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ARTICLE INFO ABSTRACT

Editor: Dr. S Nan Chlorpyrifos (CPF), a widely used organophosphorus pesticide has caused water pollution, threatening aquatic

organisms. MicroRNAs (miRNAs) highly conserved noncoding RNAs, that regulate various cell death processes,

Keywords: including pyroptosis. To investigate the effect of CPF exposure on epithelioma papulosum cyprini (EPC) cell
Organopl.losphorus pesticides pyroptosis and the role of the miR-124-3p/CAPN1 axis, we established miR-124 overexpression and inhibition
Pyropto.sw EPC cell models of CPF exposure. The target of the miR-124-3p/CAPN1 axis was primarily confirmed by the
NLRP3 inflammasome . f .

Calpainl double luciferase reporter assay. Pyroptosis was demonstrated to occur in CPF-exposed EPC cells and was

accompanied by mitochondrial membrane potential depletion, ROS level elevation and pyroptotic indicator
expression upregulation. PD150606 was supplied as a CAPN1 inhibitor, alleviating CPF-induced mitochondrial
dysfunction, and alleviating the increased expression of NLRP3, CASP1, IL1p and GSDMD. In conclusion, CPF
induces pyroptosis by regulating the miR-124-3p/CAPN1 axis. This study enriches the cytotoxicity study of CPF,
and provides new theoretical fundamentals for exploration of miRNA and its target protein response to water

MicroRNA-124-3p

contaminants.

1. Introduction

Organophosphorus pesticides (OPs.) as a general classification of
organic ester compounds comprised of phosphorus atoms, have been
extensively used as insecticides, fungicides and herbicides for five de-
cades for the agricultural control of insect pests, and they make up
approximately 38% of the total pesticides used worldwide (Pundir et al.,
2019). The broad utilization of OP contaminates water resources, crops
and processed food, thereby harming various organisms including
poultry, fish and humans (Randriamboavonjy et al., 2019). Chlorpyrifos
(CPF) is a common OP that is controversial due to its extensive con-
sumption, environmental implications and high health risks. In 2015,
over two-hundred-thousand (200,000) tons of CPF were applied
worldwide (Huang et al., 2020). Precipitation runoff, irrigation water
runoff, stormwater outflow and leakage accidents all contribute to CPF
induced aqueous pollution. The CPF leakage accident that occurred in
the Bay of Cartagena, Colombia causing 17 t of fish to died (Cowgill
et al., 1991). Approximately 9% of over ten thousand streams in the
United States have detectable CPF with a maximum concentration of
3.96 ug/L (Williams et al., 2014), although the benchmark concentra-
tion of CPF for freshwater fish is 0.57 pg/L (EPA, 2000). According to
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survey by the Pesticide Data Programs of the USA, CPF has been
detected in several fruits and vegetables, such as cherry, peach, plum,
bell peppers and summer squash (Pesticide Data Programs of USA,
2016). CPF residue detection in food and human blood indicated that the
residue concentration of CPF in both food and human blood is beyond
the human safety levels (Liao et al., 2017). Additionally, the European
Food Safety Authority has documented that CPF continually exceeds the
acute reference dose in various food products (Liang et al., 2019). Pre-
vious studies have reported CPF is able to mediate cytotoxicity via
various mechanisms (Ojha et al., 2013; Yamada et al., 2017; Naime
etal., 2020). Oxidative damage is primarily induced by the imbalance of
reactive oxygen species (ROS) generation and elimination, resulting in
the alteration of signalling pathways and interference with cellular
metabolism (Gorrini et al., 2013), thereby further inducing systemic
diseases such as inflammation and the immune response (Reuter et al.,
2010). Many studies have clarified that CPF causes inflammatory
damage in multiple organs including hepatic (Albasher et al., 2020),
cerebral and ocular tissues (AlKahtane et al., 2020). Weis et al. (2021)
declared that CPF crosses the blood-brain barrier promoting the
expression of NOD-like receptor (NLR) family pyrin domain-containing
3 (NLRP3) and interleukin (IL)1p in microglial cells. Previous studies
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have shown that CPF causes pyroptosis in human keratinocytes (Jang
et al., 2015) and neuroblastoma cells (Zhao et al., 2019). The relevance
of CPF as a water contaminant to inflammation and immunodepression
in aquatic organisms has been verified. Karbalaei et al. (2021) revealed
that CPF induced histopathological inflammatory lesions on the gills of
Oncorhynchus mykiss. Dawood et al. (2020) confirmed that CPF induced
inflammation and immunosuppression and histopathological changes in
Nile tilapia. Zhang et al. (2017a) revealed that CPF exposure results in
oxidative stress and immune responses in common carp (Cyprinus carpoi
L.

Calpains are a family of calcium-dependent thiol proteases, con-
taining 15 isoforms that regulate the proteolysis of various substrates,
and they are involved in numerous cellular processes including cellular
signallings, cytoskeletal/membrane attachment remodeling and cell
survival (Storr et al., 2011). Reduction of calpain activity are accom-
panied by dyshomeostasis of calcium ions in response to tissue damage
induced by myocardial infarction, apoplexy and cerebral trauma (Goll
et al., 2003). Calpainl (CAPN1) as the primary isoform of calpains, re-
quires calcium ion levels and a neutral pH in vitro for its activity and it is
involved in the degradation of cell structural proteins (Yue et al., 2019).
As concluded by Tangmansakulchai et al. (2016), CAPN1 triggers
mitochondrial fission by activating calcineurin which correlates with
the phosphorylation of dynamin-related protein 1 (DRP1). Mitochon-
drial fusion is modulated by optic atrophy 1 (OPA1), and OPA1 sup-
pression results in mitochondrial fission, fragmentation and even death
(Guan et al., 2019). A recent study by Tong et al. (2020) reported that
homeostasis of mitochondrial fission/fusion plays an essential role in
mitochondrial dysfunction protection, and DRP1 is crucial for impaired
mitochondrial isolation and degradation. Furthermore, numerous
studies have raised concerns about CAPN1 related to the activation of
inflammasomes (Yue et al., 2019) (Yu et al., 2020). A study by Zhang
et al. (2018) verified that calpain activation was associated with the
release of caspasel (CASP1) from the actin cytoskeleton and flightless-1,
and that the released CASPlwas involved in forming the NLRP3
inflammasome. Yue et al. (2019) reported that calpain mediated NLRP3
inflammasome assembly induces myocardial ischaemia-reperfusion
injury. Additionally, calpain participated in myocarditis induced by
coxsackievirus B3 through the NLRP3 inflammasome/CASP1 pathway.
NLRP3 inflammasomes are large multiprotein complexes of CASP1, ASC
as the adaptor protein, and NLRP3, which are closely associated with
cell pyroptosis. The activation of CASP1, as an inflammatory caspase,
governs gasdermin D (GSDMD) cleavage, and results in IL1f and IL18
maturation (He et al., 2015). Then proinflammatory factors, including
IL1p and IL18, are released from pyroptotic cells, resulting in
GSDMD-dependent inflammatory response (Bergsbaken et al., 2009;
Broz et al., 2020). Activation of NLRP3 inflammasome stimulated by
external stimuli, contributes to pyroptosis. Song et al. (2021) reported
that hydrogen sulphide causes pyroptosis in broiler trachea via the
NLRP3 inflammasome pathway. Consistently, cell pyroptosis was found
in molybdenum and cadmium cotreated duck renal tubular epithelial
cells by activating the NLRP3 inflammasome (Zhang et al., 2021). Wu
et al. (2018) reported that nicotine triggers pyroptosis through
ROS/NLRP3 in endothelial cells. Li et al. (2019) verified that lipopoly-
saccharide (LPS) causes inflammation and pyroptosis via the NLRP3
signalling pathway.

MicroRNAs (miRNAs) are small and highly conserved noncoding
RNAs that regulate the deadenylation, degradation or translation of
mRNA, and fundamentally modulate various cell processes (Kanagaraj
et al., 2014). Accordingly, adjusting of specific miRNAs provides distant
insight into the mechanistic exploration of diseases. MiR-124 has been
shown to contribute to CAPN1 regulation in murine neurons (Kanagaraj
et al., 2014) and human neural cells (Zhou et al., 2019). However, the
relationship between miR-124 and CAPN1 in fish is unconfirmed, and
whether CPF induces cell pyroptosis in fish and the roles of
miR-124/CAPN1 in the cytotoxicity of CPF are still obscured. We used
epithelioma papulosum cyprini (EPC) cells as the research object in the
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present study, and verified the binding of 124-3p to CAPN1 by a double
luciferase reporter assay. Accordingly, miR-124 NC, mimic and inhibitor
cell models were established and treated with CPF and PD150606
(noncompetitive calpain inhibitor), respectively, to stimulate the cells.
JC-1 staining, ROS assay kits and western blotting were performed to
confirm the mitochondrial functional alterations. Immunofluorescence,
RT-PCR and western blotting were subsequently applied to monitor the
effects of CPF on the expression of the pyroptosis-related genes. We
designed this study to demonstrate that CPF induced EPC cell pyroptosis
via regulating the miR-124-3p target, CAPN1 expression. These results
provide new evidence to further elucidate the toxicological mechanism
of CPF.

2. Material and methods
2.1. Cell modes establishment

Frozen EPCs were obtained from laboratory cell storage containers.
The frozen cell tubes were immediately sunk in 37 °C sterile water bath.
The melted cell suspension was transferred into cell culture medium
mixture of 89% M199 cell medium (HyClone, USA), 10% foetal bovine
serum (Biological Industries, Israel) and 1% penicillin-streptomycin
(Sigma-Aldrich, USA). The cells were incubated in a 25 cm? culture
flask in a 27 °C automatic incubator with 95% air and 5% CO,. To
confirm the effects of CPF on EPCs, we collected the cells by using
trypsin digestion solution (0.25%, Biosharp, China). Cell Counting Kit-8
(CCK-8, Saint Biotec, China) was used to detect CPF-induced cytotox-
icity. The EPCs were treated with various concentrations of CPF (0, 1, 3,
5,7,9,11, or 13 pM) for 24 h in 96-well plates. Fresh culture medium
containing 10% CCK-8 was added to replace the CPF medium for 1 h,
and then a Cytation5 imaging plate reader (Biotek Instrument, USA) was
used to detect the absorbance at 450 nm. As shown in Supplementary
Fig. 1, we treated the cells with 0, 3, 5, and 7 pM CPF for 24 h and placed
the cells in the C, L, M, and H group.

To further explore the mechanism by which miR-124 and CAPN1
target CPF-induced EPC cell cytotoxicity, we established overexpression
and inhibition cell models. The cells were seeded in 6-well plates for 24
h. Subsequently, we transfected the cells with 5 pL of miR-124 mimic
(20 pM, Ribobio, China), miR-124 inhibition (20 uM, Ribobio, China) or
miR-124 negative control (miR-124 NC, 50 nM, Ribobio, China) and 3
pL of Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific, USA) in
1 mL of Opti-MEM (Gibco, Thermo Fisher Scientific, USA) for 6 h. After
transfection, the cell culture medium was replaced with fresh cell cul-
ture medium mixture or cell medium mixture containing 7 uM CPF or/
and 50 M PD150606 (MedChemExpress) for further incubation for 24
h. The sequence of the miR-124 mimic was 5’- UAAGGCACGCGGU-
GAAUGCCAA -3’, and the sequence of the miR-124 inhibitor was 5’-
mAMUmMUmCmCmGmMUmGmMCmGmCmCmAmMCmUmU-
mAMCmGmMGmMUmU-3’, and the miR-124 NC sequence was 5’-
mCmUmGmCmCmUmGmUmCmUmGmUmGmMCmCmUmMGmC-
mUmGmU-3.

2.2. Dual luciferase reporter assay

Based on the pMIR-REPORT luciferase plasmids, we constructed new
vectors in this study. According to the gene sequences of CAPN1 on the
NCBI website, we designed a CAPN1 3’ untranslated region (3’'UTR)
containing the miR-124 binding site and the corresponding mutant se-
quences (Fig. 1E) were synthesized and individually cloned into the
PMIR-REPORT vector (Thermo Fisher Scientific, USA) and called as
CAPN1-pMIR-WT and CAPN1-pMIR-MT. The pMIR-REPORT luciferase
plasmids were digested by using the restriction enzymes HindIIl and
Sacl, and gel extraction after nucleic acid electrophoresis was used to
isolate the desired fragments. Then, they were connected with the
designed fragments by using T4 ligase at 16 °C for 8 h. The vector was
transformed into T1 competent cells, and after coating the plates,
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Fig. 1. Decreased miR-124-3p expression targeted CAPN1 enhancement under CPF exposure. (A) The miRNA expression of miR-124-3p under various CPF
exposures. The C, L, M, and H group cells were exposed to 0, 3, 5, and 7 pM CPF, respectively. The data were analysed by one-way ANOVA, and different superscript
letters display statistically significant differences (P < 0.05). (B-C) The mRNA and protein expression levels of CAPN1 under various CPF exposure conditions. (D)
Highly conserved binding sites of miR-124-3p and CAPN1 among multiple organisms were predicted by the TargetScan website. (E) The pMIR-REPORT plasmids for
the dual luciferase reporter assay. The red font indicates the target location of wild-type bases, and the green font marks mutated bases. The results are shown as
firefly luciferase normalized to Renilla luciferase as Luc/R-luc. The data were analysed by one-way ANOVA, and different superscript letters display statistically
significant differences (P < 0.05). (F) The miRNA and mRNA expression levels of miR-124, cytoplasmic (cyto)-CAPN1 and mitochondrial (mito-CAPN1). The EPCs
were incubated in 6-well plates and transfected with miR-124 mimic, miR-124 inhibition or miR-124 NC for 6 h. The medium was replaced with fresh culture
medium for 24 h, and the medium was changed to fresh cell culture medium or cell medium containing 7 uM CPF and/or 50 uM PD150606 (CAPN1 inhibitor) for
24 h. The data were analysed by two-way ANOVA, and different superscript letters display statistically significant differences (P < 0.05). (G) The protein levels of
cyto-CAPN1 and mito-CAPN1 in each group of cells.

colonies were selected, amplified, and plasmid extraction was per- assay kit (Nanjing Jianchang Bioengineering Research Institute, China)
formed. The recombinant plasmid was stored at —20 °C for later cell were used in this study to identify the mitochondrial membrane po-
transfection. EPCs were cotransfected with the phRL-TK vector, miR-124 tential (MMP) and intracellular and mitochondrial ROS levels. In
mimic, and designed vectors using Opti-MEM containing Lipofectamine accordance with the instruction manual, the cells were pretreated and
2000 reagent. After transfection for 6 h, the medium was replaced with incubated in 6-well plates, and then after loading for 20 min with JC-1

fresh medium for 24 h, and then the cells were treated with or without 7 working solution, which was comprised of 50 pL JC-1 (200X), 8 mL
uM CPF and/or 50 uM PD150606. The cellular protein lysates were ultra-pure water and 2 mL JC-1 buffer solution (5X), they were washed

assayed using the DualGLO® Luciferase Assay System (Promega, USA). twice with JC-1 buffer solution (1X). Fluorescence microscopy (Thermo
Firefly luciferase activity was normalized to Renilla luciferase activity Fisher Scientific, USA) was used to observe the emission of green JC-1
for each group. monomers and red JC-1 aggregates at fluorescence emission wave-

lengths of 530 and 590 nm, respectively.

To determine the intracellular and mitochondrial ROS levels, mito-
chondria were isolated with a cell mitochondria isolation kit (Shanghai
Beyotime Biotechnology, China). The pretreated cells were incubated in
culture flasks, collected by using trypsin digestion solution and

2.3. Mitochondrial functional assessment

To identify CPF induced functional alterations of the mitochondria, a
JC-1 assay kit (Shanghai Beyotime Biotechnology, China) and a ROS
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centrifuged at 800 rpm for 5 min. The cells were resuspended in cold
mitochondrial isolation reagent containing 1 mM PMSF and placed in an
ice bath for 15 min. Then, they were homogenized with a glass ho-
mogenizer, and t centrifuged at 4 °C at 2000 rpm for 10 min. The su-
pernatant was obtained and was put into a new EP tube. The EP tube was
centrifuged at 4 °C at 12,000 rpm for 10 min. The obtained sediment
was the isolated mitochondria that was used for subsequent experi-
ments. Staining medium containing 10 uM 2,7-dichlorofuresc in diac-
etate (DCFH-DA) was added to each group cells and the mitochondria
were isolated after 45 min. The intracellular ROS levels were observed
with a fluorescence microscop (Thermo Fisher Scientific, USA), and the
mitochondrial ROS levels were detected with a
fluorospectrophotometer.

2.4. Pyroptotic cell staining

To observe the pyroptosis that occurred in the groups, Hoechst,
Annexin V-FITC and PI Hoechst staining mixtures were applied to stain
pyroptotic cells. The transfected cells were seeded in 6- well plates, and
treated with or without 7 pM CPF. Hoechst staining solution (1 pg/mL,
Shanghai Beyotime Biotechnology, China) was applied to the cells for
30 min in an ice bath, and after rinsing with PBS once, 1 mL staining
mixture comprised of 800 pL buffer solution, 10 pL Annexin V-FITC and
10 pL PI (KeyGEN BioTECH, China) was added for 20 min. Then, a
fluorescence microscope (Thermo Fisher Scientific, USA) was used to
observe pyroptosis.

2.5. Immunofluorescence

The pretreated cells were incubated in 6-well plates, rinsed with PBS,
and fixed in 4% paraformaldehyde at 4 °C overnight. They were per-
meabilized for 10-15 min with TBSTx containing 0.1% Triton X-100 in
Tris-buffered saline (TBS), and blocked with 5% bovine serum albumin
(BSA, BioFroxx, Germany) in TBSTx for 60 min. Anti-NLRP3 primary
antibody (1:100, Wanleibio, China), anti-CASP1 primary antibody
(1:100, Wanleibio, China) and GSDMDS (1:200, ABclonal Biotech-
nology) were diluted with primary antibody diluent (Shanghai Beyotime
Biotechnology, China) and incubated at 4 °C overnight. After washing
with TBSTx for 15 min, Alexa Fluro 488 goat anti-rabbit IgG (1:1000,
Biodragon Immunotechoology, China) and DyLight 594 goat anti-rabbit
IgG (1:1000, Biodragon Immunotechoology, China) secondary anti-
bodies were applied for 120 min at room temperature. After rinsing with
TBSTx for 15 min, DAPI (Shanghai Beyotime Biotechnology, China) was
used to stain the cell nucleus for 5 min and a fluorescence microscope
(Thermo Fisher Scientific, USA) was used to image the samples.

2.6. Quantitative real-time PCR (qRT-PCR)

TRIzol reagent (product No.15596-018, Life Technologies, USA) was
used to extract the total RNA from each group. The pretreated cells in
each group were incubated in 6-well plates and scraped to collect the
cells in 1.5 mL EP tubes without RNase on ice after adding 500 pL
TRIzol. After vigorous vortexing and being left to stand for 10 min, we
added 400 pL chloroform for 5 min. Then, they were centrifuged at
13,000 rpm for 15 min, we removed the supernatant and added an equal
volume of cold isopropyl alcohol for 10 min. The solution was centri-
fuged at 12,000 rpm for 15 min and the supernatant was discarded. We
added 1 mL of 75% ethanol to resuspend the precipitate, and centri-
fuged it at 7500 rpm for 5 min at 4 °C, discarded the supernatant and
dried the pellet for 5-8 min. Then we used RNase-free water to dissolve
the precipitation and stored it at —20 °C for subsequent study. The
Tiangen miRNA cDNA Synthesis kits (Tiangen Biotech, China) and the
BioRT mRNA cDNA Synthesis kits (Bioer Technology, China) were
applied following the manufacturer’s instructions for reverse tran-
scription in a volume of 40 pL (containing 2 ug of the total RNA).
QuantStudio 3 and Tiangen miRNA gPCR kits (Tiangen Biotech, China)
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or BioRT RT-PCR kits (Bioer Technology, China) were used in the qRT-
PCR process. The reaction system comprised 0.3 pL of forward and
reverse primers, 1 pL of diluted cDNA, 3.4 pL of sterile distilled water,
and 5 pL of SYBR green mix. The reaction system for miRNA was
comprised of 0.2 pL of forward and reverse primers, 1 pL of diluted
miRNA cDNA, 3.6 pL of sterile distilled water, and 5 pL of 2 x miRcut
microRNA premix. The primers for the miRNA and mRNA of genes were
synthesized as shown in Table 1. U6 and p-actin were used as internal
references.The 222 method was used to calculate the relative miRNA
and mRNA abundances.

2.7. Western blot analysis

PMSF was used during the extraction of protein in this study. One
microliter of PMSF (Shanghai Beyotime Biotechnology, China) was
added to 100 pL of cell lysate (Shanghai Beyotime Biotechnology,
China) and incubated with the cells for 30 min in an ice bath. The su-
pernatant obtained after centrifugation (12,000 rpm) at 4 °C for 25 min,
and it was boiled for 10 min after adding SDS-PAGE loading buffer
(Shanghai Beyotime Biotechnology, China). The proteins were sepa-
rated on 12% SDS-PAGE, and the proteins were transferred cto PVDF
membranes under 200 mA in Tris-glycine buffer for 60-130 min. Five
percent skim milk was applied to block the membrane at 37 °C for
120 min, and then it was incubated in diluted primary antibody at 4 °C
overnight. BSA (5%; BioFroxx, Germany) was used to dilute the anti-
body, and the dilution factors of the primary antibodies used in this
study are listed in Table 2. Secondary antibodies against rabbit IgG
(1:10000, Immunoway, China) were used to detect the bound antibodies
for 120 min. A chemiluminescence system (Applygen Technologies,
China) and X-ray films (TransGern Biotech, China) were used to analyse
the protein bands and normalize them against p-actin. ImageJ software
(National Institutes of Health) was applied to quantify the intensity of
the bands.

2.8. Statistical processing

The data were processed with GraphPad Prism (version 8.2, Graph-
Pad Software, USA) and analysed by Shapiro-Wilk for normality, and
these data passed the normality test (alpha=0.05). Student’s t-test, one-
way or two-way ANOVA with Tukey’s multiple comparison test were
performed, and the data are expressed as the mean + standard devia-
tion, and statistically significant differences were considered at
P < 0.05.

Table 1
The primer sequences synthesis for gRT-PCR.

Sequence (5’ - 37)

miR-124 TAAGGCACGCGGTGAATGCCAA
U6 CTCGCTTCGGCAGCACA

CAPN1 Forward:ACCAATTTGTTCCTTCTGATCCTCCTC
Reverse: AAACACTCTGCGAAACTGCCTCTC
DRP1 Forward:GGTCACAGAGCAGTGGAAAGAGTTC
Reverse: GGTCACAGAGCAGTGGAAAGAGTTC
OPA1 Forward:GGACACTTGGCACCAACTCTATCG
Reverse: ATCCTCCAGAACAGAACCACATCATTG
NLRP3 Forward:GCTCATGTTCTGCTGTGTCTCTCC
Reverse: GGATGATCTGGATATGGCTGCTTCTG
CASP1 Forward:CTCCGAACTGTGCTGGATTGAAGG

Reverse: GCTCTTTTGCTCTGTTGCGTCTTG
IL1p Forward:CTTCCACCCTCACAAACACATTCAAC
Reverse: AATATAGCGTCCAAGGCGTTCCATC
Froward:GGCTCTCTTCCAGCCTTCCT
Reverse: AGCACGGTGTTGGCATACAG

p-actin
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Table 2
Antibodies diluted for Western blotting.
Antibodies Dilution ratio Resource
CAPN1 1:500 Wanleibio, China
DRP1 1:500 Wanleibio, China
OPA1l 1:2000 Laboratory made
NLRP3 1:500 Wanleibio, China
CASP1 1: 500 Wanleibio, China
IL1B 1:500 Wanleibio, China
GSDMD 1:2000 ABclonal Biotechnology
p-actin 1:1500 ABclonal Biotechonology
3. Results

3.1. miR-124-3p targets CAPN1 expression under CPF exposure

To further confirm the effects of CPF on miR-124-3p and CAPN1 in
EPC cells, we detected the expression of miR-124-3p and CAPNI1, as
shown in Fig. 1. We found that the expression of miR-124-3p signifi-
cantly (P < 0.05) declined in a concentration-dependent manner, and
the lowest level was observed in the H group, with the highest level in
the C group (Fig. 1A). In contrast, CAPN1 manifested significantly
(P < 0.05) enhanced expression in the H group and showed an esca-
lating trend with increasing CPF exposure (Fig. 1B-C). The predicted
binding sites of miR-124-3p in CAPN1 were consistent with the highly
conserved binding site of miR-124-3p, depending on TargetScan (http:
//www.targetscan.org/fish_62/) predications (Fig. 1D). To further
verify the target binding of miR-124-3p in CAPNI1, a double luciferase
reporter assay was performed in this study. The results revealed a
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significant decrease in the fluorescence intensity of the CAPN1-pMIR-
WT+mimic groups compared with the other groups (Fig. 1E), indicating
that miR-124-3p interacts with CAPN1 via two predicted binding sites.
PD150606, a nonpeptide and noncompetitive calpain inhibitor (Luo
et al., 2015), has been applied in different cell models. Therefore, the
interaction among CPF, miR-124-3p and CAPN1 depended on the
expression at the miRNA, mRNA and protein levels, as shown in
Fig. 1F-G. We found that CPF significantly increased the expression of
cytoplasmic (cyto)-CAPN1 and mitochondrial (mito)-CAPN1 in all cell
models compared with the untreated group. The addition of PD150606
significantly abolished the CPF-mediated high expression of CAPNI.
Consistent with the above findings, we explored three cell models, and
we found higher CAPN1 expression in the miR-124 inhibitor group than
in the mimic group, which demonstrated that CPF enhanced CAPN1
expression by regulating miR-124-3p.

3.2. CPF triggered mitochondrial dysfunction via miR-124-3p/CAPN1
axis

To further understand the effects of CPF on mitochondrial functional
conditions, MMP status, mitochondrial fusion/fission homeostasis and
ROS levels were detected in this study, as shown in Fig. 2. Because MMP
loss has been considered an early crucial event in mitochondrial
dysfunction, JC-1 assay kits were used to monitor the alteration of MMP
in this study. The flow cytometry results showed that MMP in the miR-
124 NC, mimic and inhibitor groups shifted from Q2 to Q4 in compar-
ison with the untreated group (Fig. 2A), which illuminated that A¥Ym
was suppressed by CPF exposure. Additionally, a higher A¥m was
observed in the miR-124 mimic group untreated with CPFs than in the
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Fig. 2. CPF induced mitochondrial dysfunction and ROS overproduction via miR-124-3p/CAPN1 axis. (A) The mitochondrial membrane potential (MMP)
status of the groups was detected by JC-1 assay kits. JC-1 aggregates were formed in the matrix of mitochondria as a result of higher MMP and they emitted red
fluorescence. In contrast, JC-1 could not aggregate under lower MMP and existed as a monomer, which emitted green fluorescence. (B) The mRNA expression of mito-
OPA1, cyto-DRP1 and mito-DRP1 in the miR-124 mimic, miR-124 inhibition and miR-124 NC cell models with or without 7 uM CPF and/or 50 uM PD150606
treatment. (C) The protein levels of mito-OPA1, cyto-DRP1, mito-DRP1 and mito-OPA1 in each group of cells. (D) Intracellular and mitochondrial ROS levels were
determined by DCFH-DA staining. The intracellular ROS levels were detected by fluorescence microscopy, and the mitochondrial ROS levels were assessed with a
fluorospectrophotometer. The intensity of the fluorescence, which indicates the ROS levels, was measured from three randomly chosen fields of view. The data were
analysed by two-way ANOVA, and different superscript letters display statistically significant differences (P < 0.05).
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miR-124 NC group, but the difference was negligible under CPF expo-
sure. However, A¥m was decreased in the miR-124 inhibitor group
under both untreated and treated CPF exposure. Taken together, CPF
induced MMP depletion by inhibiting miR-124 expression to target
CAPN1 elevation. Mitochondrial fragmentation is associated with
impaired respiration, resulting in reduced A¥Ym (Osellame et al., 2013).
To verify whether CPF-induced MMP depletion is related to mitochon-
drial fusion/fission dynamics, we detected the expression of related
genes, such as DRP1 and OPA1 (Fig. 2B-C). The expression of cyto-DRP1
significantly (P < 0.05) declined under CPF treatment, and the addition
of PD150606 significantly (P < 0.05) rescued CPF-induced depression.
However, the opposite alterations were observed in mito-DRP1 expres-
sion, as PD150606 significantly (P < 0.05) alleviated the CPF-mediated
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upregulation of mito-DRP1, which confirmed that DRP1 translocated
from the cytoplasm into the mitochondria to enhance mitochondrial
fragmentation. Interestingly, mito-OPA1 showed slightly stronger
expression in the miR-124 inhibitor model under combined treatment
with CPF and PD150606 than in the CPF-treated group. Subsequently,
the intracellular and mitochondrial ROS levels of each group were tested
with ROS assay kits (Fig. 2D). The results clearly showed that CPF
induced ROS in all cell models and that ROS levels in the miR-124 in-
hibitor group were much higher than those in the NC and mimic groups,
which indicates that inhibition of miR-124-3p enhanced mitochondrial
fragmentation and resulted in ROS overproduction. Supplementation
with PD150606 played a significant role in mitigating CPF-induced
intracellular ROS generation. Therefore, CPF induced mitochondrial
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Fig. 3. miR-124-3p targets CAPN1 to regulate CPF-induced pyroptosis. (A) The pyroptotic cells (yellow arrow). The transfected cells were treated with or
without 7 uM CPF, and Hoechst (blue) was loaded into the cells for 30 min in an ice bath. Then, Annexin V-FITC (green) and PI (red) were applied to detect
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dysfunction, resulting in ROS generation via the miR-124-3p/CAPN1
axis.

3.3. CPF induced pyroptosis by activating CAPN1

Pyroptotic cells are characterized by membrane blebbing and
ballooning and eventual membrane integrity loss (Fink and Cookson,
2005). To further confirm whether CPF can induce cell pyroptosis,
pyroptosis alterations and the expression of pyroptosis-related in-
dicators were detected in the present study. Annexin V-FITC, PI and
Hoechst staining were performed to stain pyroptotic cells, as shown in
Fig. 3A. Obvious green membrane blebbing, a characteristic of pyrop-
totic cells, was seen after CPF treatment. There was less cell death in the
mimic group than in the inhibitor group, which indicated that CPF in-
duces EPC cell pyroptosis by regulating miR-124-3p. A previous study
demonstrated that activation of the NLRP3 inflammasome is regulated
by mitochondrial oxidative stress, resulting in proptosis in human ker-
atinocyte cells (Jang et al., 2015). Immunofluorescence was used to
examine the synthesis of NLRP3, CASP1 and GSDMD, as shown in
Fig. 3B. Based on these results, CPF exposure significantly activated
NLRP3, CASP1 and GSDMD, which means that CPF recruits NLRP3 and
CASP1 to activate the NLRP3 inflammasome pathway. Additionally, the
CAPN1 inhibitor blocked the effects of CPF on the NLRP3 inflammasome
pathway, as the NLRP3, CASP1 and GSDMD expression levels were
moderated after supplementation with PD150606. Consistent with ex-
pectations, a higher expression level of pyroptosis-related genes was
observed in the miR-124 inhibitor groups than in the miR-124 mimic
groups, which showed that miR-124/CAPN1 is associated with
CPF-induced pyroptosis via the NLRP3 pathway. Therefore, qRT-PCR
and western blot analysis were applied to quantify the expression of
NLRP3 pathway genes in this study, as shown in Fig. 3C-D. We found
that the expression levels of NLRP3, cleaved CASP1, mature IL1f3 and
GSDMD N-terminal (GSDMD-N) were significantly (P < 0.05) elevated
after CPF treatment and that these effects were blocked by the CAPN1
inhibitor. These results suggested that CPF induced pyroptosis via acti-
vation of CAPN1.

4. Discussion

CPF, as an environmental contaminate, threatens the population of
common carp (Cyprinus carpio L.), due to its effective induction of in-
flammatory diseases (Altun et al., 2017). Kianpour et al. (2021) reported
that CPF exposure induced rat hepatic and pulmonary inflammatory
damage. Hirani et al. (2007) indicated that the CPF-activated proin-
flammatory pathway may be dominant in neurotoxicity in mice. Zhang
et al. (2017b) revealed that CPF-triggered zebrafish liver lesions depend
on the pathology analysis. Pyroptosis is a novel inflammatory form of
programmed cell death and has been reported to contribute to an
extensive inflammatory response, which is associated with improper
injury repair of tissues and organs and eventually causes inflammatory
disease (Hu et al., 2010; Lamkanfi and Dixit, 2012; Zaki et al., 2011).
The aim of this study was to assess whether CPF exposure could elicit
EPC cell pyroptotic death, and the potential signalling mechanism was
found to be accompanied by cell pyroptosis. The present study results
demonstrated that pyroptosis occurred in CPF-exposed EPC cells, and
miR-124-3p expression was restrained and resulted in amplified
expression of CAPN1 due to target regulatory relationships between the
two. The depletion of MMP, polarization of mitochondrial fission (DRP1
and fusion (OPA1), augmented ROS generation, and reinforced expres-
sion of NLRP3, CASP1, IL1p and GSDMD indicated malfunctioning
mitochondria, and the canonical NLRP3/CASP1 pathway was involved
in CPF-induced pyroptosis.

Many researchers have attempted to understand and alleviate CPF-
induced cytotoxicity by regulating miRNAs, such as Zhao et al.
(2019), who reported that miR-181 is associated with CPF-induced
human neuroblastoma cell pyroptosis. Liu et al. (2019) found that
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miR-731 and miR-2188 regulate CPF-induced head kidney damage in
common carp. Additionally, Zhang et al. (2019) reported that miR-19a
contributes to CPF-mediated apoptosis and autophagy in common
carp. Accordingly, we designed miRNAs and targeted mRNAs that
modulated CPF-mediated cell pyroptosis. The recent literature has re-
ported that miR-124-3p regulates pyroptosis in trophoblast cells (Tao
et al., 2020) and pulmonary arterial smooth muscle cells (Jiang et al.,
2021). In addition, the highly conserved binding sites of miR-124 and
CAPN1 have been demonstrated in various cell models (Angelopoulou
et al.,, 2019; Kanagaraj et al., 2014; Zhou et al., 2019). Based on the
prediction of TargetScan (http://www.targetscan.org/fish 62/),
miR-124 families are highly conserved across most fish. In this study, we
initially validated the miR-124-3p binding site in nucleotides 30-36 and
63-69 of the CAPN1 3’-UTR by double luciferase assays, which verified
that miR-124-3p modulates CAPN1 in EPC cells and suppresses
miR-124-3p expression to increase CAPN1 expression in CPF-exposed
EPC cells. While the mechanism of the CPF effects on miR-124-3p
expression are still obscure, we expect to confirm whether CPF modu-
lates miR-124 biogenesis by direct binding or whether other modulators
are involved, and an in vivo validation experiment of the binding rela-
tionship is necessary.

Numerous diseases associated with CAPN activity alterations support
the elevation of ROS levels and the resulting increase in oxidative stress
(Clement, 2014; Randriamboavonjy et al., 2019; Valko et al., 2006).
Chen et al. (2014) reported that CAPNs participate in ROS generation.
Mitochondria are considered the primary source of ROS generation
mediated by CAPN (Randriamboavonjy et al., 2019). OPA1, as the
mitochondrial inner membrane GTPase, has been reported to be tar-
geted by CAPN1 and contribute to mitochondrial fragmentation (Jaha-
ni-Asletal., 2011). Cao et al. (2019) reported that mitochondrial CAPN1
enhancement disrupts ATP synthesis, promotes superoxide generation
and mitochondrial permeability transition pore (mPTP) opening, and
this results in cardiomyocyte death. Guan et al. (2019) proved that
activation of CAPN1 caused an increase in mitochondrial fission and
inhibited fusion. Additionally, Angelopoulou et al. (2019) clarified that
miR-124 targets CAPN1 and regulates mitochondrial dysfunction and
cell survival. The results of this study showed that mitochondrial
dysfunction mediated by CPF exposure was associated with MMP
depletion and increased mitochondrial fission rather than fusion. In
comparison with the miR-124 inhibitor groups, the cells in the miR-124
mimic groups exhibited better mitochondrial functional status, indi-
cating that the miR-124-3p mimic-restrained CAPN1 expression results
in less mitochondrial damage. CAPN1 translocates from the cytoplasm
to mitochondria due to hyperhomocysteinemia-induced calcium flux
elevation and increases ROS generation, thereby contributing to mito-
chondrial dysfunction and cell death (Moshal et al., 2006; Papatheo-
dorou and Weiss, 2007). Wiegman et al. (2015) reported that
mitochondrial dysfunction is accompanied by upregulation of mito-
chondrial ROS in patients with chronic obstructive pulmonary disease.
The results of this study also demonstrated that CPF-induced mito-
chondrial dysfunction results in mitochondrial ROS elevation and also
affects cytoplasmic ROS levels. Simultaneously, several studies have
explored the role of miR-124 in CAPN expression associated with ROS
(Caietal., 2016; Hu et al., 2017; Kanagaraj et al., 2014). Kanagaraj et al.
(2014) found that miR-124 knockdown elevated ROS production by
interacting with CAPN1. Our results are consistent with previous
studies, and enhanced ROS generation was detected in the miR-124
inhibitor groups rather than the mimic groups, which means that
CAPN1 activation promotes mitochondrial dysfunction and this results
in ROS level elevation.

Inflammasomes play a crucial role in the intrinsic immune system as
the first line of host defence (Zheng and Kanneganti, 2020) and they are
assembled by sensor molecules, such as the NLR family. NLRP3, as an
inflammasome sensor, interacts with apoptosis-associated speck-like
protein (ASC) as an adapter molecule and this results in the recruitment
and activation of CASP1. Activated CASP1 triggers cleavage of pro-IL1§
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and pro-IL18 to establish proinflammatory responses (Man and Kanne-
ganti, 2016; Schroder and Tschopp, 2010) and frees the N-terminus of
the pore-forming protein GSDMD, causing pore structure assembly in
the cell membrane and mediating pyroptosis (He et al., 2015; Kayagaki
et al., 2015; Shi et al., 2015). Zhou et al. (2011) found that mitochon-
drial ROS are produced by respiratory chain inhibition, which eventu-
ally activates the NLRP3 inflammasome. Gross et al. (2011) revealed
that the NLRP3 inflammasome is triggered by ROS accumulation, which
was generated by the mitochondria. Han et al. (2018) reported that
excessive mito-ROS production upregulates the expression of NLRP3
and IL1p in patients with diabetic nephropathy. Jia et al. (2020)
demonstrated that mito-ROS upregulates oxidized mitochondrial DNA
and activates the NLRP3 inflammasome in arsenic-exposed hepatic in-
sulin resistance. In this study, we found that the proportion of pyroptotic
cells increased under CPF exposure, as characterized by extensive
membrane bubbling. More pyroptotic cells appeared in the miR-124
inhibitor group than in the mimic group, which further confirmed that
miR-124 targeting CAPN1 participates in CPF-induced pyroptosis. The
expression levels of NLRP3, CASP1, IL13 and GSDMD were prominently
increased under CPF exposure and in the miR-124 inhibitor groups,
indicating that mitochondrial ROS elevation evokes the canonical
NLRP3 inflammasome pathway and induces cell pyroptosis. Consistent
results have been obtained in numerous toxicant studies. Wu et al.
(2018) confirming that nicotine triggers endothelial cell pyroptosis via
the ROS-NLRP3 inflammasome and this results in atherosclerosis. The
ROS-dependent NLRP3 inflammasome results in pyroptosis in
lipopolysaccharide-stimulated cardiomyocytes (Li et al., 2019). LPS
enhanced the expression of Never in Mitosis A-related kinase 7 (NEK?7),
which evokes pyroptosis by interacting with NLRP3 and is involved in
inflammatory bowel disease (Chen et al., 2019). Additionally, the
occurrence of NLRP3 inflammasome-mediated pyroptosis in
doxorubicin-treated heart tissue was detected by Zeng et al. (2020).
However, in vivo experiments were not performed in this study. We aim
to investigate the toxicity of CPF in common carp and the relationship of
miR-124-3p and CAPN1, which will be the main focus of future studies.

5. Conclusion

Taken together, the present study primarily identified a targeted
binding relationship between miR-124-3p and CAPN1 in EPC cells and
demonstrated that pyroptotic death occurred in CPF-exposed EPC cells,
which was accompanied by restrained miR-124-3p expression and
elevated CAPN1 expression to trigger mitochondrial dysfunction, ROS
overproduction and NLRP3/IL1B/GSDMD pathway activation. All of the
results indicate that CPF-triggered EPC cell pyroptosis by regulating the
miR-124-3p/CAPN1 axis. This study not only provides new information
for CPF cytotoxicity studies but also supports a novel academic basis for
the exploration of miRNA and its target protein response to water
contaminants.
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