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ARTICLE INFO ABSTRACT

Keywords: Emamectin benzoate (EMB) is a pesticide that is frequently used. Nanoplastics (NPs) are a recently identified
Emamemfl benzoate class of pollutants that are ubiquitous in the environment. In the aquatic environment, NPs can appear together
Nanoplastics with EMB, which may exacerbates the damage to water and aquatic organisms. However, the damage and
Fish epidermal cells . 11 e . . .

PANoptosomes mechanism of EMB and NPs to the gill tissue of common carp (Cyprinus carpio) remain unclear. Therefore, an
PANoptosis EMB or/NPs exposure model was constructed to explore the mechanism of EMB or/NPs exposure on carp gill

damage. This study was done by immunofluorescence, RT-qPCR, Western blot and other methods. Both in vitro
and in vivo data indicated that EMB or NPs exposure could lead to gill tissue destruction, oxidative stress with the
increased of ROS fluorescence intensity, MDA and H3O; content, and the decreased CAT and GSH-PX activity,
and the activation of MAPK pathway. Subsequently, PANoptosomes were activated with the up-regulated mRNA
and protein expression of RIPK-1, Caspase-1,NLRP3, ACS, RIPK-3, Caspase-8, resulting in PANoptosis including
the increased GSDMD, Caspase-3, MLKL expression. Notably, the results following combined exposure were more
pronounced than those observed following exposure alone. The addition of N-acetylcysteine (NAC) and 3-meth-
ylindole (3-MI) further evidenced that EMB or/and NPs exposure can induce gill damage via the ROS/MAPK/
PANoptosis pathway. Therefore, the present study reveals that EMB or/NPs exposure induces PANoptosis in carp

gill by activating ROS/p38/MAPK signaling.

1. Introduction

In recent years, health problems of pesticide residues have been
received more attention in public. Emamectin benzoate (EMB) is a
natural product which is isolated from soil microorganisms and belongs
to the abamectin family of macrolide pesticides (White et al., 1997).
EMB is widely used in agriculture and aquaculture, which easily enter
water in many ways (Gu et al., 2023). In addition, EMB has a half-life of
100-400 days in sediments (Benskin et al., 2014; Strachan and Kennedy,
2021). The maritime benthic species Corophium and Arenicola have re-
sidual EMB levels of 0.115 mg/kg and 0.056 mg/kg, respectively (Telfer
et al., 2006). Because EMB is lipophilic, it can pass through nuclear and
cellular membranes more easily, which makes it harmful to mammals
(Bi et al., 2023). Consequently, the findings show that the chemical
causes mitochondrial apoptosis, which is hazardous in human bronchial
epithelial cells (16HBE) (Niu et al., 2020). High doses of EMB have been
shown to be neurotoxic in rats (Niu et al., 2020; Noshy and Azouz,

2021). Additionally, a recent study evaluated the genotoxicity and
cytotoxicity of EMB to normal human hepatocytes (QSG7701 cell line) in
vitro (Zhang et al., 2017). It was suggested that EMB exposure caused
overproduction of reactive oxygen species (ROS), DNA damage, and
aberrant mitochondrial distribution (Wang et al., 2023). In addition,
EMB resulted in decreased cell viability, which was accompanied by
induced apoptosis of Caco-2 cells, suggesting that EMB was cytotoxic to
cultured Caco-2 cells (Yue et al., 2024). Although EMB has been shown
to be toxic to a wide range of tissues and cells, the mechanism of EMB
toxicity to the gills of common carp (Cyprinus carpio) is poorly reported.
Given that gill lamellae consist of only a single layer of epithelial cells,
fish gill tissue and fish epithelial cells (EPCs) were selected in this study
to establish in vivo and in vitro models for follow-up studies (Yilong,
1997).

Emerging is the notion of PANoptosis, which emphasizes the coor-
dination and communication among three types of programmed cell
death: necrotic apoptosis, apoptosis, and pyroptosis (Malireddi et al.,
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2019; Samir et al., 2020). PANoptosome is a key molecule in pyroptosis,
apoptosis and/or necrotic apoptosis, while participating in and
providing molecular scaffolding (Wang and Kanneganti, 2021). Drpl
has been reported to mediate the production of mitochondrial ROS
during the development of glaucoma, leading to the imbalance of the
redox system and ultimately PANoptosis (Zeng et al., 2023). Research
has found that triptolide-induced PANapoptosis was associated with
mitochondrial dysfunction and ROS production (Zhang et al., 2023). In
addition, the family of mitogen-activated protein kinases is essential for
controlling both apoptosis and cell division. In a study, TLR9 was shown
to activate PANapoptosis through the p38/MAPK pathway (Zhou et al.,
2022). Study of Lan showed that PANapoptosis induced by cerebral
ischaemia-reperfusion (I/R) can be attenuated by upstream regulators of
the MAPK pathway (Lan et al., 2024). Moreover, an increase in intra-
cellular ROS leads to activation of ERK, JNK and p38/MAPK (Son et al.,
2011). Lactic acid has been shown to adjust ROS, trigger the p38/MAPK
signaling pathway, and promote differentiation of C2C12 cell differen-
tiation (Cheng et al., 2024). Secondly, it has been shown that poly-
phyllin VII can cause HepG2 cells to undergo apoptosis by producing
ROS, which in turn causes mitochondrial malfunction and activates the
MAPK pathway in response to mitogen-activated protein kinase stimu-
lation (Zhang et al., 2016). Selenium caused neutrophil apoptosis and
necrotic apoptosis in carp and reduced the inhibitory effect of tetra-
bromobisphenol A (TBBPA) on extracellular traps (NETs) release by
controlling ROS/MAPK-pathologically (Gong et al., 2023). di-(2-ethyl-
hexyl) phthalic acid (DEHP) can mediate pyroptosis of L8824 cells
through the ROS/MAPK/NF-«B signaling pathway (Cai et al., 2023a,
2023b). These findings indicate that stimulation of the ROS/p38/MAPK
pathway can cause PANoptosis.

At present, one of the most environmentally dangerous nano-
materials on the market is nanoplastics (NPs) (Gonzalez-Fernandez
et al., 2021). Over the past ten years, aquatic ecosystems have also been
detected NPs, which are particles smaller than 100 nm (Ter Halle et al.,
2017). It has been reported that NPs can affect reproduction, fertilisa-
tion, embryogenesis, neuronal and motor activity, and immunity,
thereby inducing oxidative stress (Gonzalez-Fernandez et al., 2018;
Sendra et al., 2020; Tallec et al., 2020; Zhang et al., 2020). NPs exposure
can induce oxidative stress, which in turn activates the MAPK signaling
pathway and induces programmed cell death (Wang et al., 2022; Chen
et al., 2023a, 2023b). Currently, NPs and EMB contamination often co-
occur in the environment (Ye et al., 2022). However, It is unclear that
the combination of EMB and NPs exposure on the type of damage to carp
gill cells and toxicological damage through the specific mechanism of
ROS/P38/ERK/JNK. Therefore, we established the gill tissue and
Epithelioma papulosum cyprini (EPC) cell models of EMB/NPs in carp.
Cell viability was assessed in relation to EMB and NPs using the CCK-8
technique. The existence of oxidative stress was determined by
measuring oxidative stress markers (ROS, MDA, CAT, H,0,) and anti-
oxidant enzyme activity (GPx) in the cells. Additionally, to ascertain the
precise amount and ratio of necrosis and apoptosis under EMB/NPs by
AO/EB and flow cytometry, and western blotting were used to deter-
mine the expression levels of genes associated with the P38/ERK/JNK
pathway and the PANoptosome complex (NLRP3, ASC, Casl, Cas8,
RIPK-1, RIPK-3). Our research aims to raise public awareness of the
dangers that pesticides pose to fish, aquatic life and the environment. It
also aims to shed light on the precise relationship between cell damage
and combined exposure to EMB and NPs, as well as to offer new insights
into the toxicological mechanism of pesticides on the ROS/P38/ERK/
JNK axis in fish.

2. Materials and methods
2.1. Carp models

All procedures in this study strictly followed the instructions of the
Animal Care and Use Committee (SRM-11) of Northeast Agricultural
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University. EMB (purity >95 %) and NPs (approximately 100 nm, 25
mg/mL) were purchased from Shanghai yuanye Bio-Technology Co.,
Ltd. and Zhongke Yannuo New Material Technology Co., Ltd., respec-
tively. Sixty healthy carp were randomly divided into four groups:
control group, EMB group (2.4 ug/L in water), NPs group (500 pg/L in
water), and EMB + NPs group (with drug contents of 2.4 pg/L and 500
pg/L, respectively) (Kumar et al., 2022; Junaid et al., 2024; Abarghouei
etal., 2021). The carps were fed twice a day and add EMB and NPs to the
water according to the dosage. On the 31st day, each group of carp was
euthanized to obtain gill tissue. Subsequently, a portion of the gill
samples were washed with ice PBS and fixed in 4 % paraformaldehyde
(PFA), while the other portion was stored at —80 °C for other
experiments.

2.2. Hematoxylin and eosin (H&E) staining

The gill tissue was fixed for a minimum of 24 h in 4 % para-
formaldehyde (Biosharp, China). The gills were cut off (n = 3) and
stained with H&E.

2.3. The DUTP-biotin notch end marking (TUNEL) test

A TUNEL test kit (C1086, Beyotime) was used for TUNEL staining in
accordance with the instructions. The cells were treated with protease K
and H,04 respectively. The test was carried out according to Zhao (Zhao
et al., 2021) method and reagent manufacturer’s instruction. DAPI was
used to nucleate fish gills.

2.4. Cell treatment

After removing the fish epidermal cells (EPCs) stored in laboratory
liquid nitrogen, immediately immerse the cell freezing tube in sterile
solution. The melted cell suspension was placed in L15 medium
(11,415,064, Gibco) containing 10 % FBS (1,705,124, VivaCell,
Shanghai, China) and 1 % penicillin methicillin (Beyotime, China), and
cultured in a constant temperature incubator at 28 °C. The ROS inhibitor
N-acetyl-l-polyacetate (NAC, A7250) was acquired by Solarbio Tech-
nology in China. The activator 3-methylindole (3-MI, HY-W007355) was
purchased from MedChemExpress in China.

2.5. Cell counting kit (CCK-8)

Cell viability was measured using a cell counting kit (CCK-8, St.
Biotechnology, Shanghai, China). Fish epithelial cells were incubated
for 3 h in 96 well plates (5 x 104 cells/mL) at 28 °C. Concentration
gradients for EMB and NPs have been determined. The concentration
gradient of the EMB is 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 pM. 2 uM EMB
was selected as the concentration of exposure (the cell survival rate was
80.127 %). NPs concentration gradient: 0, 10, 30, 50, 70, 90, 110, 130,
150 pg/mL. 70 pg/mL NPs was selected as the concentration of exposure
(the cell survival rate was 70.004 %). Select 2 uM EMB for interaction
with various NPs concentrations. NPs concentration gradient: 0, 30, 40,
50, 60, 70, 90, and 100 pg/mL. After adding the medium containing the
above concentrations of EMB and NP for 24 h, discard the original
medium, and the medium containing 10 % CCK-8was inserted into every
well. Following 30 min of room temperature incubation, the absorbance
of the 96 well plates was measured at 450 nm. The survival rates were as
follows: (CT - blank CT) / (control well CT - blank well CT) x 100 %.

2.6. Oxidative stress

The treated gill tissue was collected in a centrifuge tube, centrifuged
for 3 min at 3000 rpm/min, and the cells were resuspended with 500 pL
PBS. Different groups of gill tissues were measured with ultrasound. The
concentration of GSH-PX, CAT, MDA and H,O, were measured with a
commercial kit (Nanjing Jiancheng Institute of Biological Engineering).
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The gill tissues of different groups were separated by ultrasonic method.
Specific tests have been carried out as instructed by the manufacturer.

2.7. ROS test

The ROS kit (Nanjing Jiancheng Institute of Biological Engineering)
was used for fluorescence labeling and analysis of ROS in the four
groups. After the treatment, the EPC cells in 6 well plates were separated
by trypsin without EDTA, and then washed with PBS twice. After 30
min, the EPC cells were again suspended in L15 media with 10 pM
DCFH-DA probes. The flow pictures were taken using Thermo Fluores-
cence Microscopy (USA) and CellSens Standard (OLYMPUS, Japan).
Fluorescence intensity was analysed using Image J software.

2.8. Western blot analysis

The target gene expression levels in EPC and gills treated with NPs
and EMB were measured using western blot. Four groups of the total
extracted proteins were then subjected to electrophoresis (Miao
et al.2022). NC membranes received the proteins that had been sepa-
rated on the surface. After sealing the membrane for 1.5 h at 37 °C in
skim milk, the main antibody was left to incubate overnight, and the
secondary antibody was left to incubate for 45 min. P38, p-JNK, p-ERK,
RIPK-1, RIPK-3, Caspase-3, Caspase-9, MLKL, NLRP3, GSDMD, IL-18
and p-actin were the antibodies used in this investigation shown in
Table 1. The strips were then visualized using Azure Imaging Biosystem
and ECL (Meilunbio). p-actin served as the reference standard for the
analysis of each protein’s expression.

2.9. RNA isolation and RT-gPCR

Using the Trizol technique (Takara, Japan), total RNA was extracted.
To summarize, each sample was extracted with 1 ml of Trizol, combined
with 400 pl of chloroform, and allowed to stand for 8 min before being
centrifuged for 15 min to remove the supernatant and add 75 % DEPC
ethanol. After centrifuging for 10 min, 40 pL. DEPC water was added, and
reverse transcription was carried out according to the directions
included in the kit (TransGen Biotech). 1 pL of RNA was used for reverse
transcription. The sequence of primers is shown in Table 2. The 2-AACT
method was used to analyze the relative changes in target gene
expression at mRNA level.

2.10. AO/EB staining

The manufacturer’s instructions for staining AO/EB were followed
when cultivating fish epithelials in L15 media for a full day following
treatment (SenBeiJia Biological Technology, Nanjing, China). To sum-
marize, after 15 min of AO/EB solution incubation in the dark, the
morphology of both living and dead cells was promptly examined under
a fluorescent microscope. After that, ImageJ software was used to

Table 1
Information of the antibodies used in this study.
Antibody Dilution ratio Catalog No. Resource
NLRP3 1:1500 WL02635 Wanlei, China
ASC 1:500 WL02462 Wanlei, China
Caspase-1 1:500 WL02996 Wanlei, China
Caspase-8 1:1000 WL03426 Wanlei, China
RIPK-1 1:1000 WL04522 Wanlei, China
RIPK-3 1:1000 A5431 Abclonal, China
Caspase-3 1:500 WL04004 Wanlei, China
MLKL 1:500 A5579 Abclonal, China
GSDMD 1:1000 ARC50993 Abclonal, China
P-P38 1:1000 WLP1576 Wanlei, China
P-ERK 1:1000 WLP1512 Wanlei, China
P-JNK 1:1000 WL01813 Wanlei, China
Beta actin 1:10000 ARC5115-01 ABclonal, China

Pesticide Biochemistry and Physiology 206 (2024) 106202

calculate the percentage of dead cells.
2.11. Flowcytometry

Apoptosis test kit (Jiangsu Kaiji Biotechnology Co., LTD., China).
Centrifuged for 5 min at 1000 rpm and washed twice with PBS. The cell
pellet was resuspended to 5 x 10%/mL in 500 mL. Addition of 5 L of
annexin V-FITC was added to each group, and 5 pL propyl iodide was
added in 1 h. Flow cytometric assay (Becton & Dickinson, Franklin, NJ,
USA) was used for quantitation of apoptosis, necrosis and viable cell
count.

2.12. Hoechst 33342

Hoechst 33342 (product No.C0031; Beijing Sorabio Technology Co.,
LTD.) was used for 10 min at room temperature. When apoptosis occurs,
the nuclei of apoptotic cells are densely stained or fragmented.

2.13. Immunofluorescence staining

The EPC cells underwent a twofold immunofluorescence labeling
process. The cells were fixed for one night with 4 % paraformaldehyde,
after which they underwent three five-minute washes, one more night of
incubation at 4 °C with the first antibody, and then they were again
washed with the washing solution. The first antibody was then incu-
bated for 1.5 h at room temperature in dark, followed by two hours at
37 °C, one hour at 25 °C, and five minutes at room temperature with
DAPI. NLRP3 (1:200, Ablconal) and GSDMD (1:200, Ablconal) were the
main antibodies used. The secondary antibodies used were DAPI
(11,000, Biodragon), Dlight 594, and 488.

2.14. Analysis of statistics

The data was analysed and visualized using GraphPad Prism (version
9.0). Results were presented as mean + standard error of the mean
(SEM). We performed the Shapiro-Wilk normality test and found that
the data in this article passed the normality trial (alpha = 0.05). The
one-way analysis of variance (ANOVA) was used to compare the dif-
ferences in index among groups. The same letter represents no signifi-
cant difference (P > 0.05); completely different letters represent a
significant difference (P < 0.05).

3. Results

3.1. Effect of exposure to EMB and/or NPs on gill tissue morphology in
common carp and confirmation of in vitro exposure concentrations

First, H&E staining was used to examine how EMB and NPs affected
the morphology of common carp gill tissues, as illustrated in Fig. 1A. The
gill filament structure was complete and apparent in the CON group, the
gill lamels were arranged cleanly and consistently, the epithelial cells
and cells that secrete chlorine were arranged thickly and orderly, and
the nuclei were evenly distributed and easily visible with no noticeable
defects. The gill filaments in the EMB and NPs groups were normal in
size and shape, but the epithelial cells of the gill filaments were swollen
and sloughed, a small amount of chlorine cells were swollen and
necrotic, and the blood vessels were dilated and congested. The com-
bined EMB + NPs group showed obvious vacuolization of cells, disap-
pearance of gill filament structure, fusion and shortening of gill
filaments, degeneration and necrosis of epithelial cells, and necrotic
changes in chlorine-secreting cells. There was a large amount of in-
flammatory cell infiltration between the branchial lamellae, and the gap
between the branchial lamellae disappeared. These results indicated
that EMB and NPs can cause necrosis of gill tissues, and the combination
of EMB and NPS can deepen the injury of gill tissues.

Secondly, in Fig. 1B, apoptotic cells with DNA breakage were
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Table 2
The RT-qPCR primer for the target gene utilized in this study.
Gene Forward Reverse Efficiency
NLRP3 CCTGGTCTGCTGGATCGTGTG CGGTGGTGGTCTTGGATGTCTG 95.9 %
ASC GGACGGAGTGCTGGATGCTTTG CATCTTGTCGGTGGTCTC 95.5 %
Caspase-1 CTCTGAACTGGGTCTGGCTGAAC CATTCCTGATCCATCTGGGTCTCTG 96.2 %
Caspase-8 AGTCACAGAGACCAGGAACAAGGAG TGTAGTAATTGTGCCAGCCGAAGAG 93.6 %
RIPK-1 CACAGGACCGCCACGCAATG AACACCCAGCAACTTGACCACTC 94.4 %
RIPK-3 AAAGACGAGGACGAGGGAGGAAC TCGGAGGCTTTGTTGGCTTTGTAG 95.7 %
Caspase-3 CGAGGCCGACAGTGTAAGTGAAG CAGCGAGAAGATGAACCAGGAACC 92.4 %
MLKL CTGGTTGACAACGGTCTGAGAGTG GGTGCTGATTCGTCGGATTGAGG 95.1 %
GSDMD CATTTGTTAGACGTGGGCACTGAC CAGCATCAGGCATTTCTTCCATAGC 93.5 %
P38 GCTCAGAGTGGCTTGGATTC CTTTCAGTGGCTGGAGGTTTA 94.3 %
ERK CGGCTCACAGCGTAGTCAA CACCGCAACAGAAGGGAAG 96.1 %
JNK TGCTTCTGATGGTCGTGTTG GACTCTTGGCTTTGCACTTTG 94.7 %
p-actin ACCTGAGCGTAAATACTCTGTCTGG TCGTCATACTCCTGCTTGCTAATCC 95.8 %
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Fig. 1. Observation of gill structure in carp and dosage confirmation of EPC cells exposed to EMB or /NPs. (A) H&E staining results of gills in CON, EMB, NPs and
EMB + NPs groups. (B) TUNEL staining results and quantitative analysis of gills in CON, EMB, NPs and EMB + NPs groups (n = 3). (C) Pyroptosis staining results and
quantitative analysis of gills in CON, EMB, NPs and EMB + NPs groups (n = 3). (D) The viability of EPC cells treated with EMB at different concentrations (0, 0.5, 1,
1.5, 2, 2.5, 3, 3.5 and 4 pM) for 24 h (n = 3); NPs treated EPC cells at different concentrations (0, 10, 30, 50, 70, 90, 110, 130 and 150 pg/mL) for 24 h (n = 3); EPCs
exposed to EMB (2 pM) and NPs (0, 30, 40, 50, 60, 70, 80, 90, 100 pg/mL) for 24 h (n = 3). (D) The ICso of EMB and NPs was calculated by nonlinear equation. “*”

represents a remarkable difference from the control group (P < 0.05).

observed by TUNEL staining. We can see that apoptotic-positive cells
were stained green, and quantitative analysis of TUNEL-positive cells
was performed. No significant TUNEL-positive cells were found in the
CON group. TUNEL-positive gill cells were increased in the EMB and NPs
groups, especially at high magnification. Compared to the EMB and NPs
groups, there was a significant increase in the quantity of TUNEL-
positive kidney cells in the EMB + NPs group.

Pyroptosis staining was then performed in Fig. 1C. Due to the
indicative effect of GSDMD on cell apoptosis, we detected the expression
level of GSDMD in fish gill tissue. The fluorescence intensity of EMB
group or NPs group is higher than that of CON group, and the fluores-
cence of EMB + NPs group is further enhanced. The results indicate that
exposure to EMB and/or NPs leads to pyroptosis in fish gills.

Finally, the CCK8 method was used as a screening dose for EMB and
NPs exposure. As shown in Fig. 1D, the activity of EPC cells decreases
with increasing concentration of EMB or NPs, indicating a dose-
dependent decrease in EPC cell activity with EMB and NP treatment.
Finally, we selected 2 pM EMB (survival rate of 80.127 %) and 70 pg/mL

NPs (survival rate of 79.004 %) as the in vitro exposure doses for this
experiment, and 2 pM EMB and 30 pg/mL NPs as the combined toxicity
in vitro exposure dose (survival rate of 63.847 %). The above results
indicate that EMB and/or NPs induce structural integrity and EPC cell
damage in carp gill tissue. This damage was most obvious after com-
bined exposure of EMB and NPs, so the EMB + NPs group was used as the
representative of the toxic group in subsequent in vitro tests.

3.2. The oxidative stress caused by EMB or/and NPs exposure

We first measured the content of MDA and the activity of CAT, GSH-
PX, and H»0; in order to assess the degree of oxidative stress in the gill
tissues and EPC cells. As shown in Fig. 2A, compared with the control
group, the CAT activity of the EMB group, NPs group, and EMB + NPs
group decreased, while the levels of MDA and H,05 increased. In terms
of GSH, EMB or NPs groups showed a significant decrease in GSH-Px
activity. Next, we used EPC cells to confirm the foregoing results in
vitro in order to confirm their dependability. Intracellular ROS
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Fig. 2. Effects of EMB and/or NPs exposure on oxidative stress in vivo and in vitro. (A) Content of MDA and H,0, and activity of CAT and GSH-Px in gill tissue (n = 3).
(B) ROS levels in EPC cells were detected by DCFH-DA staining (green) (scale, 50 pm) (n = 3) and quantification of total fluorescence intensity of ROS in EPC cells (n
= 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

production was identified and quantified using DCFH probe staining and
ImageJ. As demonstrated in Fig. 2B and C, ROS fluorescence intensity
were significantly increased in the EMB + NPs group than that in the
CON group, but this increase was mitigated in the EMB + NPs + NAC
group, which was consistent with the above findings. The findings
indicated that EMB and/or NPs caused oxidative stress in carp gill tissue
and EPC cells.

3.3. EMB or/and NPs exposure activates the P38/ERK/JNK signaling
pathway

Next, We also investigated changes in the MAPK pathway-related
genes expression in carp gill tissue and EPC cells. As shown in Fig. 3A
and B, EMB or NPs exposure significantly increased protein and mRNA
levels in gill tissues compared with the CON group, and this trend was
more obvious in the EMB + NPs group (Fig. 3A). At the cellular level, we
obtained the same results. More importantly, P38/ERK/JNK-related
protein and mRNA expression levels significantly decreased after the
addition of NAC combined to the EMB and NPs exposure group. It can be
concluded that EMB and NPs activate the MAPK signaling pathway
through oxidative stress (Fig. 3B). Taken together, our evidence sup-
ports that the exposure to EMB and NPs activated of MAPK signaling
pathways both in vivo and in vitro.

3.4. Activation of the PAN apoptotic complex by exposure to EMB and/or
NPs

To further confirm this hypothesis, changes in the levels of the
PANoptosome concluding NLRP3, ASC, Caspase-1, Caspase-8, RIPK-1
and RIPK-3 were detected by Western blotting, immunofluorescence
and RT-qPCR in vivo and in vitro, as shown in Fig. 4A-B. Within the ex-
pected range, the results confirmed an increased signal of the PAN-
optosome complex with an up-regulation of protein expression levels
(NLRP3, ASC, Caspase-1, Caspase-8, RIPK-1 and RIPK-3)and increased
mRNA levels after EMB or NPs treatment, the effects of which were
exacerbated by the co-exposure to EMB and NPs. This was also

confirmed in vitro, the study found that the above trend was weakened in
the EMB + NP + NAC group after the addition of NAC (Fig. 4B). In
conclusion, the exposure of EMB and/or NPs induced PANapoptosis in
gill tissue and EPC cells.

3.5. Exposure to EMB and/or NPs induced PANapoptosis in carp gill and
EPC cells

As shown in Fig. 5A, gill tissues exposed to EMB and/or NPs showed
significantly upregulated protein and mRNA expression levels of
Caspase-3, MLKL and GSDMD, and which also was found in EPC cells
(Fig. 5B) with the significant upregulation in the EMB + NPs group and a
remission in the EMB + NPs + NAC group. As shown in Fig. 5C, AO/EB
staining revealed the presence of more bright orange cells representing
apoptosis in the other three groups compared to the CON group.
Furthermore, these changes were more pronounced in the EMB + NPs
group. Moreover, apoptosis was found by flow cytometry, as shown in
Fig. 5D. The cells were analysed by flow cytometry using Annexin V-
FITC and PI staining. The results of flow cytometry showed that the late
apoptosis rates of CON group, EMB + NPs group, EMB + NPs + NAC
group and EMB + NPs + 3-MI group were 1.03 %, 11.9 %, 6.66 % and
15.7 %, respectively. The cell necrosis rates were 0.038 %, 7.89 %, 1.26
% and 9.86 %, respectively, indicating that combined exposure to EMB
+ NPs aggravated apoptosis and necrosis of cells. However, NAC treat-
ment alleviated the damage. Fig. 5E showed that the use of immuno-
fluorescence was used to investigate NLRP3 and GSDMD production.
Based on this result, EMB + NPs exposure activated NLRP3 and GSDMD,
suggesting that the NLRP3 inflammasome pathway was activated. In
addition, NAC blocked the effect of EMB + NPs on the NLRP3 inflam-
masome pathway, as the expression levels of NLRP3 and GSDMD were
attenuated after NAC supplementation. These results suggest that EMB
and/or NPs exposure induces PANoptosis in gill tissue and EPC cells,
which is exacerbated in the EMB + NPs group. Following staining with
Hoechst 33342, cells were studied under fluorescence microscopy,
demonstrating a higher proportion of apoptotic cells in the EMB + NPs
group compared with the control group. It was discovered that the
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percentage of apoptotic cells caused by the combination of NPs and EMB
was decreased by the addition of NAC (Fig. 5F).

4. Discussion

In recent years, EMB and NPs have become common contaminants,
often occurring in the same habitat (Zhang et al., 2022). For example,
juveniles of golden mahseer fed an EMB drug diet for 21 days showed
histological abnormalities in their intestine, liver, kidney, and muscle
tissue (Mallik et al., 2023). NPs can not only enter fish embryo sacs, but

also travel through the bloodstream to reach the intestines of adult fish
(Ma et al., 2021). Previous studies have confirmed that EMB or NPs can
cause cytotoxic changes when exposed to cells separately. Based on this,
the present study investigated the mechanism by which EMB and/or NPs
induce PANoptosis of fish gill cells through the MAPK pathway and
focused on the combined toxicity of EMB and NPs. The findings
demonstrated that exposure to EMB or NPs increased the degree of
oxidative stress, increased P38, ERK, and JNK mRNA expression and
protein levels, activated the PANoptosome complex and increased
PANoptosis, and compromised the structural integrity of the gill tissue.
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The above results were aggravated after exposure to both. In vitro ex-
periments, oxidative stress was inhibited after the addition of NAC and
the above processes were alleviated.

Adequate ROS as signaling molecules can support many cellular
behaviours, whereas excessive ROS can attack the organism and cause
damage (Cheung and Vousden, 2022; Cai et al., 2023a, 2023b; Liu et al.,
2023). The zebrafish larvae’s head had significantly higher levels of ROS
following exposure to EMB, and the antioxidant enzyme CAT and the
lipid peroxidation by product MDA were both highly up-regulated (Gu
et al., 2023). Furthermore, research has demonstrated that NPs can
exacerbate the pro-inflammatory response, cause cell death, and pro-
duce ROS. In this work, we verified that the exposure to EMB and NPs
resulted disruption of the antioxidant system with elevated CAT, MDA,
and H,0; levels and a decrease in Gsh-px. ROS are known to have an
activating effect on the MAPK pathway (Yan et al., 2022). For example,
cadmium increases the production of ROS and activates the MAPK cell
signaling pathway, inducing apoptosis (Cao et al., 2021). In this study,
the mRNA transcript levels and protein expression of P38, ERK and JNK
were downregulated in EMB and NPs-exposed EPCs when adding NAC.
This indicated that exposure to EMB and NPs activated the MAPK
pathway by inducing oxidative stress. So far, three upstream molecules
of PANoptosis have been identified, namely Z-DNA binding protein 1
(ZBP1), RIPK-1, and melanoma 2 (AIM2). They can sense specific stimuli
and trigger the assembly of PANoptosome (Gullett et al., 2022). The
MAPK pathway’s activity is intimately related to the expression of
PANoptosome complexes. In addition, p38/MAPK can mediate the TNF-
a response by activating RIPK-1 (Lee et al., 2003). PANapoptosis is
regulated by the polyprotein PANoptosome complex and is driven by
Caspase-8 and RIPK-1 (Pandeya and Kanneganti, 2024). PANoptosome

is a complex composed of apoptotic, necrotic and inflammasome com-
ponents (Samir et al., 2020). PANoptosome induces PANapoptosis in
response to various pathogens and endogenous danger signals (Chen
et al., 2023a, 2023b). Triptolide induces the activation of pyroptosis,
apoptosis and necrotic apoptosis simultaneously and is associated with
the co-localisation and interaction of ASC spots with RIPK-3 or Caspase-
8, suggesting that the formation of PANoptosome induces PANapoptosis
(Zhang et al., 2023). The results of this experiment are consistent with
the above studies and the downstream PANoptosome complex is acti-
vated by the MAPK pathway. When the MAPK pathway was blocked by
NAC, the expression of the RIPK-1-PANoptosome complex in this study
was positively correlated with the blocked MAPK pathway. In this study,
it can be concluded that after the addition of EMB and NPs, the ex-
pressions of pro-apoptotic genes (including Caspase-9 and Caspase-3),
necrotic apoptosis-related genes RIPK-1, RIPK-3 and MLKL, and
pyroxis-related genes NLRP3, GSDMD and ASC are all upregulated.
Studies have shown that NPs can be used as vehicles to transport
contaminants to different aquatic animals, so that aquatic animals are
not exposed to just one type of contaminant, which poses multiple
threats to the natural aquatic environment (Yu et al., 2021). Compared
to NPs and p,p’-DDE (DDE) alone, some cardiac, vascular and immu-
nogenic pathways were significantly downregulated in zebrafish larvae
exposed to NPs + DDE (Varshney et al., 2023). Both NPs and DEHP had
adverse effects on the male reproductive system in mice. Compared with
DEHP alone, the toxic effects of the combined treatment group were
enhanced, mainly manifested by decreased sperm quality and structural
abnormalities of the testis and epididymis (Li et al., 2022). In this study,
we showed that gill damage induced by joint exposure to EMB and NPs
was greater than that induced by EMB or NPs alone, revealing a possible
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synergistic effect between the two contaminants. In addition, NPs
increased EMB-induced ROS overproduction and activated the expres-
sion of the MAPK pathway and the PANoptosome complex. These results
confirm that EMB and NPs can synergistically enhance the toxic effect on
fish gills. By adding NAC and 3-MI to EPC cells, we confirmed that the
two toxins activate the MAPK pathway through oxidative stress, expo-
sure to EMB and/or NPs leads to ROS/MAPK pathway in carp gills,
thereby inducing PANoptosis.

5. Conclusions

In conclusion, our results demonstrate the synergies that exist be-
tween EMB and NPs and suggest a new potential mechanism of EMB
and/or NPs exposure for gill damage in common fish. Exposure to EMB
or NPs alone can induce overproduction of ROS and activate the MAPK
pathway, leading to pan-apoptosis in fish gills. This process is more
pronounced in response to combined exposure than to single exposure.
The results of this study highlight that co-exposure of EMB and NPs
produces more severe toxicity in aquatic animals, providing new in-
sights into the mechanisms of toxicity caused by NPs and other pollut-
ants and broadening the field of toxicological research.
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