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A B S T R A C T

Selenomethionine (SeMet), a vital organic selenium compound, plays a pivotal role in maintaining redox ho-
meostasis and is extensively utilized as a dietary supplement. The ROS/MAPK signaling axis has been implicated 
in mediating the detrimental effects of exogenous toxins on biological systems. However, the potential 
involvement of the ROS/MAPK signaling pathway in the protective mechanism of organic selenium against LPS- 
induced cecal injury in chickens remains to be elucidated. In this study, 80 Hailan brown laying hens aged 46 
weeks were randomly allocated into four experimental groups (n = 20) to establish a model for evaluating the 
effects of dietary SeMet supplementation and/or LPS treatment. The experimental design comprised the 
following groups: the C group (basal diet), the SeMet -supplemented group (SeMet group), the LPS-treatment 
group (LPS group), and the combined SeMet and LPS treatment group (Se+LPS group). Results showed that 
SeMet mitigated LPS-induced cecal epithelial disruption, oxidative stress (ROS, H2O2, and MDA), and restored 
antioxidant enzyme activity. SeMet also suppressed MAPK signaling and PANoptosis-related protein expression 
(GSDMD, Caspase-3, MLKL), while enhancing intestinal tight junctions and reducing inflammation. Additionally, 
SeMet restored gut microbiota homeostasis. These findings demonstrate that SeMet alleviates LPS-triggered cecal 
PANoptosis by inhibiting the ROS/MAPK cascade, improving intestinal barrier function, and modulating mi-
crobial balance. Our findings provide novel insights into dietary SeMet as a potential nutritional strategy to 
mitigate cecal injury in poultry, with implications for improving gut health and productivity in commercial 
laying hens.

Introduction

An indispensable trace element for maintaining health in both 
humans and animals, selenium (Se) carries out its fundamental biolog-
ical activities primarily by incorporation into selenoproteins, thereby 
playing an essential part in developmental processes and defense against 
oxidative damage (Wang et al., 2021). Se acts as a powerful antioxidant 
by promoting intracellular reactive oxygen species (ROS) scavenging 
and protecting cellular membranes and DNA from oxidative injury 
through diverse enzymatic antioxidant mechanisms (Li et al., 2017). 
Clinical evidence connects inadequate Se consumption through diet 

with multiple pathological manifestations, notably Keshan disease, 
immunological disorders, and white muscle disease (Chen et al., 2024). 
Epidemiological studies have revealed that inadequate Se intake in ad-
olescents correlates with elevated plasma oxidative products, contrib-
uting to obesity, developmental delays, and increased susceptibility to 
malignant diseases (Soares de Oliveira et al., 2021). Notably, dietary Se 
supplementation has been demonstrated to effectively correct redox 
imbalances and significantly mitigate oxidative stress (Li et al., 2025; 
Zhou et al., 2025). While inorganic Se has been widely utilized in animal 
husbandry due to its cost-effectiveness, its limitations, including low 
bioavailability and high toxicity, have led to its prohibition or restriction 
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in countries such as Japan and Sweden (Mahima et al., 2012; Pecoraro 
et al., 2022). In recent years, SeMet, an organic Se source characterized 
by high bioavailability and low toxicity, has emerged as a focal point in 
Se nutrition research (Kong et al., 2025; Xia et al., 2025). Research has 
demonstrated that SeMet mediates its antioxidative properties by 
regulating the KEAP1/Nrf2/HO-1 signaling axis, significantly mitigating 
LPS-induced inflammatory responses and necrotic damage in the 
eggshell gland (Chen et al., 2024). Current studies verify that dietary 
SeMet administration shields rabbits from AFB1-induced oxidative liver 
damage while preserving normal gut microbiota composition (Kong 
et al., 2025). Furthermore, studies have revealed that SeMet reduces 
LPS-triggered apoptotic cell death and inflammatory responses in avian 
cardiomyocytes through dual mechanisms of oxidative stress suppres-
sion and JAK2/STAT3/A20 pathway inhibition (Lei et al., 2024).

The mitogen-activated protein kinase (MAPK) family represents a 
crucial signaling cascade comprising three distinct members: extracel-
lular signal-regulated kinase (ERK), p38, and c-Jun N-terminal kinase 
(JNK) (Lee et al., 2020). Positioned at a pivotal junction of cellular 
signaling pathways, MAPKs serve as central regulators of cellular stress 
responses, inflammation, necroptosis, and apoptosis (Wang et al., 2025). 
Investigations in swine testicular cells have revealed that microplastic 
exposure activates the JNK/ERK/p38 pathway through ROS generation, 
subsequently elevating Caspase-3 and RIPK1 levels to induce both 
apoptosis and necroptosis (Wang et al., 2022). Analogous mechanisms 
occur in high-fat diet-associated kidney injury, where ROS-mediated 
JNK/ERK/p38 pathway activation promotes programmed cell death 
and enhances production of pro-inflammatory signaling molecules (Jia 
et al., 2025). Studies reveal that chemical activation of the ERK pathway 
results in NLRP3 inflammasome formation, which subsequently drives 
apoptosis and IL-1β production (Song et al., 2025). Recent studies have 
have defined PANoptosis as a unique form of regulated cell death 
marked by the co-activation of three distinct death pathways: apoptosis, 
pyroptosis, and necroptosis (Song et al., 2025). This complex, 
inflammatory-regulated cell death process is initiated by specific trig-
gers and modulated by the PANoptosome complex (Pandeya and Kan-
neganti, 2024). Emerging evidence demonstrates that 
ischemia/reperfusion injury induces microglial release of 
miRNA-423-5P, subsequently activating the MAPK pathway and trig-
gering neuronal PANoptosis (Lan et al., 2024). Zhou et al. have further 
elucidated that bacterial infections exacerbate sepsis-associated PAN-
optosis through activation of the JNK/ERK/p38 signaling pathway 
(Zhou et al., 2022). Additionally, various viral infections have been 
shown to induce PANoptosis by promoting phosphorylation of 
JNK/ERK/p38, thereby regulating cell death and inflammatory re-
sponses (Udawatte and Rothman, 2021). Growing research findings 
highlight the pivotal involvement of PANoptosis in the development and 
progression of various pathological conditions. For instance, 
PANoptosis-mediated inflammatory responses are closely associated 
with myocardial injury and ventricular remodeling. In murine models, 
burn injuries have been shown to induce PANoptosome complex for-
mation, leading to renal dysfunction and the development of nephritis 
(Yang et al., 2025).

As a key anatomical structure within the large intestine, the cecum 
represents the most significant fermentation organ in omnivores and 
herbivores, contributing to nutrient absorption, immune system func-
tion, and maintenance of bacterial balance (Ballout et al., 2025). 
Existing scientific evidence demonstrates SeMet’s capacity to counteract 
inflammatory processes in multiple organ systems across avian and 
mammalian species. Nevertheless, the molecular mechanisms by which 
SeMet mitigates LPS-induced cecal damage in poultry remain poorly 
understood. Therefore, the chicken model treated with SeMet or/and 
LPS was established in this study. Morphological observation was used 
to evaluate the injury of cecum. TUNEL staining, DHE staining, immu-
nofluorescence staining, 16S rDNA sequencing, Western blotting and 
qRT PCR were used to evaluate ROS/MAPK pathway, oxidative stress 
PANoptosis, changes of inflammatory cytokines, tight junction proteins 

and intestinal flora. The present research aims to uncover the funda-
mental mechanisms by which SeMet alleviates LPS-triggered gut dam-
age, providing practical insights for dietary Se supplementation in 
poultry production systems.

Materials and methods

Animals and experimental design

All procedures used in the study were approved by the institutional 
animal care and use Committee of Northeast Agricultural University 
(SRM11). A total of 80 healthy 46-week-old Hyland brown laying hens 
were randomly allocated into four experimental groups, including group 
C, LPS group, Se group and LPS+Se group. The chickens in group C and 
LPS were fed a basal diet without additional SeMet. Dietary supple-
mentation with 0.75 mg/kg Se in the form of SeMet was provided to 
both the Se group and SeMet + LPS group. The detailed composition of 
the experimental diets is presented in Table S1. Except for dietary Se 
levels, all husbandry parameters including ambient temperature, rela-
tive humidity, and photoperiod were kept identical between experi-
mental groups. The chickens had unrestricted availability of food and 
water throughout the study. After 6 weeks of feeding, experimental 
groups LPS and LPS+Se were injected intravenously with 0.2 mg/kg LPS 
to create an acute inflammation model. Intravenous administration of 
isovolumetric 0.9 % sterile saline was performed in both C and Se 
groups. After 12 h, animals were euthanized and cecal tissues were 
immediately processed for preservation in 10 % formalin, 2.5 % 
glutaraldehyde, or liquid nitrogen storage. The dose selection of SeMet 
and LPS is based on previous research results. 0.75mg/kg Se can 
significantly improve the antioxidant capacity of poultry without toxic 
effect, while 0.2mg/kg LPS has been proved to be able to effectively 
induce chicken inflammatory reaction and ensure the survival rate of 
experimental animals (Chen et al., 2024; Zhang et al., 2021; Tang et al., 
2021).

Hematoxylin and Eosin (H&E) Staining

Following established protocols (Yang et al., 2025), fixed cecal 
samples underwent sequential alcohol dehydration, paraffin embed-
ding, and microtome sectioning at 5 μm thickness. Tissue sections were 
then processed through xylene deparaffinization and alcohol rehydra-
tion before H&E staining. Final histological assessment was conducted 
via light microscopic observation and photomicrography. Cecal lesions 
were systematically scored using a validated histopathological scale 
evaluating seven distinct criteria: inflammatory cell accumulation, tis-
sue injury magnitude, proliferative response, goblet cell disappearance, 
ulcerative areas, fibrovascular tissue proliferation, and glandular den-
sity reduction, following published methodology (Burrello et al., 2018).

Transmission electron microscopy (TEM)

Glutaraldehyde-fixed cecal tissues (2.5 %, 24 h) were phosphate- 
buffer washed before osmium tetroxide post-fixation (1 %). Ethanol- 
acetone dehydration preceded epoxy resin embedding. Ultrathin sec-
tions were contrast-enhanced with uranyl-lead stains and imaged on a 
Hitachi H7650 TEM (Osaka, Japan). Quantitative assessment of micro-
villi, enterocytes, and zonula occludens damage employed validated 
ultrastructural criteria (Zhang et al., 2019).

Quantitative real-time PCR (qRT-PCR)

Cecal tissue RNA isolation was performed with TRIzol reagent, fol-
lowed by cDNA synthesis employing the KR106 FastQuant RT Kit 
(Tiangen Biotech, China). Quantitative PCR analysis was conducted on a 
CFX96 system using 20 μL reactions containing 0.3 μM primers, pre-
pared with FP205 SuperReal PreMix Plus (SYBR Green, Tiangen 
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Biotech) (Lu et al., 2024). β-actin was used as the internal reference gene 
for normalization, and relative mRNA expression levels were calculated 
using the 2-ΔΔCt method. The primer sequences used in this study are 
summarized in Table S2.

Western blotting

Homogenized cecal samples in RIPA lysis buffer (Solarbio) were 
centrifuged to obtain protein lysates. Electrophoretically separated 
proteins were transferred to NC membranes, which were then blocked (5 
% skim milk, 37◦C, 2 h), incubated with primary antibodies (4◦C, 
overnight), and exposed to secondary antibodies (room temperature, 2 
h) (Wang et al., 2020). Protein signals were captured using a Bio-Rad 
imaging workstation and quantified with ImageJ software, using 
β-actin as internal reference. Complete antibody information appears in 
Table S3.

Oxidative stress level detection

Reactive oxygen species (ROS) were quantified via dihydroethidium 
(DHE, Beyotime S0063) fluorescence staining, with tissue sections 
incubated in DHE working solution (37◦C, dark conditions, 30 min) per 
protocol. The intracellular levels of hydrogen peroxide (H2O2), total 
protein (TP), inducible nitric oxide synthase (iNOS), malondialdehyde 
(MDA), glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), 
glutathione peroxidase (GPX), and total antioxidant capacity (T-AOC) in 
cecal tissues were measured using commercially available detection kits 
from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Immunofluorescence staining

Cecal tissue sections were subjected to deparaffinization and rehy-
dration. Subsequent to epitope recovery, 5 % serum-based blocking 
solution (Vivacell) was applied for 30 min. After washing, primary 
antibody incubation was performed at 4◦C for approximately 16 h. 
Following day, tissue sections received 1-hour secondary antibody in-
cubation. After 4-hour fixation in 4 % PFA (4◦C), triple TBS washes (5 
min each) preceded 1-hour blocking with shaking. Primary antibodies 
targeting tight junction proteins (occludin/ZO-1, Abclonal, 1:200) were 
applied overnight (4◦C). Post quintuple TBS washes, BioDragon IgG 
secondaries (1:1000) incubated for 2 hours. Nuclear counterstaining 
used DAPI (15 min, dark) before fluorescence microscopy imaging.

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) 
assay

DNA fragmentation was assessed with the commercial TUNEL kit 
(C1086, Beyotime) per manufacturer’s guidelines. Prior to staining, 
tissue sections were sequentially processed with proteinase K and 
hydrogen peroxide solutions. The sectioning and staining procedures 
followed our previously published protocols (Liu et al., 2023; Xu et al., 
2024). Nuclei were counterstained with DAPI for visualization of cecal 
tissue.

Intestinal microbiota analysis

For microbial analysis, cecal contents were aseptically collected 
immediately after dissection. The cecum was exteriorized, longitudi-
nally incised, and approximately 0.5-1.0 g of central luminal material 
was collected using sterile instruments while avoiding mucosal contact. 
Samples were promptly transferred to DNA-free cryovials and processed 
within 15 min. DNA extraction followed an optimized CTAB/SDS pro-
tocol, with quality verified by electrophoresis (1 % agarose gel) and 
spectrophotometry. For optimal DNA integrity preservation, specimens 
were immediately aliquoted into sterile cryovials, snap-frozen in liquid 
nitrogen, and maintained at − 80◦C during storage and transport to 

Zhongke New Life Biotechnology Co., Ltd. The 16S rDNA sequencing 
was performed on the Illumina MiSeq PE250/PE300 platform following 
rigorous quality control procedures. The V3-V4 hypervariable regions 
were amplified using barcoded primers (341F-806R) with Phusion® 
High-Fidelity PCR Master Mix under standardized thermal cycling 
conditions: initial denaturation at 98◦C for 1 min, followed by 30 cycles 
of denaturation (98◦C, 10 s), annealing (50◦C, 30 s), and elongation 
(72◦C, 60 s), with a final extension at 72◦C for 5 min. PCR products were 
quantified, purified using the AxyPrep DNA Gel Extraction Kit, and li-
brary preparation was conducted with the NEB Next® Ultra™ DNA Li-
brary Prep Kit following manufacturer protocols. Bioinformatic 
processing included quality filtering, OTU clustering at 97 % similarity, 
and taxonomic classification against reference databases. Community 
structure was evaluated through alpha/beta diversity metrics and dif-
ferential abundance analysis.

Statistical analysis

All experiments were performed in triplicate, and data were visual-
ized using GraphPad Prism 9.0. Statistical analysis was conducted using 
IBM SPSS 26.0, with one-way analysis of variance (ANOVA) applied to 
assess differences among groups. The experimental results are repre-
sented by the mean ± SD in the bar chart, or by the median IQR in the 
box chart and violin chart. The complete mean and SD values can be 
obtained in the supplementary table S4-S8. Duncan’s multiple range test 
was used for post-hoc comparisons, with significance levels denoted as 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Result

SeMet significantly mitigates LPS-induced pathological damage in cecal

Histopathological examination showed normal cecal morphology in 
both C and SeMet groups, with tightly arranged villi, scarce inflamma-
tory cells, slight epithelial hyperplasia, numerous goblet cells, and 
absence of ulcerative changes or glandular degeneration. In contrast, the 
LPS group displayed extensive inflammatory cell infiltration in cecal 
tissues, severe cellular proliferation, significant loss of goblet cells, ul-
ceration, and glandular atrophy (P < 0.001). Notably, SeMet treatment 
markedly attenuated these LPS-induced pathological alterations (P <
0.05; Fig. 1A-B). TEM further demonstrated that the C group and SeMet 
group maintained smooth nuclear membranes, intact mitochondrial and 
endoplasmic reticulum structures, and normal microvilli, epithelial 
cells, and tight junctions. In the LPS group, nuclear membrane rupture, 
mitochondrial swelling, cristae disappearance, and damage to micro-
villi, epithelial cells, and tight junctions were observed (P < 0.0001). 
Importantly, SeMet supplementation effectively reversed these LPS- 
induced ultrastructural changes (P < 0.001), preserving nuclear integ-
rity and maintaining mitochondria with clear structural features 
(Fig. 1C-D).

SeMet alleviates LPS induced oxidative stress in cecal

To investigate the impact of SeMet on oxidative stress levels, we 
initially performed DHE staining on cecal tissues. DHE is reduced to 
fluorescent compounds under conditions of cellular oxidative stress. 
Comparative measurements confirmed LPS-induced oxidative stress 
elevation in intestinal tissues compared to the C group, demonstrated by 
enhanced red fluorescence emission (P < 0.0001). However, the 
SeMet+LPS group exhibited markedly reduced fluorescence intensity (P 
< 0.001), indicating suppression of oxidative stress levels relative to the 
LPS group (Fig. 2A). Concurrently, LPS treatment inhibited the activa-
tion of the Keap1/Nrf2 antioxidant signaling pathway. At the tran-
scriptional level, LPS treatment significantly downregulated mRNA 
expression of Nrf2 (P < 0.01), HO-1 (P < 0.001), and NQO1 (P < 0.01), 
while upregulating Keap1 mRNA expression (P < 0.0001) compared to 
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the C group. SeMet supplementation effectively reversed these LPS- 
induced transcriptional alterations, restoring Nrf2 (P < 0.05), HO-1 (P 
< 0.05), and NQO1 (P < 0.05) mRNA levels, and normalizing Keap1 
expression (P < 0.001; Fig. 2B-C). Consistent with the mRNA results, 
Western blot analysis revealed that LPS exposure substantially 
decreased protein levels of Nrf2 (P < 0.0001), HO-1 (P < 0.001), and 
NQO1 (P < 0.0001), but increased Keap1 protein expression (P < 0.001) 
relative to the C group. Importantly, SeMet co-treatment significantly 
ameliorated these protein expression changes, upregulating Nrf2 (P <
0.01), HO-1 (P < 0.05), and NQO1 (P < 0.01) while downregulating 
Keap1 (P < 0.001; Fig. 2D-E). The LPS-exposed group exhibited signif-
icant decreases in enzymatic antioxidants, including GPx (P < 0.01), 
SOD (P < 0.01), and CAT (P < 0.0001), along with reduced GSH con-
centration (P < 0.01). This was accompanied by increased expression of 
lipid peroxidation products, including iNOS (P < 0.001), H₂O₂ (P <
0.0001), and MDA (P < 0.0001), leading to impaired overall antioxidant 
potential in cecal tissues. Notably, SeMet co-administration with LPS 
substantially improved antioxidant capacity, as evidenced by restored 
GPX (P < 0.05), SOD (P < 0.05), and CAT (P < 0.001) activities, while 
effectively attenuating oxidative stress markers iNOS (P < 0.01), H₂O₂ (P 
< 0.01), and MDA (P < 0.0001; Fig. 2F).

SeMet inhibits LPS induced activation of MAPK signaling pathway

To elucidate MAPK pathway involvement in SeMet and/or LPS- 
mediated cecal responses, we quantitatively evaluated MAPK- 
associated markers using both qPCR and Western blot analyses. Exper-
imental data demonstrated that neither the C group nor the SeMet group 
exhibited significant changes in MAPK pathway-related gene 

expression, including JNK (P > 0.05), ERK (P > 0.05), and p38 (P >
0.05). Similarly, no notable alterations were observed in the phos-
phorylation levels of their corresponding proteins: p-JNK (P > 0.05), p- 
ERK (P > 0.05), and p-p38 (P > 0.05). In contrast, LPS treatment 
robustly activated the MAPK signaling pathway. At the transcriptional 
level, LPS significantly upregulated the mRNA expression of JNK (P <
0.0001), ERK (P < 0.0001), and p38 (P < 0.0001). Concurrently, the 
phosphorylation levels of these kinases were markedly elevated, as 
evidenced by increased p-JNK (P < 0.0001), p-ERK (P < 0.001), and p- 
p38 (P < 0.0001). Notably, SeMet supplementation effectively coun-
teracted LPS-induced MAPK pathway activation. Specifically, SeMet 
significantly attenuated the LPS-induced upregulation of JNK mRNA (P 
< 0.0001), ERK mRNA (P < 0.0001), and p38 mRNA (P < 0.0001). At 
the protein level, SeMet administration markedly reduced the phos-
phorylation of p-JNK (P < 0.0001), p-ERK (P < 0.01), and p-p38 (P <
0.01), indicating its potent inhibitory effect on MAPK signaling hyper-
activation (Fig. 3A-D).

SeMet inhibits LPS-induced assembly of PANoptosomes in cecum

PANoptosomes, as dynamic multiprotein complexes, involve the 
assembly of ZBP1-mediated molecular scaffolds and the coordinated 
action of multiple cross-pathway proteins. Molecular analyses demon-
strated that, compared to the C group, LPS stimulation significantly 
promoted PANoptosome assembly. At the mRNA level, LPS upregulated 
expression of the molecular scaffold ZBP1 (P < 0.0001), apoptosis- 
related components FADD (P < 0.001) and Caspase8 (P < 0.0001), 
necroptosis-related kinases RIPK1 (P < 0.0001) and RIPK3 (P < 0.0001), 
as well as pyroptosis-related components NLRP3 (P < 0.001), Caspase1 

Fig. 1. Pathological observations of chicken cecal following treatment with SeMet and/or LPS. (A) H&E staining of chicken cecal tissue. Black triangles 
indicate inflammatory cell infiltration, and black arrows denote mucosal rupture. Scale bars: 200 μm and 50 μm. (B) Score of cecal microstructural damage, n = 3. (C) 
TEM images of chicken cecal tissue. Scale bar: 1 μm. (D) Score of cecal ultrastructure damage, n = 3.
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(P < 0.0001) and ASC (P < 0.001). Corresponding increases were 
observed at protein levels for ZBP1 (P < 0.0001), FADD (P < 0.0001), 
Caspase8 (P < 0.0001), RIPK1 (P < 0.0001), RIPK3 (P < 0.0001), NLRP3 
(P < 0.0001) and ASC (P < 0.0001). Notably, compared to LPS treatment 
alone, the combined SeMet+LPS intervention significantly suppressed 
PANoptosome assembly. At the mRNA level, SeMet downregulated 
expression of structural component ZBP1 (P < 0.01), apoptosis-related 
components FADD (P < 0.001) and Caspase8 (P < 0.001), necroptosis- 
related kinases RIPK1 (P < 0.0001) and RIPK3 (P < 0.0001), as well 
as pyroptosis-related components NLRP3 (P < 0.01), Caspase1 (P <
0.05) and ASC (P < 0.001). At the protein level, SeMet reduced 
expression of ZBP1 (P < 0.001), FADD (P < 0.0001), Caspase8 (P <
0.05), RIPK1 (P < 0.05), RIPK3 (P < 0.001), NLRP3 (P < 0.0001) and 
ASC (P < 0.001) (Fig. 4A-D).

SeMet attenuates LPS-induced cecal PANoptosis

PANoptosis represents a novel form of programmed cell death 
characterized by the simultaneous activation of apoptosis, necroptosis, 
and pyroptosis pathways. TUNEL staining of cecal tissues revealed that 
while the C group and SeMet group showed minimal green fluorescence, 
the LPS group exhibited significantly increased fluorescence intensity, 
indicating extensive DNA fragmentation characteristic of PANoptosis. 
SeMet supplementation markedly attenuated this effect (Fig. 5A). At the 
transcriptional level, LPS markedly upregulated expression of apoptosis 
executor Caspase3 (P < 0.0001), pyroptosis effector GSDMD (P <
0.0001), and necroptosis marker MLKL (P < 0.0001). These changes 

were accompanied by corresponding increases in protein levels for 
Caspase3 (P < 0.001), GSDMD-N (P < 0.0001), and MLKL (P < 0.0001). 
Importantly, SeMet treatment effectively attenuated these LPS-induced 
effects. At the mRNA level, SeMet significantly reduced expression of 
Caspase3 (P < 0.0001), GSDMD (P < 0.01), and MLKL (P < 0.01). 
Similarly, at the protein level, SeMet decreased expression of Caspase3 
(P < 0.01), GSDMD-N (P < 0.01), and MLKL (P < 0.001). These findings 
collectively demonstrate that SeMet significantly mitigates LPS-induced 
PANoptosis through coordinated suppression of all three cell death 
pathways (Fig. 5B-E).

SeMet effectively mitigates LPS-induced cecal inflammation, tight junction 
disruption, andi flora disorder

To comprehensively evaluate the protective effects of SeMet on in-
testinal inflammation and epithelial barrier integrity, we conducted 
systematic analyses of inflammatory mediators and tight junction 
components. qPCR and Western blot results demonstrated LPS-induced 
increases in pro-inflammatory markers: TNF-α (mRNA P < 0.0001, 
protein P < 0.001), COX-2 (mRNA P < 0.0001, protein P < 0.0001), NF- 
κB (mRNA P < 0.001, protein P < 0.01), IL-6 (mRNA P < 0.0001, protein 
P < 0.0001), IL-1β (mRNA P < 0.0001, protein P < 0.0001), and PGE 
(mRNA P < 0.0001, protein P < 0.0001) compared to the C group. 
Concurrently, LPS suppressed the anti-inflammatory cytokine IL-4 
(mRNA P < 0.001, protein P < 0.001). SeMet treatment effectively 
reversed these inflammatory changes, significantly reducing expression 
of TNF-α (mRNA P < 0.0001, protein P < 0.001), COX-2 (mRNA P <

Fig. 2. Effects of SeMet and/or LPS on oxidative stress in the cecum of chickens. (A) DHE staining of chicken cecum. Scale bar: 50 μm. (B) qPCR results of 
Keap1/Nrf2/HO-1 pathway-related indicators, n = 3. (C) Heatmap depicting mRNA expression changes of Keap1/Nrf2/HO-1 pathway-related indicators, n = 3. (D 
Western blot analysis of Keap1/Nrf2/HO-1 pathway-related proteins, n = 3. (E) Quantitative results of protein expression changes in Keap1/Nrf2/HO-1 pathway- 
related indicators, n = 3. (F) Results of antioxidant enzyme activity and lipid peroxide levels, n = 3.
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0.0001, protein P < 0.001), NF-κB (mRNA P < 0.05, protein P < 0.05), 
IL-6 (mRNA P < 0.001, protein P < 0.001), IL-1β (mRNA P < 0.0001, 
protein P < 0.0001), and PGE (mRNA P < 0.0001, protein P < 0.0001) 
versus the LPS group. Additionally, SeMet restored IL-4 expression 
(mRNA P < 0.01, protein P < 0.05). Immunofluorescence revealed 
enhanced signals for occludin (P < 0.001) and ZO-1 (P < 0.01) in 
SeMet+LPS groups compared to LPS-treated samples. Molecular ana-
lyses confirmed SeMet-mediated restoration of tight junction compo-
nents at both mRNA (ZO-1: P < 0.05; claudin-1: P < 0.05; occludin: P <
0.05) and protein levels (ZO-1: P < 0.05; claudin-1: P < 0.05; occludin: P 
< 0.001) relative to LPS treatment. These findings collectively demon-
strate that SeMet administration maintains intestinal homeostasis by 
simultaneously modulating inflammatory responses and preserving 
epithelial barrier function (Fig. 6A-F).

Microbial composition changes associated with SeMet treatment 
were evaluated through comprehensive 16S rDNA sequencing of intes-
tinal flora samples. Microbial analysis revealed that LPS administration 
disrupted intestinal microbiota homeostasis in chickens, marked by 
elevated abundance of pathogenic bacterial species. The Shannon index, 
a measure of α-diversity, was significantly reduced in the LPS-treated 
group compared to the C group (P < 0.01), indicating that LPS expo-
sure disrupted the gut microbiota by decreasing both species richness 
and evenness. In contrast, co-administration of SeMet with LPS signifi-
cantly restored the Shannon index to levels comparable to the control (P 
< 0.05 vs. LPS group), suggesting that Se effectively mitigated the LPS- 
induced dysbiosis (Fig. 7A). Principal coordinate analysis (PCA) based 
on Bray-Curtis distances demonstrated distinct clustering patterns 
among groups (Fig. 7B). The LPS group exhibited significant separation 
from the C group along the primary axis, indicating substantial 

alterations in gut microbiota composition induced by LPS. Notably, the 
SeMet+LPS group showed an intermediate distribution between the LPS 
and C groups, with partial overlap toward the C group. This suggests that 
SeMet intervention partially restored the gut microbial structure dis-
rupted by LPS, though complete reversion to the control state was not 
achieved. LEfSe analysis revealed significant differences in microbial 
enrichment patterns between groups (LDA score > 2.0, P < 0.05). The C 
group showed enrichment of 12 bacterial genera, while the LPS group 
exhibited only 2 significantly enriched genera, indicating substantial 
depletion of beneficial microbiota. Notably, SeMet intervention partially 
restored microbial diversity, with the SeMet+LPS group demonstrating 
enrichment of 6 genera compared to 4 in the LPS group, suggesting that 
SeMet effectively mitigated the LPS-induced reduction in key microbial 
taxa (Fig. 7C). Phylogenetic analysis revealed distinct microbial 
compositional patterns among experimental groups at multiple taxo-
nomic levels (Fig. 7D). The tree illustrates the abundance distribution 
across different phyla and their respective classifications. Notably, 
Bacteroidetes (abundance of 515,783) includes Bacteroides (195,079) as 
the predominant species, followed by Alistipes (9,460). In the Firmicutes 
phylum (abundance of 199,733), key groups include Bacilli (19,417) 
and Lactobacillales (15,741), with Lactobacillus showing an abundance 
of 14,792. The Proteobacteria phylum (abundance of 52,917) is pri-
marily represented by Gammaproteobacteria (30,677) and Deltapro-
teobacteria (19,399). The genus level analysis of gut microbiota showed 
that the C group mainly consisted of symbiotic genera, including Bac-
teroidetes, Rikenellaceae RC9 gut group, and Lactobacillus, with healthy 
microbial characteristics. LPS challenge induced significant dysbiosis, 
marked by reduced abundance of beneficial Faecalibacterium (P < 0.05) 
and expansion of potentially pathogenic Desulfovibrio (P < 0.05). 

Fig. 3. Effects of SeMet and/or LPS on the MAPK signaling pathway in chicken cecal tissue. (A) qPCR results of MAPK pathway-related indicators, n = 3. (B) 
Heatmap illustrating mRNA expression changes of MAPK pathway-related indicators, n = 3. (C) Western blot analysis of MAPK pathway-related proteins, n = 3. (D) 
Quantitative results of protein expression changes in MAPK pathway-related indicators, n = 3.
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Notably, SeMet supplementation partially reversed these alterations (P 
< 0.05). These findings indicate that SeMet exerts protective effects by 
selectively modulating gut microbial composition, promoting beneficial 
taxa while suppressing LPS-induced pathogenic expansion. (Fig. 7E).

Discussion

As a biologically active organic Se compound, SeMet represents an 
optimal nutritional Se source for human and animal consumption. Its 
structural similarity to methionine enables non-selective protein incor-
poration, creating tissue Se stores that support endogenous selenopro-
tein production. SeMet supplementation has been shown to prevent or 
ameliorate the development of various organ-related diseases, particu-
larly those with high metabolic and antioxidant demands (Xu et al., 
2024). Research has demonstrated that SeMet effectively inhibits lipid 
peroxidation, promotes cell proliferation, and reduces the incidence of 
ferroptosis, thereby mitigating alcohol-induced hepatocyte damage 
(Chen et al., 2025). During mastitis, SeMet treatment alleviates 
N. cyriacigeorgica infection-induced inflammation and tissue structural 
damage by inhibiting ROS-mediated apoptosis (Assabayev et al., 2024). 
In poultry nutrition, SeMet possesses greater assimilative efficiency and 
prolonged bodily retention than inorganic Se, providing combined 
anti-inflammatory, antioxidant, and growth-promoting effects (Chen 
et al., 2024). Our experimental results demonstrate that SeMet sup-
presses LPS-triggered activation of the ROS/MAPK cascade, down-
regulates JNK/ERK/p38 expression, blocks PANoptosome formation 
and PANoptosis, while ameliorating cecal inflammatory responses, 
epithelial barrier dysfunction, and microbial dysbiosis.

Oxidative stress represents a fundamental pathological and physio-
logical process ubiquitously observed in both humans and animals. The 
intestinal tissue, owing to its distinctive physiological milieu, exhibits 
heightened susceptibility to damage induced by excessive ROS (Liu 
et al., 2024). The Keap1/Nrf2 pathway, a pivotal cellular antioxidant 
defense mechanism, orchestrates the maintenance of redox homeostasis 
through the regulation of downstream gene expression. In physiological 
states, Nrf2 migrates to the nucleus and interacts with ARE regions, 
stimulating expression of phase II detoxification enzymes including 
HO-1 and NQO1 (Guo et al., 2025). Nonetheless, an overabundance of 
ROS can disrupt the normal functionality of this pathway, culminating 
in the impairment of the cellular antioxidant defense system (Chen et al., 
2022). Previous studies have shown that silica treatment inhibits the 
Keap1/Nrf2 pathway in mouse lymphocytes, leading to decreased NQO1 
and HO-1 production and ultimately compromising cellular antioxidant 
defenses (Li et al., 2024). Quercetin supplementation has demonstrated 
the capacity to reverse these effects through stimulation of the 
Keap1/Nrf2 antioxidant pathway (Yuan et al., 2025). Research has 
established that ginsenoside treatment activates the Keap1/Nrf2 axis 
and reinstates antioxidant defenses, consequently ameliorating rat 
periodontitis through coordinated control of cytokine networks and 
bone remodeling processes (Zhou et al., 2025). Supporting earlier 
findings, our results demonstrate that LPS exposure enhances Keap1 
persistence, inhibiting Nrf2 signaling, lowering antioxidant enzyme 
(NQO1/HO-1) production, and culminating in reduced oxidative stress 
resistance. The oxidative imbalance was characterized by diminished 
activity of antioxidant systems (GPX, SOD, CAT, T-AOC, and GSH) and 
accumulation of oxidative markers (ROS, iNOS, H2O2, and MDA). SeMet 

Fig. 4. Effects of SeMet and/or LPS on the assembly of PANoptosome in chicken cecal tissue. (A) qPCR results of PANoptosome-related members, n = 3. (B) 
Heatmap depicting mRNA expression changes of PANoptosome-related members, n = 3. (C) Western blot analysis of PANoptosome-related proteins, n = 3. (D) 
Quantitative results of protein expression changes in PANoptosome-related members, n = 3.
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treatment reversed this imbalance through coordinated inhibition of 
Keap1, activation of Nrf2 signaling, and upregulation of downstream 
targets HO-1 and NQO1, ultimately restoring redox homeostasis.

The MAPK signaling pathway, a critical intracellular signaling sys-
tem, is primarily composed of three subfamilies: p38, ERK, and JNK. Its 
regulatory influence spans vital cellular processes including prolifera-
tion rates, migratory capacity, apoptotic mechanisms, and inflammatory 
cascade activation (Huang et al., 2024). Research has demonstrated that 
reactive oxygen species trigger specific stimulation of the MAPK 
cascade, a master controller coordinating multiple regulated cell death 
pathways (Yu et al., 2021). In a grass carp liver cell model, exposure to 
DEHP was shown to activate the ROS/MAPK signaling pathway, sub-
sequently triggering NLRP3 inflammasome activation and inducing cell 
pyroptosis (Cai et al., 2023). Additionally, perfluorosulfonic acid has 
been found to promote excessive ROS production, upregulate ERK 
phosphorylation levels, and induce apoptosis and necroptosis in mouse 
granulocytes (Fujiwara et al., 2023).

The novel programmed cell death process PANoptosis is controlled 
by PANoptosome activity (Zhong et al., 2025). Scientific evidence shows 
ZBP1 serves as an essential upstream detector that responds to distinct 
triggers and facilitates PANoptosome organization, mediating subse-
quent PANoptosis activation (Gullett et al., 2022). The initiation of 
MAPK cascade signaling is fundamentally linked to PANoptosome 
development. Contemporary studies confirm that simultaneous aver-
mectin and microplastic exposure leads to ROS overgeneration in 
branchial tissues of fish, activating the MAPK pathway and promoting 
ZBP1-mediated PANoptosome assembly (Ju et al., 2024). Our findings 
further corroborate this perspective. LPS exposure activates the 

ROS/MAPK signaling pathway in chicken cecal tissue, promoting the 
assembly of ZBP1-mediated PANoptosomes and significantly upregu-
lating the expression of PANoptosome components, including FADD, 
Caspase8, RIPK1, RIPK3, NLRP3, Caspase1, and ASC, thereby mediating 
PANoptosis in the chicken cecum. However, supplementation with 
SeMet ameliorates redox imbalance in chicken cecal tissue, effectively 
inhibiting the phosphorylation of JNK, ERK, and p38, reducing ZBP1 
expression levels, and preventing PANoptosome assembly, ultimately 
suppressing cecal PANoptosis in chickens. These results indicate that 
SeMet alleviates LPS-mediated cecal PANoptosis in chickens by inhib-
iting the ROS/MAPK signaling pathway.

As a key pathogenic mechanism, PANoptosis actively participates in 
intestinal disorder initiation and progression. Experimental evidence 
from mouse models confirms its capacity to disturb mucosal immune 
regulation and drive inflammatory bowel disease formation (Gong et al., 
2024). Furthermore, research has demonstrated that PANoptosis in-
tensifies inflammatory reactions through the liberation of intracellular 
components and pro-inflammatory signaling molecules into surround-
ing tissues (Gong et al., 2022). Our results demonstrated that LPS 
challenge triggered PANoptotic cell death in avian cecal tissues, stim-
ulating secretion of pro-inflammatory factors (TNF-α, COX-2, NF-κB, 
IL-6, IL-1β, PGE) while inhibiting anti-inflammatory IL-4. Notably, 
SeMet administration counteracted these effects, suppressing PAN-
optosis and normalizing cytokine release.

The tight junctions between intestinal cells constitute a critical nat-
ural barrier that safeguards the animal body from harmful substances by 
preserving the structural integrity and functionality of the intestinal 
epithelium (Liu et al., 2024). Tight junction proteins, including ZO-1, 

Fig. 5. Effects of SeMet and/or LPS on PANoptosis in chicken cecal tissue. (A) TUNEL staining results of chicken cecal tissue. Scale bar: 50 μm, n = 3. (B) qPCR 
results of PANoptosis-related markers, n = 3. (C) Heatmap illustrating mRNA expression changes of PANoptosis-related markers, n = 3. (D) Western blot analysis of 
PANoptosis-related proteins, n = 3. (E) Quantitative results of protein expression changes in PANoptosis-related markers, n = 3.
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claudin-1, and occludin, play essential roles in the formation and 
maintenance of the intestinal epithelial barrier, regulate intestinal 
microbiota homeostasis, and modulate osmotic balance (Bracarense 
et al., 2012).

Studies have demonstrated that orally delivered xylitol decreases 
gut-derived IL-1β and TNF-α in murine models, protects against in-
flammatory tight junction disruption, enhances ZO-1 protein expression, 
lowers Streptococcal abundance, and normalizes microbiota composi-
tion (Ma et al., 2025). Additionally, research has demonstrated that 
vitamin E suppresses oxidative stress and inflammatory responses, 
effectively reversing propoxyamine-induced impairment of tight junc-
tion proteins and rebalancing gut microbial homeostasis (Zhang et al., 
2025). Morphological evaluations using H&E staining and transmission 
electron microscopy revealed that LPS treatment induced inflammatory 
factor-mediated mucosal injury, while SeMet supplementation effec-
tively preserved intestinal barrier integrity. Protein analysis showed 
marked LPS-induced suppression of key tight junction components 
(ZO-1, claudin-1, and occludin). Fluorescence microscopy validated 
SeMet’s efficacy in safeguarding junctional integrity by ensuring 
continuous production and appropriate spatial organization of these 
essential barrier proteins. The current findings demonstrate that SeMet 
exerts significant protective effects against LPS-induced gut dysbiosis 
through multiple microbial modulation mechanisms. The restoration of 
α-diversity indices and partial normalization of β-diversity patterns in 
the SeMet+LPS group suggest that SeMet helps maintain microbial 
community resilience during inflammatory challenge. Particularly 

noteworthy is the selective enrichment of beneficial genera like Lacto-
bacillus, which are known to enhance gut barrier function through tight 
junction protein stimulation and antimicrobial peptide production. The 
concomitant suppression of potentially pathogenic taxa such as Desul-
fovibrio, which produces pro-inflammatory hydrogen sulfide, further 
highlights the therapeutic potential of SeMet. These microbial changes 
likely create a positive feedback loop, as the recovered commensals may 
enhance Se bioavailability through microbial redox cycling, potentially 
explaining the partial but significant restoration observed. These results 
expand our understanding of SeMet’s role in gut ecosystem homeostasis 
beyond its classical antioxidant functions, revealing its importance as a 
microbial modulator.

Conclusion

In summary, this study provides compelling evidence that SeMet 
exerts a protective effect against LPS-induced cecal injury in chickens. 
Dietary supplementation with SeMet effectively mitigates oxidative 
stress by restoring the activity of the Keap1/Nrf2 antioxidant pathway, 
thereby inhibiting the activation of the ROS/MAPK signaling pathway 
and ultimately alleviating LPS-induced PANoptosis. This cascade of 
molecular events significantly enhances intestinal barrier function, re-
duces inflammatory responses, and effectively modulates gut microbiota 
dysbiosis. These findings establish an important mechanistic basis for 
utilizing SeMet in poultry nutrition while demonstrating its potential to 
improve gut health and disease resistance in commercial flocks.

Fig. 6. Effects of SeMet and/or LPS on inflammation and tight junction proteins in chicken cecal tissue. (A) qPCR results of inflammation and tight junction- 
related markers, n = 3. (B) Heatmap depicting mRNA expression changes of inflammation and tight junction-related markers, n = 3. (C) Immunofluorescence staining 
results of occludin and ZO-1 in chicken cecal tissue. Scale bar: 100 μm, n = 3. (D) Quantitative analysis of occludin and ZO-1 immunofluorescence staining in chicken 
cecal tissue, n = 3. (E) Western blot analysis of inflammation and tight junction-related markers, n = 3. (F) Quantitative results of protein expression changes in 
inflammation and tight junction-related markers, n = 3.
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