hence potential threats in aquatic ecosystem. 

Crustaceans and insects are arthropods with similar nervous systems, 
making them more vulnerable to thiamethoxam than other aquatic 
vertebrates (Fu et al., 2022b; Pisa et al., 2014; Uckun et al., 2021). 
Chinese mitten crab (Eriocheir sinensis) is a freshwater crustacean and 
plays an indispensable role in balancing aquatic food webs with rich 
nutrition and high economic value, making it popular as human food in 
Asian countries (Lei et al., 2021). At present, the cultivation mode of 
E. sinensis mainly includes pond culture and integrated rice-crab culture. 
However, the wide use of neonicotinoids in rice agriculture leads to the 
migration of pesticides into aquaculture water through overspray and 
surface runoff (Yamamuro et al., 2019), which significantly increases 
the risk of crab exposure to thiamethoxam. However, there is limited 
information on the acute toxicity of thiamethoxam on aquatic crusta-
ceans. As a critical means of assessing the physiological status of test 
animals, additional acute toxicological experiments are required to 
explore the adverse effects of thiamethoxam on crustaceans. 

Therefore, this study aimed to investigate the neurotoxicity and 
hepatotoxicity of acute thiamethoxam exposure in E. sinensis. For this, 
we explored the effects of thiamethoxam on oxidative stress, the 
biotransformation system, the immuno-inflammatory response, AChE 
activity and the expression of synaptic transmission-related genes in 
juvenile E. sinensis. This study was the first to investigate the neuro-
toxicity of thiamethoxam in crustaceans. More generally, the present 
study can help to evaluate the potential risk of thiamethoxam on non- 
target aquatic species and provide new insights into our understand-
ing of its adverse impact on crustaceans. 

2. Materials and methods 

2.1. Pesticide and reagents 

The neonicotinoid pesticide thiamethoxam (CAS No:153719–23–4, 

HPLC ≥98.0%) was purchased from Shanghai Yuanye Bio-Technology 
Co., Ltd. Acetone (HPLC, 99.7% purity) was provided by Sinopharm 
Chemical Reagent Co., Ltd. Due to the high solubility (48 g/L) of thia-
methoxam in acetone, different concentrations of thiamethoxam stock 
solution were prepared with acetone before the experiment to ensure the 
same amount of acetone (3 mL) in each group. To avoid photo-
degradation, the thiamethoxam stock solution was stored in a brown 
glass bottle at − 20 ℃. 

2.2. Experimental animals 

This experiment was carried out at the biological experimental sta-
tion of East China Normal University (500 Dongchuan Road, Shanghai, 
31◦03 ́N, 121◦46 ́E). All juvenile E. sinensis were provided by a com-
mercial farm in Chongming (Shanghai, China, 31◦62 ́N, 121◦39 ́E). To 
avoid the adsorption of thiamethoxam on plastic materials, the glass 
tank was chosen as the crab living space. Meanwhile, the crab shelter 
also uses brown glass tubes (15 cm long and 3 cm in diameter, with six 
pipes in each tank) to reduce fighting behavior among crabs. Before the 
experiment, 840 healthy and similar-size crabs (2.68 ± 0.02 g) were 
randomly placed in 24 glass tanks (30 cm × 40 cm×50 cm) with 35 crabs 
and 20 L aerated tap water per tank for domestication. During thiame-
thoxam exposure, the water temperature was controlled at 20–23 ℃, 
dissolved oxygen > 7 mg/L, pH 7.5 ± 0.5 and ammonia-N < 0.05 mg/L. 
The whole experimental process completely conformed to the standard 
of the Committee on the Ethics of Animal Experiments of East China 
Normal University (No. f20201001). 

2.3. Experimental design and sample collection 

A semi-static acute toxicity test was performed to verify the toxicity 
of thiamethoxam to crabs. Three treatments were involved in the 
experiment, each with six replicates. During the toxicity test, half of the 
cultured water was precisely renewed every 24 h, and the corresponding 
thiamethoxam stock solution was added simultaneously to maintain the 
concentration (Fu et al., 2022a; Uckun et al., 2021). Concentrations of 0 
µg/L (solvent control), 150 µg/L and 300 µg/L were set as a reference to 
the observed concentration of thiamethoxam in the aquatic environment 
(Morrissey et al., 2015). In addition, the experimental photoperiod was 
consistent with the natural photoperiod of crabs. Crabs were sampled at 
0 h, 24 h, 48 h and 96 h. Seven crabs were randomly selected from each 
tank and placed on ice for anesthesia. Subsequently, we obtained he-
molymph, hepatopancreas, and thoracic ganglia from these crabs. The 
hemolymph was centrifuged at 4000g for 10 min at 4 ◦C to obtain the 
serum and then stored at − 80 ◦C for biochemical assays. At the same 
time, the crab hepatopancreas and thoracic ganglia were collected, 
quickly frozen in liquid nitrogen and stored at − 80 ℃. The hepato-
pancreas was used for biochemical and molecular analysis, and the 
thoracic ganglia were used for molecular analysis. 

2.4. Biochemical analysis 

The hepatopancreas was weighed accurately and mixed with nine 
volumes (v/w) of ice-cooled 0.85% saline solution for homogenization 
(Lei et al., 2021). Afterwards, the mixture was centrifuged at 3500g 
(5415 R, Eppendorf, Germany) at 4 ◦C for 10 min, and then the super-
natant without the upper lipid layer was collected and stored at − 80 ◦C 
for further analysis. The total protein, total antioxidant capacity 
(T-AOC), malondialdehyde (MDA) content, superoxide dismutase 
(SOD), glutathione-S-transferase (GST) and acetylcholine esterase 
(AChE) were analyzed using commercial kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China). The activities of aminopyrine 
N-demethylase (APND) and erythromycin N-demethylase (ERND) were 
measured using a commercial ELISA kit provided by Shanghai FanTai 
Biotechnology Co., Ltd. 
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2.5. Gene expression analysis 

Total RNA was extracted from the hepatopancreas and thoracic 
ganglion using RNAisoTM Plus reagent (Takara, Dalian, Japan). RNA 
integrity and quality were detected by agarose gel electrophoresis and 
spectrophotometry. A Nano Drop 2000 spectrophotometer (Thermo, 
Wilmington, USA) was used to determine the purity and concentration 
of total RNA and made the samples conform to the standard of the ratio 
of A260/280 from 1.8 to 2.0. According to the manufacturer’s protocol, 
the samples that met the criteria were selected for reverse transcription 
using HiScript III RT SuperMix for qPCR (+gDNA wiper) (Vazyme 
Biotech Co., Ltd., Nanjing, China) and stored at − 80 ℃. The expression 
levels of immune- and inflammation-related genes in the hepatopan-
creas and neurotransmission-related genes in the thoracic ganglion were 
detected by the CFX96 Real-Time PCR system (Bio-Rad, Richmond, CA) 
using ChamQ™ Universal SYBR® qPCR Master Mix (Vazyme Biotech 
Co., Ltd., Nanjing, China). β-actin and S27 were selected as the internal 
controls owing to their stability. All primers are shown in Table 1. 

2.6. Data analysis and statistics 

Statistical data were all analyzed by using SPSS 22.0 (SPSS, Chicago, 
IL, USA) and are represented as the means ± SEMs (standard error of the 
mean). All data were tested for normality and homogeneity of variance 
before analysis. One-way analysis of variance (ANOVA) with Tukey’s 
honestly significant difference test (Tukey’s HSD) was used to test all 
experimental results. A significant difference was defined when P <
0.05. 

3. Results 

3.1. Antioxidant and detoxification capacity in the hepatopancreas 

As shown in Fig. 1, the crabs of the exposure groups showed mark-
edly higher enzyme activity of SOD than the control group at 48 h and 
96 h (P < 0.05, Fig. 1A). Similarly, the T-AOC level in the 300 µg/L 
group was remarkably higher than that of the control after 24 h (P <
0.05, Fig. 1C). The MDA content in the exposure groups was signifi-
cantly lower than in control after 24 h (P < 0.05, Fig. 1E). 

In addition, the activities of the phase I detoxifying enzymes APND 
and ERND presented an increasing trend after 24 h and were highest in 
the 300 µg/L group (P < 0.05; Fig. 1B and D). A similar trend was found 

in the phase II detoxifying enzyme GST activity after 48 h (P < 0.05; 
Fig. 1F). 

3.2. Immune and inflammatory response 

The gene expression levels of the antibacterial peptides ALFs and 
LZM in the 300 µg/L group were significantly upregulated compared 
with the control group after 24 h, and transcription of crustin was 
significantly upregulated after 48 h (P < 0.05 Fig. 2 A-E). Similarly, the 
gene expression of proPO in exposure groups was significantly upregu-
lated compared with the control after 48 h (P < 0.05 Fig. 2 F). 

In addition, the gene expression levels of Toll-like receptors 
(including TLR1 and TLR2) and LITAF in the 300 µg/L group were 
significantly upregulated compared with the control after 24 h 
(P < 0.05 Fig. 3A, B and G). Similarly, the gene expression levels of 
Myd88 and relish in the 300 µg/L group were significantly upregulated 
compared with the control after 48 h (P < 0.05 Fig. 3 C and D). How-
ever, the mRNA expression of ADAM17 and P38 MAPK showed the 
opposite trend (P < 0.05 Fig. 3E and F). 

3.3. Neurotoxicity 

The gene expression of DA 1AR in the 300 µg/L group was signifi-
cantly upregulated compared with the control group after 48 h 
(P < 0.05, Fig. 4 A). On the other hand, the gene expression levels of DA 
2 R, GABA-1AR, GABA-2BR and 5HT-2BR in the 300 µg/L group were 
significantly downregulated compared with the control at 24 h and 96 h 
(P < 0.05, Fig. 4 B, C, D and F). Meanwhile, the gene expression levels of 
5HT-1BR and 5HT-7R in the 300 µg/L group were significantly down-
regulated compared with the control after 24 h (P < 0.05, Fig. 4 E and 
G). Moreover, AChE activity was significantly decreased compared with 
the control group when crabs were exposed to 300 µg/L thiamethoxam 
for 96 h (P < 0.05, Fig. 4 H). 

4. Discussion 

The aquatic environment is easily polluted by external contaminants, 
many of which pose a potential threat to aquatic animals. Neon-
icotinoids, one of the pollutants commonly detected in water, are known 
to induce ROS production (Habotta et al., 2021; Lohiya et al., 2017). 
Meanwhile, oxidative stress levels are often used to assess the patho-
genesis of neurotoxic insecticides (Cermak et al., 2018). In this study, 

Table 1 
Primer pair sequences of the genes used for qPCR.  

Genes Primer sequence forward (5′ − 3′) Primer sequence reverse (5′ − 3′) 

Crustin GGCTTCTTCGAACCACCCAA GCTTGCAGACATGTTCACCG 
Lysozyme ATGATGCGTGTGATCTGCCT CATGACGCATCCATCGCTTG 
ALF1 GCTGGCTGGACCGGATTATT ATCACACGGGTGTTGCAGAT 
ALF2 TGTCACCCCGCCTCATTAAG GTCAGAGACTCCCCCTGGAT 
ALF3 TCTATGGCACAACGACACCG TGCCCTCGTGGTACAATTCC 
proPO GGAACACTCGGGACTTCGAG TATACCTGAAGGGGCGGTGA 
TLR1 CTCCTTCACCTGCCCTAACTGCT CTCCAGTTTGTATTGCTGTGCGAAA 
TLR2 CATTGATTGCTCTTACCTGAACCTA CTGCAAGCTATCTAGGCTCGTTAAG 
Myd88 GCCATCGCAGTCGCCAAGTT GGCATCCTGTTCATCCAGTTCTGAC 
Relish TCAGGATTCGGTGGCAACTC ATCTGCACTTGGACCGATGG 
LITAF TAAAGGCAAGGGAGGCTTCG GAATGGAGCTTGAGGTGGCA 
P38-MAPK TGGGAGGTGCCCAAGAGATA TGGTGTTTGTTTTGGCGTCC 
ADAM17 GATGTCCGCAACCTGCTAGA CAGGATGCCCCCTTCAAACT 
DA 1AR CCGGACAGCTCCACCAAAGT AGGGCAGCCAGCACACGATA 
DA 2 R TGCTATTATCTGGGTGGTGT ATGATGAAGTCTGCGTTGTG 
GABA 1AR CTGAGCGATTGAGCCAGAAG TGTACTTGTGCCAGCGGTAG 
GABA 2BR GTTGCATTATGACCGACCTCC ACGCCATCATACGTGTAGCC 
5-HT 1BR GCCAGGAAGCGCATCAGACGCA GGGTGAGGGCTGAGAGGACAT 
5-HT 2BR AGGCGACGAAGGTTCTGGGTGTGGT ACCAGGTTGATCATCTCCTCCCCGA 
5-HT 7 R ATCATTATGAGCGCCTTCGT AGGCACAGAGTCTCCTGGAA 
β-actin TCATCACCATCGGCAATGA TTGTAAGTGGTCTCGTGGATG 
S27 GGTCGATGACAATGGCAAGA CCACAGTACTGGCGGTCAAA  

Y. Yang et al.                                                                                                                                                                                                                                    



Ecotoxicology and Environmental Safety 249 (2023) 114399

4

the antioxidant enzyme activity and total antioxidant capacity of juve-
nile crabs were significantly increased after thiamethoxam exposure for 
24 h, which indicates the generation of superoxide anion. Therefore, 
thiamethoxam exposure may increase the risk of oxidative stress in 
E. sinensis. Similar results were observed in Apis mellifera (Bad-
iou-Bénéteau et al., 2012) exposed to thiamethoxam and Danio rerio (Wu 
et al., 2018) exposed to imidacloprid for 96 h. As an indicator of lipid 
peroxidation, MDA can be a biomarker to reflect the effect of pollutants 
(Yan et al., 2016). We noted that the MDA content decreased signifi-
cantly with the activation of the antioxidant system. This may be 
because the activation of antioxidant defense systems after thiame-
thoxam exposure could minimize ROS-induced oxidative damage. 

Detoxification and antioxidative capacity can synergistically protect 
organisms from oxidative damage and tissue-specific injury induced by 

pesticides (Yan et al., 2016). Moreover, as a vital detoxifying organ for 
E. sinensis, the hepatopancreas can convert and metabolize xenobiotics 
(Zhang et al., 2019). As a superfamily of monooxygenases, cytochrome 
P450 (CYP450) is involved in the phase I detoxification process to 
metabolize drugs and xenobiotics (Wang et al., 2020). APND and ERND, 
members of the CYP450 family, are regulated by the cyp2 and cyp3 
genes, respectively (Hong et al., 2020). Afterwards, the phase II detox-
ification enzyme GST could transform phase I products into more soluble 
compounds for further excretion (Deng et al., 2018; Wang et al., 2020). 
Both CYP450 and GST play a critical role in the detoxification of crus-
taceans owing to their sensitivity to xenobiotics (Lee et al., 2019; Liu 
et al., 2020), and the activities of detoxifying enzymes are often used as 
biomarkers to evaluate environmental toxins (Han et al., 2017; Yan 
et al., 2016). In the present study, the activities of both phase I (APND 

Fig. 1. Thiamethoxam exposure impacts the oxidative stress response and biotransformation system in the hepatopancreas of Eriocheir sinensis. (A) superoxide 
dismutase (SOD); (B) total antioxidant capacity (T-AOC); (C) malondialdehyde (MDA); (D) aminopyrine N-demethylase (APND); (E) erythromycin N-demethylase 
(ERND); (F) glutathione-S-transferase (GST). Error bars represent the mean ± SEM (n = 6). Different letters represent significant differences (P < 0.05) among 
groups at a timepoint. 
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and ERND) and phase II (GST) detoxifying enzymes were significantly 
increased after thiamethoxam exposure for 24 h. Similarly, previous 
studies have reported that the activities of phase I detoxifying enzymes 
in E. sinensis (Hong et al., 2020) were significantly increased after imi-
dacloprid exposure, and the activities of phase II detoxifying enzymes 
were significantly increased in D. rerio (Yan et al., 2016) after thiame-
thoxam exposure. Although detoxifying enzymes can scavenge ROS, the 
enhancement of antioxidant capacity indicated that ROS might be low. 
Therefore, we hypothesize that the increased activities of detoxifying 
enzymes may play a protective role in response to further damage, 
which is beneficial for improving the adaptability of organisms to 
environmental stresses (van der Oost et al., 2003). For crustaceans, the 
activation of the antioxidant system and biotransformation system 
might be an adaptive mechanism to environmental pollutants stress. 

ROS-induced oxidative stress can cause inflammatory responses, 
which are closely related to the immune system (Limbu et al., 2018). As 
a sensitive target of various pesticides, the immune system has been 
regarded as a critical indicator in evaluating the toxicity of neon-
icotinoids. Crustaceans lack adaptive immunity and need to rely on 

nonspecific immunity to prevent the invasion of pathogens, and anti-
microbial proteins are crucial in this process (Qi et al., 2021). Antibac-
terial peptides LZM, Crustins and ALFs are small peptides widely 
involved in the antibacterial and antiviral responses in crustaceans (Han 
et al., 2020; Yang et al., 2019a). In addition, the proPO system is also 
involved in the nonspecific immune response by activating phenol oxi-
dase (Lin et al., 2007). In this study, the transcription levels of antimi-
crobial peptide-related genes (ALF1, ALF2, ALF3, LZM and Crustin) and 
proPO gene were upregulated in the treatment groups after 24 h expo-
sure to thiamethoxam. A similar result was reported in bumblebees after 
imidacloprid exposure (Simmons and Angelini, 2017). Our finding 
suggested that nonspecific immunity was activated within a relatively 
short time upon a high concentration of thiamethoxam exposure. Thus, 
we speculate that the immune system activation may be the hormesis or 
acute stress reaction in response to thiamethoxam exposure, while 
immunosuppression may appear under higher concentration or pro-
longed exposure to thiamethoxam. 

Thiamethoxam exposure activates the antioxidant and immune sys-
tems, which might induce inflammatory responses. Based on this, we 

Fig. 2. Thiamethoxam affects the nonspecific immunity of exposed Eriocheir sinensis. The gene expression of (A) ALF 1: anti-lipopolysaccharide; (B) Lysozyme (LZM); 
(C) ALF 2: anti-lipopolysaccharide; (D) Crustin; (E) ALF 3: anti-lipopolysaccharide; (F) prophenoloxidase (proPO). Error bars represent the mean ± SEM (n = 6). 
Different letters represent significant differences (P < 0.05) among groups at a timepoint. 
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Fig. 3. Acute exposure to thiamethoxam induces an inflammatory response in Eriocheir sinensis. The gene expression of (A) toll-like receptor 1 (TLR1); (B) toll-like 
receptor 2 (TLR2); (C) myeloid differentiation factor 88 (MyD88); (D) Relish; (E) p38 mitogen-activated protein kinases (p38 MAPK); (F) a disintegrin and metal-
loprotease 17 (ADAM 17); (G) lipopolysaccharide-induced TNF-α factor (LITAF). Error bars represent the mean ± SEM (n = 6). Different letters represent significant 
differences (P < 0.05) among groups at a timepoint. 
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Fig. 4. Thiamethoxam perturbs synaptic transmission and the cholinergic system in Eriocheir sinensis. Relative (A) DA 1 AR: DA 1A receptor; (B) DA 2 R: DA 2 
receptor; (C) GABA-1AR: gamma-aminobutyric acid 1A receptor; (D) GABA-2BR: gamma-aminobutyric acid 2B receptor; (E) 5HT-1BR: 5-HT 1B receptor; (F) 5HT- 
2BR: 5-HT 2B receptor; (G) 5HT-7R: 5-HT 7 receptor mRNA expression in the thoracic ganglia; (H) AChE activity. Error bars represent the mean ± SEM (n = 6). 
Different letters represent significant differences (P < 0.05) among groups at a timepoint. 
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further evaluated the effect of thiamethoxam on inflammatory signaling 
pathways in juvenile crabs. TLRs, a kind of pattern recognition receptor 
(PRR), can interact with MyD88 and then activate nuclear transcription 
factor κB (NF-κB) and LITAF (Atzei et al., 2010; Myokai et al., 1999). As 
transcription factors, both relish (one of the NF-κB family members) and 
LITAF can upregulate the expression of tumor necrosis factor-alpha 
(TNF-α) and lead to inflammation (Huang et al., 2008). In the present 
study, thiamethoxam exposure for 24 h significantly upregulated the 
expression levels of TLR1, TLR2, MyD88, Relish and LITAF, indicating 
that thiamethoxam exposure might induce inflammation in juvenile 
E. sinensis via NF-κB signaling pathway. 

In addition, as a member of the MAPK pathway, P38-MAPK could 
activate ADAM17 to regulate the inflammatory response (Scheller et al., 
2011). However, the transcript levels of P38-MAPK and ADAM17 were 
downregulated by exposure to thiamethoxam. As shown in Fig. 5, 
thiamethoxam activated the NF-κB signaling pathway, whereas the 
P38-MAPK-ADAM17 pathway was inhibited. These differential results 
suggested that NF-κB pathway may be the leading cause of inflammation 
induced by a high concentration of thiamethoxam exposure rather than 
through P38-MAPK pathway. Similar results happened in rats under 
acetamiprid exposure (Alhusaini et al., 2019). However, the activation 
of NF-κB pathway was negatively regulated by clothianidin, thus 
enhancing the damage of pathogen to honey bees (Di Prisco et al., 2013). 
A possible explanation is that the responses to neonicotinoids vary 
depending on multiple variables such as species-specific responsiveness, 
the difference between pesticides and different concentration gradients. 

Studies have reported that inflammation, adverse biochemical re-
actions and abnormal behavior may be associated with the adverse ef-
fects of neonicotinoids on the cholinergic system in the CNS (Duzguner 
and Erdogan, 2010; Hirano et al., 2018). However, there is little 
research on the nervous system of aquatic animals, and the mechanisms 
of neurotoxicity remain unclear. As an important component of the 
cholinergic system, AChE can modulate the transmission of nerve im-
pulses by hydrolyzing excess ACh in the synaptic cleft (Schmidel et al., 
2014). Moreover, the alteration of AChE activity has been regarded as 
one of the most important biomarkers of neurotoxicity due to its hy-
persensitivity to the neuromodulator neonicotinoids (Franco-Martinez 
et al., 2016; Palmer et al., 2013). A previous study suggested that 
neonicotinoids may disrupt the balance of the cholinergic system, which 
changes the activity of AChE (Houchat et al., 2020). ACh accumulates in 
the synaptic cleft if the activity of AChE is inhibited, leading to an 
increased risk of neurotoxicity in the CNS (Dutta and Arends, 2003). In 
this study, AChE activity decreased when crabs were exposed to thia-
methoxam for 96 h, and the AChE activity in 300 µg/L group was 
significantly decreased compared to the control group, implying the 
induction and trigger of neurotoxicity. Similarly, a study of electric eel 

showed that four neonicotinoids, including thiamethoxam, all reduced 
AChE activity in a concentration-dependent manner (Győri et al., 2017). 
Excessive Ach caused by the inhibition of AChE activity overstimulates 
nAChRs and even induces hepatotoxicity (Katić et al., 2021; 
Suarez-Lopez et al., 2019), which may associate with the observation of 
the above results. 

Neurotransmitter signaling and neurotransmitter receptors mediate 
synaptic transmission (Trinidad et al., 2013). Serotonin (5-HT), dopa-
mine (DA) and gamma-aminobutyric acid (GABA) are three critical 
neurotransmitters in the neuroendocrine system, regulating behavioral 
and physiological processes related to the survival of individuals (Zhang 
et al., 2021). It has been shown that neonicotinoids unbalance the 
monoamine system by promoting DA release (Besson et al., 1969; Faro 
et al., 2012). Imidacloprid exposure could influence the levels of neu-
rotransmitters containing 5-HT, DA and GABA in rats (Abd-Elhakim 
et al., 2018). In this study, although 300 µg/L thiamethoxam exposure 
significantly upregulated the expression level of DA 1AR-mRNA, the 
transcription levels of DA 2 R, GABA-related receptors and 5-HT-related 
receptors gene were all significantly downregulated. A previous study 
reported that the mode of action of thiamethoxam is to increase the 
content of ACh to promote its binding to nAChRs, which induces the 
release of DA (Wang et al., 2019a), and clothianidin also elevates the 
level of DA through the activation of nAChRs in rat striatum(Faro et al., 
2012). This may be one of the reasons for the high expression of DA 1AR. 
The serotonin receptor system performs vital roles in immune response, 
fighting behavior and food intake. For instance, 5-HT can modulate the 
immune response after binding to 5-HT 1 R (Jia et al., 2018), and the 
fighting ability of crayfish decreases with the injection of an antagonist 
of 5-HT 1 R (Yang et al., 2019b). When combined with 5-HT 7 R, 5-HT 
can modulate intestinal peristalsis to stimulate digestion and absorp-
tion (Tonini et al., 2005), and at the same time, 5-HT 2BR can also 
mediate food intake (Pratt et al., 2016). The consistent downregulated 
expression of 5-HT-related receptor genes might imply multiple effects 
of thiamethoxam on the physiological functions of juvenile E. sinensis. In 
addition, GABA is a typical inhibitory neurotransmitter in the CNS and 
can activate GABA receptors to suppress the activation of NF-κB to 
attenuate the inflammatory response (Li et al., 2016). Therefore, thia-
methoxam adversely impacts the GABA pathway by downregulating the 
expression of GABA receptors, which may account for the activation of 
the NF-κB pathway induced by thiamethoxam in the present test. 
Nevertheless, aberrant expressions of DA, 5-HT, and GABA-related re-
ceptors suggest that thiamethoxam exposure has affected neurotrans-
mission processes, triggering downstream cascade neurotoxicity. 
However, the subsequent process and potential mechanism need further 
study. 

Fig. 5. Heatmap analysis of the gene expression associated with inflammatory pathways at 96 h. Each box represents the differential expression abundance of a gene 
in the three treatments. The mRNA abundances are color coded, with red indicating upregulation and blue indicating downregulation. 
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5. Conclusion 

This study is the first to explore the toxic mechanism of thiame-
thoxam on crustacean E. sinensis through hepatotoxicity and neurotox-
icity. Thiamethoxam exposure could cause hepatotoxicity in E. sinensis 
through oxidative stress, metabolic impairments, immune response and 
inflammation. Acute thiamethoxam exposure activated the antioxidant 
and biotransformation systems, including the phase I and II biotrans-
formation systems. Simultaneously, thiamethoxam remarkably elevated 
the expression of immune-related genes and stimulated inflammatory 
responses via the NF-κB pathway. In addition, we initiated an explor-
atory study on the effect of thiamethoxam on the nervous system of 
E. sinensis. Our study showed that thiamethoxam exposure could induce 
neurotoxicity by inhibiting acetylcholinesterase activity and down- 
regulating transcriptional levels of synaptic transmission-related genes 
affecting the synaptic transmission process. In general, the physiological 
changes of E. sinensis observed in this study may provide a reference for 
further research on the physiological effects of thiamethoxam on other 
aquatic invertebrates. Because thiamethoxam is still widely used in 
agriculture in the future, more research is required to explore the so-
lution to alleviate the adverse effects of thiamethoxam on aquatic or-
ganisms. This study could point out directions for assessing the risk of 
thiamethoxam to aquatic organisms and provide a theoretical basis. 

CRediT authorship contribution statement 

Yiwen Yang: Conceptualization, Methodology, Investigation, Data 
curation, Visualization, Writing – original draft, Formal analysis. 
Qiuran Yu: Formal analysis, Methodology, Investigation. Cong Zhang: 
Formal analysis, Methodology, Writing – review & editing. Xiaodan 
Wang：：Methodology, Writing – review & editing. Long He and Yuxing 
Huang: Methodology, Formal analysis, Investigation. Erchao Li: 
Conceptualization, Methodology, Writing – review & editing. Jian-
guang Qin：：Conceptualization, Methodology, Writing – review & 
editing. Liqiao Chen: Conceptualization, Resources, Project adminis-
tration, Funding acquisition, Supervision, Writing – review & editing. 

Declaration of Competing Interest 

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

Data availability 

Data will be made available on request. 

Acknowledgements 

This work was supported by grants from the Research and Devel-
opment Project in Key Areas of Guangdong Province 
(2020B0202010001), National Key R&D Program of China 
(2018YFD0900400), China Agriculture Research System of MOF and 
MARA (CARS-48), the National Natural Science Foundation of China 
(No. 32072986) and Agriculture Research System of Shanghai, China 
(202204), Opening Fund of Key Laboratory of Sichuan Province for 
Fishes Conservation and Utilization in the Upper Reaches of the Yangtze 
River (No. NJTCCJSYSYS01). 

References 

Abd-Elhakim, Y.M., et al., 2018. Imidacloprid impacts on neurobehavioral performance, 
oxidative stress, and apoptotic events in the brain of adolescent and adult rats. 
J. Agric. Food Chem. 66, 13513–13524. 

Alhusaini, A., et al., 2019. Mitigation of acetamiprid – induced renotoxicity by natural 
antioxidants via the regulation of ICAM, NF-kB and TLR 4 pathways. Pharmacol. 
Rep. 71, 1088–1094. 

Atzei, P., et al., 2010. Cactin Targets the MHC Class III Protein IκB-like (IκBL) and 
Inhibits NF-κB and Interferon-regulatory Factor Signaling Pathways. The. J. Biol. 
Chem. 285, 36804–36817. 
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