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Abstract: Acetochlor (ACT) is a widely used herbicide in agriculture and has become a global organic pollutant,
posing significant environmental risks. As an aniline herbicide, ACT threatens kidney health through inflammatory
responses. Omega-3 (Ω3) fatty acids play a crucial role in anti-inflammatory processes. This study investigates the
protective effects of Ω3 against ACT-induced renal damage and the specific molecular mechanisms underlying these
protective effects. Our findings indicate that exposure to ACT leads to renal inflammation and lipid-metabolism
disorders, while Ω3 alleviates inflammation levels and improves lipid-metabolism abnormalities. Mechanistically,
Ω3 mitigates the damage caused by ACT via the endoplasmic reticulum (ER) stress-NLRP3 inflammasome axis. Ω3
stabilizes the structure of GRP78, a key ER stress sensor, thereby preventing the activation of downstream pathways
associated with ER stress, including the transcription factor CHOP. This stabilization subsequently reduces assembly
of the downstream NLRP3 inflammasome complex, thereby alleviating kidney damage. These results provide new
insights into the role of Ω3 in modulating ER stress and its anti-inflammatory mechanisms in an avian
acetochlor-induced renal injury model.
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1. Introduction
Acetochlor (ACT), a vital pre-emergence herbicide, is widely utilised in agricultural production worldwide (Ye,

2003; Guzzella et al., 2006). Its tendency to form residue, high mobility, and poor degradability have led to extensive
use in agricultural production, resulting in a gradual increase in the risk of exposure toACTwithin ecosystems (Sun et
al., 2011, Chen et al., 2024). While the European Commission has discontinued the registration of ACT and the US
EPA has maintained only a conditional registration with strict restrictions and mandatory groundwater monitoring,
the herbicide remains widely used in China, posing serious environmental residue concerns. ACT primarily
accumulates in water bodies after nearby agricultural activity, and it can also persist on the surface of plants, posing
potential harm to animals through their food sources (Lu et al., 2022). Consequently, ACT is a considerable threat to
food safety for both humans and animals. This bioaccumulation and pollution may impact many species (Qin et al.,
2020; Wang et al., 2024b). Numerous toxicological studies on ACT indicate that it exhibits significant toxicological
characteristics, capable of causing damage to multiple organs (Wang et al., 2023b; Zhang et al., 2024, 2025a). In
zebrafish, ACT covalently inhibits GPX4 activity via its chloroacetamide group, leading to accumulation of lipid
peroxides, 4-HNE, and reactive oxygen species (ROS), and thereby inducing oxidative stress and lipid-metabolism
disorders(Mesmar et al., 2024). In murine studies, ACT triggers oxidative stress, activates the p53 and MAPK/ERK
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pathways, modulates the Bax/Bcl-2 ratio, and induces caspase-3/9 activation, ultimately resulting in germ-cell
apoptosis(Song et al., 2019). However, the nephrotoxicological mechanisms of ACT are still unclear. It is known that
pesticides can accrue in the kidneys; researchers have detected them in the kidney tissue of frogs from the Pampas
region (Brodeur et al., 2022). The kidney is a vital metabolic organ that primarily functions to eliminate toxins
produced by intracellular and exogenous metabolism, regulating internal homeostasis (Levassort and Essig 2024).
Research has demonstrated that exposure to ACT can lead to renal-cell apoptosis in bighead carp (Zhao et al., 2022),
posing a non-negligible threat to their health. Further research is needed to elucidate the mechanism of and possible
preventive measures for ACT-induced renal injury.

Endoplasmic reticulum (ER) stress is a cellular mechanism that responds to disruptions in protein homeostasis.
When protein homeostasis is unbalanced, ER stress activates three ER UPR proteins, which are transmembrane
proteins released via immunoglobulin heavy chain binding protein (GRP78): Activating Transcription Factor 6
(ATF6), Inositol requiring enzyme 1 (IRE1), and Protein kinase RNA–like endoplasmic reticulum kinase (PERK).
These proteins initiate three distinct pathways of the ER stress response to maintain ER homeostasis (Hetz, 2012; Li
et al., 2023). Research has shown that various compounds can induce ER stress in animals, and that it is closely
related to nephrotoxicity (Ming et al., 2022; Li et al., 2024). Components of the immune signaling pathway form part
of the interactive network of the ER stress response , which highlights its intimate connection with immune function
(Di Conza and Ho, 2020). In many cases, organelle stress can switch on assembly of NLRP3 inflammatory vesicles,
which is strongly associated with inflammation caused by external toxins (Dandekar et al., 2015; Han et al., 2025).
Inflammasomes are multiprotein complexes assembled by cytosolic pattern-recognition receptors; they mediate
innate immune defences and are closely linked to various diseases. The canonical NLRP3 inflammasome is
assembled from the sensor NLRP3 and the adaptor Apoptosis-associated speck-like protein (ASC), which serves as a
platform for the recruitment and activation of pro- cysteinyl aspartate specific proteinase 1 (Caspase-1).The NLRP3
inflammasome is a crucial component of the innate immune system, due to its role in responding to harmful signals
(Song et al., 2021; Dong et al., 2022; Fu and Wu, 2023; Ren et al., 2024). However, aberrant activation of the this
inflammasome is also closely associated with inflammatory disease (Blevins et al., 2022). Pyroptosis is induced when
danger-associated molecular patterns come into contact with cells (Kelley et al. 2019).

Ω3, a group of indispensable polyunsaturated fatty acids that are often found in plants, seal oil, and deep-sea fish
(Cholewski et al., 2018), plays an essential role in organismal health (Shahidi and Ambigaipalan, 2018). Ω3 not only
serves as a necessary nutrient for the body of the organism but also exhibits anti-inflammatory properties. It is capable
of reducing chronic inflammation, oxidative stress, and cell apoptosis (Ishihara et al., 2019; Wang et al., 2024a;
Essawy et al., 2025). Our previous research has demonstrated the significant mitigating effects of Ω3 on
copper-induced ileal toxicity in broiler chickens(Zhou et al., 2025). Recent studies have demonstrated that Ω3 exerts
beneficial effects in renal fibrosis and chronic kidney disease (Yang et al., 2026), and is closely associated with the
regulation of renal lipid metabolism (Qu et al., 2026). Moreover, Ω3 is reported to improve renal energy metabolism,
thereby contributing to the attenuation of kidney-disease progression (Lee et al., 2026). The primary components of
Ω3 include EPA and DHA. EPA specifically exhibits antioxidant activity. It can attenuate renal interstitial fibrosis in
rats via the TGF-β signaling pathway and reduce lipid-induced renal toxicity by decreasing lipid autophagy (Shi et al.,
2022). Previous studies have demonstrated that DHA exhibits anti-inflammatory properties and attenuates
LPS-induced inflammation through activation of the cAMP/IκBα signaling pathway (Wu et al., 2025). Despite these
findings, studies focusing on the renoprotective effects of DHA and EPA remain relatively limited, and the
mechanisms by which Ω3 exerts beneficial effects in the kidney are still not fully understood.

In the present study, we established in vivo models of broiler chickens exposed to ACT, some of which received
Ω3 supplementation, as well as in vitro models including ACT exposure, Ω3 supplementation, and groups treated
with the ER stress inhibitor 4PBAand the NLRP3 inhibitor MCC950, to investigate the mechanisms of ACT-induced
renal-tissue injury and Ω3 remission. These findings reveal significant roles for ER stress and pyroptosis in
nephrotoxicity, suggesting that targeting ER stress and activating NLRP3 Inflammasomes could be an effective
therapeutic strategy to alleviate ACT-induced kidney injury.
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2. Materials and methods
2.1 Construction of the Animal Model
We obtained 40 one-day-old chicks and acclimatised them for 7 days in a laboratory animal centre. The sample

size was determined based on previous studies which used similar animal models and experimental designs. After
acclimatisation, the animals were randomly assigned to experimental groups using the random number table method.
Equal numbers of male and female chickens were included in each experimental group to minimize potential
sex-related bias. We used four groups: the control group (fed with basal diet), the ACT treatment group (fed with 500
mg/kgACT in addition to basal diet), the Ω3 group (fed with 0.05 g/kg Ω3 in addition to basal diet), and theACT+Ω3
combined treatment group (fed with 500 mg/kgACT and 0.05 g/kg Ω3 in addition to basal diet). After 35 days of this
treatment, the chicks were sacrificed, and their kidney tissue was preserved in a -80℃ refrigerator. The dose of 500
mg/kg ACT was selected based on our previous dose-setting study in chickens, whereas the high dose corresponded
to approximately 1/10 of the wild bird LD50 value reported by the EPA (Zhang et al., 2025b).

The histopathological and biochemical measurements are fully described in the supplementary materials and
methods.

3. Results
3.1 Ω3 alleviation of ACT-induced kidney injury
H&E staining revealed no inflammatory infiltration and only a few renal tubular epithelial vacuoles in the

control (C) and Ω3 groups. In contrast, the ACT group exhibited significant inflammatory infiltration and an
increased number of renal tubular epithelial vacuoles. However, the ACT+Ω3 group showed no inflammatory
infiltration and a reduced number of renal tubular epithelial vacuoles (Fig. 1a). Electron microscopy results indicated
normal ultrastructure in the C and Ω3 groups. However, the ACT group appeared to display loss of microvilli, renal
tubular-cell swelling, and ER expansion. In the ACT+Ω3 group, the number of missing microvilli was lower, cell
swelling was not as severe, and ER expansion was not affected (Fig. 1b). These findings suggested that Ω3 alleviated
kidney inflammation and injury caused by ACT. Potential targets of ACT were enriched in processes related to fatty
acid metabolism, lipid metabolism, inflammation, and ER (Figs. 1c and 1e). Interaction genes of Ω3 were enriched in
biological processes such as inflammatory response, lipid metabolism, fatty acid metabolism, lipid transport, NLRP3
inflammasome assembly, and ER stress, as determined by GO enrichment analysis. Similarly, in KEGG pathway
enrichment analysis, they were enriched in fatty acid metabolism and the PPAR signaling pathway (Figs. 1d, 1f, 1g
and 1h).
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Fig.1 Ω3 alleviates kidney injury induced by ACT exposure
(a) H&E staining of kidney tissue (black arrows: inflammatory infiltration, orange arrows: renal tubular epithelial vacuolation). (b) Electron
microscopy of kidney tissue. Red boxes are cell swelling, yellow boxes are microvilli absence and green boxes are cell swelling recovery, purple
boxes are endoplasmic reticulum swelling, blue boxes are endoplasmic reticulum swelling recovery. (c) Bubble plot of GO enrichment analysis for
potential acetochlor targets. (d) Bubble plot of GO enrichment analysis for Ω-3 interacting genes. (e) Circle plot of GO enrichment analysis for
potential acetochlor targets. (f) Sankey bubble plot of KEGG enrichment analysis for Ω-3 interacting genes. (g) Network diagram of the GO
Biological Process (BP) enrichment for Ω-3 interacting genes. (h) Network diagram of the GO Cellular Component (CC) enrichment for Ω-3
interacting genes. Data are presented as the mean ± SD

3.2 Ω3 mitigation of ACT-induced ER stress in the kidneys
Compared to the C group, the mRNA and protein levels of GRP78, ATF6, IRE1, and p-PERK mRNA were

significantly increased in the ACT group (Figs. 2a, 2b, 2d, 2e, 2f, 2g and 2i), indicating the occurrence of ER stress.
This in turn indicated the activation of all three pathways of the UPR. Additionally, the downstream targets of the
PERK pathway in the UPR, ATF4 (Activating Transcription Factor 4), and CHOP (C/EBP-homologous protein),
were significantly upregulated in the ACT group, along with an increase in mRNA levels of Eukaryotic translation
initiation factor 2α (EIF2-α) (Figs. 2c, 2g and 2i). Comprehensive activation of ER stress in the kidneys was observed
uponACT exposure, although the difference was not statistically significant. Notably, the Ω3 treatment group showed
a reduction in PERK mRNA levels compared to the ACT group (Fig. 2i). All other results were also significantly
downregulated in the ACT+Ω3 group, indicating that Ω3 mitigated ER stress induced by ACT exposure.
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Fig.2 Ω3 mitigates ER stress in the kidneys induced by ACT exposure
(a-g) Protein expressions of p-PERK, PERK, IRE1, GRP78, CHOP,ATF6, andATF. (h, i) Gene transcription levels of GRP78, CHOP, IRE1,

ATF4, PERK, and EIF2-α. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are shown as three independent samples (n=3). Data are presented as the
mean ± SD

3.3 Ω3 attenuation of ACT-induced pyroptosis and inflammation
NLRP3 gene transcription and expression levels were significantly increased in the ACT group, and these

increases were attenuated by Ω3 treatment (Figs. 3e, 3i and 3k). Similarly,ASC and Caspase-1 protein expression and
mRNA levels were significantly elevated in the ACT group but reduced in the ACT+Ω3 group (Figs. 3a, 3b, 3c and
3f). This provided evidence that ACT induced assembly of the inflammasome, which Ω3 inhibits. Significant
increases in IL-18 and Tumor Necrosis Factor-α (TNFα) mRNA levels in the ACT group and their subsequent
reduction in the ACT+Ω3 group further supported the occurrence of pyroptosis and inflammation in the kidneys and
their attenuation by Ω3 (Figs. 3d and 3j). Although the upregulation of Interleukin-1beta (IL-1β) and IL-8 in the ACT
group and their attenuation by Ω3 were not significant, they still provided additional evidence for the mitigating
effects of Ω3 on pyroptosis and inflammation induced by ACT exposure (Figs. 3g and 3h).Unedited
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Fig.3 Ω3 attenuation of ACT-induced pyroptosis and inflammation and Ω3 amelioration of ACT-induced
lipid metabolism disorders

(a-c) Protein expression of ASC and Caspase1. (d-h, j) Gene transcription levels of TNF-α, NLRP3, Caspase1, IL-1β, IL-8, and IL-18. (k)
Immunofluorescence and fluorescence intensity quantification of NLRP3. *P < 0.05, **P < 0.01, and ***P < 0.001. (l-o,q) Protein expression of
PPARγ, PPARα, PGC1, and SREBP1. (p) Gene transcription levels of ACACA, FASN1, PPARγ, and SREBP1. *P < 0.05, **P < 0.01, and ***P <
0.001. Data are shown as three independent samples (n=3). Data are presented as the mean ± SD

3.4 Ω3 amelioration of ACT-induced lipid metabolism disorders
The protein–protein interaction (PPI) enrichment analysis showed that potential target genes of EPAwere

enriched in the fatty acid metabolism pathway, with a P-value of 10^-24.3 (Fig. 3r). The experimental results aligned
with this analysis. Peroxisome proliferators-activated receptor γcoactivator 1 (PGC1), a protein involved in fatty acid
oxidation, exhibited a significant reduction in theACT group (Fig. 3n). Meanwhile, peroxisome proliferator activated
receptor alpha (PPARα) levels declined significantly in the ACT group (Fig. 3m). Significant upregulation of
peroxisome proliferator activated receptor gamma (PPARγ) protein and mRNA levels was observed in theACT group.
(Figs. 3o, p). At the mRNA level, ACACA and FASN1 were significantly upregulated in the ACT group (Fig. 3p).
Both the mRNA and protein levels of Sterol regulatory element-binding protein 1 (SREBP1) were found to be
elevated in the ACT group (Figs. 3p and 3q). The ACT+Ω3 group exhibited corresponding alleviation results for the
indicators.

3.5 Ω3 alleviation of ACT-induced cell pyroptosis via the ER stress pathway
ER-Tracker red staining showed a decrease in ER fluorescence intensity in the ACT group, which was less than

that in the ACT+Ω3 and ACT+4PBAgroups (the latter is an ER stress inhibitor) (Figs. 4a and 4f). Furthermore, there
was no significant difference between the ACT and ACT+MCC950 groups (MCC950 is an NLRP3 inhibitor) (Figs.
4a and 4f). Comparing the ACT+4PBA and ACT+Ω3 groups, IF and WB analyses indicated that GRP78
gene-expression levels were analogous, suggesting similar mechanisms of action for Ω3 and 4PBA (Figs. 4c, 4g, 4e,
4h). The results of PERK demonstrated that PERK gene-expression levels in the ACT+Ω3 and ACT+4PBA groups
were similar but lower than those in the ACT group (Figs. 4b and 4d). Although PERK mRNA levels were reduced in
the ACT+MCC950 group compared to the ACT group, they were still higher than those in the ACT+Ω3 and
ACT+4PBA groups (Fig. 4l). The IF results of CHOP and the protein results of ATF4 were reduced in the ACT+Ω3
and ACT+4PBA groups compared to the ACT group, and there was no significant difference between the ACT and
ACT+MCC950 groups (Figs. 4g, 4i, 4j, 4n and 4m). Despite a reduction in CHOP mRNA levels in the
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ACT+MCC950 group compared to the ACT group, they remained higher than those in theACT+Ω3 and ACT+4PBA
groups (Fig. 4k). These findings suggested that the regulatory effect of Ω3 on ER stress did not take place not
downstream of NLRP3 inflammasome assembly but was directly mediated through ER stress.

Fig.4 Ω3 alleviates cell pyroptosis induced by ACT via the ER stress pathway
(a, f) Red fluorescent probe for endoplasmic reticulum and fluorescence intensity quantification. (b, c, d, e) Immunofluorescence and fluorescence
intensity quantification of PERK and GRP78. (m, n) Immunofluorescence and fluorescence intensity quantification of CHOP. (g-j) Protein
expression of ATF4, GRP78, and CHOP. (k, l) Gene transcription levels of CHOP and PERK. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are
shown as three independent samples (n=3). Data are presented as the mean ± SD

3.6 Ω3 mitigation of ACT-induced cell pyroptosis via NLRP3 inflammasome inhibition
Flow cytometry results using PI staining showed similar cell-death counts in the ACT+Ω3, ACT+4PBA, and

ACT+MCC950 groups, all of which exhibited attenuating effects compared to the ACT group (Fig. 5m). Protein
levels of NLRP3 and ASC, two components of the NLRP3 inflammasome structure, were decreased in these three
groups (Figs. 5d and 5f). This pointed to a similar effect of ER stress inhibitors, NLRP3 inflammasome inhibitors, and
Ω3 in attenuating the upregulation of NLRP3 and ASC induced byACT (Figs. 5d and 5f). However, protein levels of
Caspase-1 and key proteins involved in pyroptosis (C-terminal of GSDMD and pro-IL-1β) were lower in the
ACT+MCC950 group compared to the ACT+4PBA group (Figs. 5c, 5e, 5g). IF results showed similar levels of
Interleukin-2 (IL-2) and Gasdermin D (GSDMD) in the ACT+MCC950 and ACT+Ω3 groups, which were slightly
higher than those in theACT+4PBAgroup (Figs. 5a, 5i, 5k and 5l). TNFα protein expression was slightly lower in the
ACT+Ω3 group compared to the ACT+4PBA and ACT+MCC950 groups (Fig. 5j). Nuclear factor kappa-B (NF-κB)
protein levels were similar in the ACT+Ω3 and ACT+4PBA groups, slightly lower than those in the ACT+MCC950
group (Fig. 5h). These findings indicated that ER stress regulated assembly of the NLRP3 inflammasome upstream of
its activation, contributing to the attenuating effects of Ω3 on ACT-induced cell damage.
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Fig.5 Ω3 mitigates cell pyroptosis induced by ACT by inhibiting NLRP3 inflammasome release
(a, k) Immunofluorescence and fluorescence intensity quantification of GSDMD. (b-h, j) Protein expression of pro-IL-1β, NLRP3, Caspase1,ASC,
GSDMD, NF-kB, and TNF-α. (i, l) Immunofluorescence and fluorescence intensity quantification of IL-2. (m) Flow cytometry PI results and
means fluorescence intensity quantification. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are shown as three independent samples (n=3). Data are
presented as the mean ± SD

3.7 Interaction of ACT and Ω3 with ER stress chaperone GRP78
Global homology alignment of chicken-derived GRP78 and human GRP78 revealed a 98.93% amino acid

sequence identity, indicating a high degree of conservation at the level if primary protein structure (Table. S3). Since
DHA exhibits weaker binding energy to GRP78 than EPA, the potential docking mechanism was investigated using
EPA (Fig. S3). Given the current lack of a reliable, experimentally validated protein sequence and of functional
annotation for chicken GRP78 (HSPA5), we adopted the highly conserved human GRP78 in this study as a surrogate
reference sequence for inference of function and key binding sites. To investigate the potential mechanism by which
ACT induces ER stress and the molecular basis for the mitigating effect of Ω3 fatty acids via GRP78, we performed
molecular docking analyses for ACT and Ω3 with GRP78. Twenty docking poses were obtained for both ACT and
Ω3(Figs. 6a and 6c). The results indicated that the average binding energy of Ω3 with GRP78 was superior to that of
ACT, suggesting a stronger binding affinity of Ω3 for GRP78 (Fig. 6B3, D3). Further analysis revealed that in poses
C1–C5, the binding site of Ω3 on GRP78 overlapped significantly with the knownATP-binding pocket. Based on the
spatial distribution characteristics of the small molecule–protein binding pockets, molecular dynamics (MD)
simulations of 100 ns were performed for the pose with the optimal binding energy within each category. The MD
results demonstrated that in the ACT–GRP78 complex, only pose A1 exhibited good structural stability, with its
root-mean-square deviation (RMSD) consistently remaining below 5 Å and stabilizing around a mean value (Fig.
6B2), while fluctuations in solvent-accessible surface area (SASA) and radius of gyration (Rg) were minimal (Figs.
6B1 and 6B9). The free-energy landscape (FEL) exhibited only one distinct energy basin (Figs. 6B4). In the
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Ω3–GRP78 complexes, poses C1, C11, C16, and C20 all demonstrated high stability. The RMSD values for poses C1,
C16, and C20 stabilised below 5 Å, while the RMSD for pose C11 stabilised around approximately 10 Å (Figs. 6D2).
The SASA and Rg values for these poses fluctuated slightly within their respective mean ranges (Figs. 6D1, 6D9,
6D11-13). FEL analysis similarly revealed a single energy basin, indicating that overall, the complexes were
structurally stable (Figs. 6D4, 6D6-8).

Fig.6 Interaction between EPA, ACT and GRP78
(a) Molecular Docking of ACT and GRP78. (b) Molecular Dynamics Simulation of ACT and GRP78: (B1) SASA (Solvent Accessible Surface
Area) Results, (B2) RMSD (Root Mean Square Deviation) results (B3) Binding Energy of Molecular Docking, (B4-B8) Free Energy Landscape,
(B9-B14) Rg(radius of gyration) results. (c) Molecular Docking of EPAand GRP78. (d) Molecular Dynamics Simulation of EPAand GRP78: (D1)
SASA (SolventAccessible SurfaceArea) Results, (D2) RMSD (Root Mean Square Deviation) results (D3) Binding Energy of Molecular Docking,
(D4-D8) Free Energy Landscape, (D9-D14) Rg(radius of gyration) results. Data are presented as the mean ± SD

3.8 Ω3 amelioration of ACT-induced lipid metabolism disorders via NLRP3-GRP78 crosstalk
Oil Red O staining demonstrated that ACT induced lipid accumulation in renal cells; this was significantly

improved in the ACT+Ω3, ACT+4PBA, and ACT+MCC950 groups. Downregulation of PPARα expression was
observed in the ACT+4PBA and ACT+MCC950 groups, with expression levels similar to those in the Ω3 treatment
group (Figs. 7c and 7d). Trends in SREBP1 mRNA levels and PPARγ mRNA levels were also similar, suggesting that
inhibition of both ER stress and the NLRP3 inflammasome pathway attenuates lipid metabolism disorders induced by
ACT (Figs. 7a and 7b). As mentioned earlier, Ω3 fatty acids attenuate these disorders by alleviating ER stress.
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Fig.7 Ω3 ameliorates ACT-induced lipid metabolism disorders via NLRP3-GRP78 crosstalk
(a, b) Gene transcription levels of PPARγ and SREBP1. (c, d) Immunofluorescence and fluorescence intensity quantification of PPARα. (e)
Enrichment of protein-protein interactions at potential EPA binding sites. (f, g) Molecular docking analysis between EPA and IL-1β. (h–m)
Molecular dynamics simulations of the EPA and IL-1β complex. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are shown as three independent
samples (n=3). Data are presented as the mean ± SD

3.9 Stable binding of EPA to IL-1β: a potential mechanism for Ω3 mitigation of ACT toxicity
To elucidate the pharmacological mechanism by which Ω3 mitigates ACT-induced toxicity, we performed PPI

analysis, which indicated a strong potential for interaction between EPA and IL-1β (Fig. 7e). Molecular docking
confirmed this interaction, revealing a binding energy of –4.9 kcal/mol (Figs. 7f and 7g). During molecular-dynamics
(MD) simulation, the EPA–IL-1β complex reached a stable equilibrium, achieving convergence at the 70 ns time
point. The continuous RMSD trajectory suggested stable binding of the ligand within the protein pocket (Fig. 7h).
Most segments of the complex had RMSF values under 0.5 nm, denoting high residual stability. Additionally, an Rg
value below 2 nm implied a tightly packed molecular architecture, consistent with a folded or stably folded secondary
structure (Figs. 7i and 7j). The stability of the complex was further supported by a consistent SASA (82.5–95 nm²)
(Fig. 7k). A single energy basin was observed in the complex, indicating highly dynamic stability and a uniform
conformational profile (Fig. 7l and 7m).

4. Discussion

ACT is widely distributed globally, with detectable residues in both soil and water. The environmental stress is
undeniable (Wang et al., 2023a). Numerous studies have demonstrated the toxic effects of ACT on organs including
the cardiovascular system, liver, nervous system, and ovaries (Wang et al., 2019, 2023b, 2024c; Zhang et al., 2020).
Previous research has indicated that exposure to ACT can lead to apoptosis and necrosis of renal cells through
oxidative stress (Zhao et al., 2022). However, the toxicological mechanisms of ACT on the kidneys remain
unexplored. Our study demonstrates that ACT induces inflammatory injury and disrupts lipid metabolism in renal
tissue, resulting in significant toxicological damage to the kidneys. Given the scarcity of research on the
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detoxification mechanisms of ACT, we decided to investigate the potential protective effects of the dietary
supplement Ω3 in ACT-induced kidney damage. Ω3 can be used as a supplement in the treatment of chronic
kidney-disease patients (Fassett et al., 2010; Hu et al., 2017), exerting positive effects on inflammation in the kidneys
(Lin et al., 2022). We analysed the potential binding site of action of Ω3 on the relevant genes involved in the action of
ACT. Gene-set analysis of the potential targets of Ω3 suggests its involvement in lipid metabolism and inflammation.
Our results indicate the potential of Ω3 fatty acids to modulate renal lipid metabolism and attenuate inflammatory
responses. Fatty acids, as an essential component of lipids, can be deposited in various renal cells under pathological
conditions and participate in the onset and progression of acute kidney injury (AKI) or chronic kidney disease (CKD).
Fatty-acid metabolism disorder is a potential mode of kidney damage. We hypothesize that ACT plays an important
role in renal toxicity. Our findings suggest that the expression of genes involved in fatty-acid oxidation, transport,
synthesis, and storage in this model is abnormal. In the ACT-exposed group, fatty-acid synthesis was increased,
oxidation and transport were blocked, fatty-acid accumulation was increased, and lipid-metabolism disorders
appeared in the kidneys. Meanwhile, Ω3 significantly mitigated this abnormal expression.

Studies have shown that ER stress can induce inflammation in chicken lungs and lipid-metabolism disorders in
the mouse pancreas (Lu et al., 2024; Cho et al., 2025). In addition, the ERS response promotes renal tubular epithelial
cell injury in mice, exacerbating diabetic nephropathy (Jh et al., 2025). In our results, ACT is associated with
inflammation and lipid metabolism in the kidney, and the Ω3 treatment group showed a reduction in ACT-induced
renal tubular-cell vacuolation. Based on these findings, we hypothesized that the renal inflammation and
lipid-metabolism disorders caused by ACT, as well as the mitigating effects of Ω3, occur through ER stress.
Interestingly, our results support this hypothesis. We found that ER function declined in the ACT group, while Ω3
effectively alleviated this decline. By examining relevant indicators of ER stress, we concluded that Ω3 significantly
reduces ACT-induced ER stress in the kidneys. We found that the mitigating effect of Ω3 on ACT-induced GRP78
upregulation was similar to that of the ER stress-inhibitor group in measurements related to GRP78 expression. The
molecular docking results indicate strong binding energy between Ω3 and GRP78, suggesting that Ω3 exerts its
protective effects by binding to GRP78 and alleviating ER stress, thereby improving lipid metabolism and reducing
inflammation. GRP78 is a dimeric molecular chaperone possessing an "ATP-binding domain" and a
"substrate-binding domain." In a resting state, the substrate-binding domain tightly binds to PERK, ATF6, and
IRE1(Yang et al., 2015). When the accumulation of unfolded proteins exceeds a threshold, GRP78 releases these
binding pockets to bind unfolded proteins, thereby activating downstream signaling pathways associated with ER
stress (Ibrahim et al. 2019). Our study demonstrates that both EPA and ACT exhibit potential for binding to GRP78.
In its interaction with GRP78, the stable conformation of ACT is located at the front of the ATP-binding pocket,
which may interfere with ATP binding and affect its function. Concurrently, the multiple binding conformations of
ACTwith GRP78 may lead to instability of the complex, triggering ER stress. EPAmay contribute to the maintenance
of GRP78 conformational and functional homeostasis under ACT-induced ER stress. Rather than constitutively
locking GRP78 in a UPR sensor-bound state, EPA binding near the ATP-binding domain/dimer interface may reduce
ACT-induced structural disturbance and help preserve GRP78 chaperone activity. Under these conditions, excessive
dissociation or activation of PERK, ATF6, and IRE1 may be attenuated, thereby limiting downstream
PERK–ATF4–CHOP signaling and NLRP3 inflammasome activation. Our findings confirm that ACT-induced
toxicity is closely associated with cellular pyroptosis, and also reveal that Ω3 mitigates inflammasome-mediated
kidney damage through the pyroptosis pathway.

The NLRP3 inflammasome is associated with inflammatory and autoimmune disease. Hyperuricemia causes
kidney damage by promoting NLRP3-mediated inflammation in rats (Wu et al., 2021a). ACT may induce systemic
inflammation and immune response. Notably, Ω3 has potential effects on inflammation and the assembly of the
NLRP3 inflammasome. We then measured the cellular response to inflammation; the NLRP3 inflammasome is often
closely associated with inflammation (Mangan et al., 2018). We examined relevant indicators of the NLRP3
inflammasome in our model and found that ACT exposure upregulated NLRP3 inflammasome-related markers,
triggering pyroptosis in the kidneys. Importantly, a significant mitigating effect of Ω3 was observed, as evidenced by
reduced assembly of the NLRP3 inflammasome and decreased occurrence of pyroptosis in renal tissue. Furthermore,
assessment of inflammation-related markers in the kidney indicated that Ω3 effectively alleviated renal inflammation
induced by ACT.

ER stress can activate assembly of the NLRP3 inflammasome in mouse hearts and stimulate ROS production in
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mouse corneas, leading to NLRP3 inflammasome activation (Tan et al., 2025). Meanwhile , ER stress can mediate
pyroptosis in the chicken thymus (Wang et al. 2025). In our investigation, both ER stress and the inflammasome
showed upregulated expression under ACT exposure. Therefore, we infer that ACT exposure regulates NLRP3
activation through ER stress, while Ω3 inhibits release of the NLRP3 inflammasome by alleviating ER stress (Li et
al., 2020; Pereira et al., 2022). In vitro results revealed that the MCC950 group, which is an NLRP3 inflammasome
inhibitor, did not significantly inhibit ER stress-related markers. However, the ER stress-inhibitor 4PBA group
demonstrated inhibitory effects on NLRP3-related proteins. This preliminary evidence supports our hypothesis that
Ω3 inhibits assembly of the NLRP3 inflammasome by alleviating ACT-induced ER stress. Based on previous
research as well as our findings, we postulate that Ω3 restores GRP78 levels, leading to a reduction in PERK
activation, which in turn decreases ATF4 expression and then reduces CHOP transcription, ultimately alleviating
inflammasome activation and pyroptosis. Analysis of the potential pharmacological effects of Ω-3 indicates that Ω-3
may form a stable bond with IL-1β, which could mediate its mitigating action. This suggests that, in addition to
suppressing IL-1β production via canonical upstream signaling pathways, Ω3 may also directly neutralize its activity,
further blocking downstream inflammatory signaling.

The ER is a crucial organelle for intracellular lipid metabolism (Schwarz and Blower, 2016), and studies have
shown that ER stress can induce lipotoxicity in renal cells (Çeker et al., 2022). The NLRP3 inflammasome also
contributes to lipid accumulation in the kidneys of mice with diabetic nephropathy (Wu et al., 2021b). Both in vivo
and in vitro experiments in this study confirmed that Ω3 can alleviate ACT-induced abnormalities in the PPAR
pathway. Furthermore, in vitro experiments examining lipid metabolism and inflammation-related markers revealed
that both the ER-stress-inhibitor and NLRP3-inhibitor groups exhibited corresponding mitigating effects on
lipid-metabolism disorders. Based on these experimental results, we hypothesize that this process is associated with
the PPAR pathway. Both inhibitor groups also showed corresponding mitigating effects on inflammation. Therefore,
we conclude that Ω3 reducesACT-induced lipid metabolism and inflammation by mitigating ER stress and inhibiting
assembly of the NLRP3 inflammasome (Lebeaupin et al., 2015).

In summary, the kidney is a crucial metabolic organ that plays a central role in the body's circulatory system.
ACT causes stress in renal cells and triggers pyroptosis, inflammation, and disorders of lipid metabolism. Ω3
mitigates kidney damage by alleviating this stress induced by ACT deposition. Ω3 can stabilize the structure of
GRP78, inhibiting the release of downstream ATF6 and IRE1 and the phosphorylation of PERK in the ER stress
pathway. This leads to suppression of ATF4 translation and inhibition of CHOP nuclear translocation, preventing cell
death. Simultaneously, the process of ER stress recovery reduces expression of Caspase-1 and NLRP3, significantly
inhibiting the protein ASC, which is required for NLRP3 inflammasome assembly. As a result, the NLRP3
inflammasome cannot assemble, reducing cleavage of IL-1β and GSDMD by Caspase-1 and alleviating pyroptosis
and inflammation. In addition, abnormalities in lipid metabolism related to the PPAR pathway are mitigated,
restoring proper renal lipid metabolism.

This study has several limitations. First, the 500 mg/kg ACT exposure level we used is higher than
concentrations generally reported in environmental matrices or food chains; therefore, the current model should be
regarded as a high-dose toxicological model for exploring ACT-induced renal injury and the protective effects of Ω3,
rather than a direct representation of typical exposure. Second, although the in vivo intervention used a mixed Ω3
preparation containing both EPA and DHA, the in vitro mechanistic experiments mainly focused on EPA as a
representative active component. Thus, the individual contributions of EPA and DHAwere not fully distinguished.
Future studies using environmentally relevant, chronic low-dose ACT exposure models and purified EPA/DHA
interventions, alone or in combination, are needed to validate these findings under more realistic exposure conditions
and clarify the respective roles of EPAand DHA in regulating GRP78-mediated ER stress and NLRP3 inflammasome
activation.

5. Conclusions

In this study, we found that Ω3 could alleviate pyroptosis, inflammation, and lipid-metabolism disorders induced
by the ER stress-NLRP3 axis caused by ACT exposure in the kidneys. We also propose that Ω3 has the potential to
bind to IL-1β and thus inhibit pyroptosis. Meanwhile, Ω3 can stabilize the structure of GRP78, thereby alleviating ER
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stress. Our study provides mechanistic evidence for the protective potential of Ω3 against pesticide-induced renal
injury in broiler chickens, while further studies in mammalian models are required to evaluate its broader
translational relevance. These results provide new insights into the role of Ω3 in modulating ER stress and its
anti-inflammatory mechanisms: Ω3 alleviates pesticide-induced renal injury through multi-target mechanisms.

Materials and methods
Detailed methods are provided in the electronic supplementary materials of this paper.
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The data will be made available upon request.
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