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Protective role of seleno-amino acid
against IBD via ferroptosis inhibition
in enteral nutrition therapy

Shuchen Huangfu,'® Jie Zheng,”* Jiashuai He," Jin Liao,” Haiping Jiang,'* Hua Zhou,?* and Jinghua Pan'4*

SUMMARY

The interplay between intestinal barrier degradation and trace element insufficiency worsens inflamma-
tory bowel disease (IBD). Selenium (se) is essential for glutathione peroxidase 4 (GPX4) synthesis, which
protects against intestinal epithelial cell injury in IBD. However, malnutrition and malabsorption limit the
availability of dietary selenium. This study investigated the protective effects of naturally occurring se-
leno-amino acids on the intestinal barrier in an IBD animal model by promoting GPX4 synthesis. L-se-
methylselenocystine (seMc) supplementation reversed decreased GPX4 expression levels, alleviated
glutathione depletion and scavenged reactive oxygen species in vitro. In vivo, enteral nutrition combined
with seMc protected the intestinal barrier and alleviated IBD-related symptoms by inhibiting ferroptosis
and reversing lipid peroxidation in epithelial cells while reducing immune cell infiltration. Our findings sug-
gest that seleno-amino acid-based nutritional formulations may provide a basis for nutritional support to
alleviate complex cycles between intestinal barrier damage and malnutrition in IBD patients.

INTRODUCTION

Inflammatory bowel disease (IBD) is a common chronic idiopathic disease of the digestive tract with two main forms: Chron's disease (CD) and
ulcerative colitis (UC)." The clinical symptoms of IBD include long-term recurrent abdominal pain, diarrhea, bloody stools, gastrointestinal
perforation, and other extra-intestinal symptoms. Malnutrition is a serious complication of IBD, mainly caused by insufficient nutrient intake
and loss due to intestinal barrier damage.”® A previous study demonstrated that malnutrition was a spontaneous consequence of IBD and
was detectable in 65-75% and 18-62% of patients with CD and ulcerative colitis (UC), respectively.* Malnutrition can significantly increase the
risk of adverse outcomes in IBD. Previous studies have shown that compared with non-malnourished IBD patients, malnourished patients have
longer hospital stays, increased perioperative risks, and higher mortality.” Malnutrition causes a disordered gut microbial composition, which
may alter homeostasis and cause a dysregulated state, triggering a vicious inflammatory response cycle.® Thus, dietary support for patients
with IBD is a critical but challenging issue. Although enteral nutrition therapy (ENT) is the preferred nutritional support for patients with IBD,
which is more consistent with the way of nutrient absorption in physiological state, IBD involving the entire digestive tract has limited tolerance
to nutritional therapy, rendering it inefficient. The intestinal mechanical barrier is a complete and closely connected intestinal mucosal epithe-
lial structure comprising intestinal epithelial cells that help absorb nutrients and prevent harmful substances from penetrating the intestinal
mucosa.’ In IBD, intestinal epithelial cell death disrupts the integrity of the intestinal mechanical barrier, allowing pathogenic invasion and
impairing nutrient intake.® Therefore, although challenging, intestinal barrier repair is urgently required for effective nutritional IBD
treatments.

The clinical treatments to repair intestinal barrier function are limited and prone to drug dependence. Therefore, alternative remedies are
in high demand. During mucosal inflammation, intestinal epithelioid cells (IECs) produce excess reactive oxygen species (ROS), which injures
cytoskeletal proteins and alters tight junctions and epithelial permeability in IECs, contributing to barrier disruption.” Recent studies have
found that ferroptosis is involved in the process of IECs death in IBD.'® Ferroptosis is an iron-dependent programmed cell death process
with characteristics that differ from those of other cell death types at the cellular morphological, biochemical, and genetic levels.'" The
two main biochemical features of ferroptosis are related, iron accumulation and lipid peroxidation. In ferroptosis, divalent iron ions accumu-
late in cells and cause the Fenton reaction, which generates hydroxyl radicals that bind with polyunsaturated fatty acids in the cell and plasma
membranes to generate a significant amount of lipid ROS, causing cell death.'? Previous studies have found that iron chelators can effectively
reduce ROS production and improve intestinal symptoms in IBD."* The increase of dietary iron intake also increases the risk of IBD."'® In
dextran sulfate sodium (DSS)-induced mouse model, ferroptosis inhibitor can reduce the disease activity score of IBD mice.'”" Previous
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Figure 1. The expression level of GPX4 in colonic epithelium is correlated with clinical IBD disease activity

(A) IHC of GPX4 expression in colonic epithelial tissue from IBD patients; (B) quantification of GPX4 expression in colonic epithelial tissue from IHC (data are
represented as mean + SEM); (C) correlation between IHC-score and CDAIR? = 0.1415, p = 0.0124); (D) correlation between IHC-score and Mayo score
(R? = 0.2575, p = 0.0921); (E) correlation between IHC-score and abdominal pain score(R? = 0.0.284, p = 0.0118); (F) correlation between IHC-score and
hemoglobin values(R? = 0.3406, p = 0.0139); (G) correlation between IHC-score and eythrocyte sedimentation rate(R? = 0.0701, p = 0.4595); (H) correlation
between IHC-score and Hematocrit measurement(R? = 0.05919, p = 0.2035); *, **, and *** indicate p values less than 0.05, 0.01, and 0.001, respectively.

studies on genetics have found significant changes in ferroptosis-related genes in IBD patients.'” These findings provide suggestive evidence
for the presence of ferroptosis in IBD.

Among the various regulatory pathways of ferroptosis, the glutathione-dependent pathway has been identified as the classical one. The
expression level of glutathione peroxidase 4 (GPX4), which is the key regulatory protein of ferroptosis, was found to be changed in the colon
tissues of IBD patients. Decreased glutathione (GSH) concentrations from decreased GPX4 levels regulate intracellular lipid peroxidation and
trigger ferroptosis.'® GPX4 is one of the glutathione peroxidases (GPX) families, which was the first selenoprotein family to be discovered and
is highly sensitive to changes in the utilization of seleno-amino acids.'? Seleno-amino acids not only play an antioxidant role by directly acting
as antioxidants, but also participate in the synthesis of other Se-dependent antioxidants as Se sources.”” Studies have found that intestinal
epithelial cells can take up selenoamino acids from intestinal contents and participate in the synthesis of selenoproteins.?’

Given the relationships among GPX4, Se, ferroptosis, and IBD, we hypothesized that GPX4 expression levels affect IBD via ferroptosis
and that organic Se would improve the intestinal barrier and, thus, IBD symptoms. Therefore, we investigated the associations among
GPX4 expression, seleno-amino acids, and the IBD status using in vitro and in vivo studies to provide foundational evidence for an Se-based
nutritional support scheme.

RESULTS
GPX4 expression in the colonic epithelium correlates with the clinical IBD disease status

This study included clinical samples from 18 to 12 patients with pathologically confirmed CD and UC, respectively; Tables S1 and S2 present
the CD and UC clinical grades based on the modified Mayo scores. According to the 2023 revised ECCO guidelines on Inflammatory Bowel
Disease and Malignancies, the Clinical Disease Activity Index (CDAI) score is based on various patient characteristics, including stool fre-
quency, abdominal pain, general health, clinical presentation, diarrhea, medication use, presence of abdominal mass, hematocrit (HCT),
and weight loss. A total score below 150 indicates remission; scores above 150 indicate activity with mild activity between 150 and 220, mod-
erate activity between 220 and 450, and severe activity above 450. The modified Mayo score includes subscores for frequency of stools, blood
in the stool, endoscopic evaluation, and overall physician evaluation. A total score of <2 with no individual subscore >1 indicates clinical
remission; scores ranging from 3 to 5 indicate mild activity followed by moderate activity for scores ranging from 6 to 10 and severe activity
for scores of 11-12.%” Immunohistochemical (IHC) staining showed higher GPX4 expression in the colonic epithelium than in normal colonic
tissues, gradually decreasing as the IBD disease severity increased (Figures 1A and 1B). Furthermore, the GPX4 expression level negatively
correlated with the CDAI and abdominal pain scores (R? = 0.141 and 0.284, respectively, p < 0.05; Figures 1C and 1E) but positively correlated
with the hemoglobin level in patients with IBD (R? = 0.3406, p < 0.05; Figure 1F). Other clinical indicators used to determine the clinical IBD
grading, including the Mayo score, erythrocyte sedimentation index, and hematocrit, negatively correlated with the GPX4 expression in the
colonic epithelium, but the difference was insignificant (p > 0.05; Figures 1D, 1G, and 1H).

Seleno-amino acids inhibit RSL3-induced cell death

The protective effects of five seleno-amino acids (selenohomocysteine [seHcyl, Selenocysteine [seC2], L-se-Methylselenocysteine [seMc],
Selenomethionine [seMet], and se-alliin) against RSL3-induced cell death in Caco-2 cells were explored; Figure 2A presents their chemical
structures. RSL3 (i.e., [1S,3R]-RSL3) covalently binds GPX4, inactivating it, which causes intracellular peroxide accumulation, ferroptosis,
and cell death.

Seleno-amino acids inhibited RSL3-induced Caco-2 cell death; a 50 uM treatment with all the seleno-amino acids significantly mitigated
RSL3-induced cell death compared to the control group (Figure 2B), but seMc had the greatest protective effect. The average RSL3-induced
cell death rate was 36.5%, which decreased to 1.6% after seMc treatment. seHcy and seC2 also dose-dependently inhibited RSL3-induced cell
death, ranging from 18.4 to 37.6% and 13.0-37.3%, respectively. However, seMc and seMet inhibited RSL3-induced cell death at concentra-
tions of 50 uM and above.

Se concentrations in the intracellular fluid were measured using inductively coupled plasma-mass spectrometry (ICP-MS), demonstrating
that Se concentration changes in the intracellular fluid differed when 50 uM of seleno-amino acids were added to the cell culture medium. The
intracellular Se concentration in seMc group was 0.013 uM, which was significantly higher than those in the seHcy (0.0005 uM), seC2 (0.003 pM),
seMet (0.003 uM), and se-allicin (0.0006 uM) groups (Figure 2D). In addition, seMc had the highest absorption rate and best protective effect
against RSL3-induced cell death. Therefore, seMc was selected for further studies.

Brightfield plots visually demonstrated that seMc protected colon epithelial cells from RSL3-induced cell membrane fragmentation and
cell death; obvious cell death was not observed in Caco-2 cells treated with seMc alone, indicating that seMc was not cytotoxic at the exper-
imental concentration (Figure 2C). To verify the protective effects of seMc against cell death, the survival rates of colon epithelium-derived
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Figure 2. se-rich amino acids inhibited RSL3-induced ferroptosis

(A) Chemical formulae for five se-rich amino acids; (B) inhibition rate of the induction of RSL3 by different concentrations of se-rich amino acids; (C) bright-field
images of cell morphology after seMc/RSL3 treatment, ruptured cells are marked by red arrows (scale bars: 100um); (D) intracellular se content after treatment
with five se-rich amino acids measured by Lcy-ms (data are represented as mean + SEM); (E) viability of caco2 cells treated with seMc/RSL3 for 8 h,12 h,24 h, and
48 h, respectively (data are represented as mean + SEM); (F) viability of HCT116 cells treated with seMc/RSL3 for 8 h,12 h,24 h, and 48 h, respectively (data are
represented as mean £ SEM). *, **, and *** indicate p values less than 0.05, 0.01, and 0.001, respectively.

Caco-2 and HCT116 cells treated with RSL3 at different time points were examined. Compared with the RSL3-only group, the cell survival rate
significantly increased after 8 h of seMc intervention, peaking after 12 h (Figures 2E and 2F).

Seleno-amino acids-GPX4 interactions

The results of molecular docking for seleno-amino acids binding to GPX4 protein are shown as following. Based on the results of previous
studies, the five seleno-amino acids we employed had differential effects on RSL3-induced cell activity, so GPX4 was selected as the target
protein which is the core protein related with ferroptosis to deeply investigate the interaction between seleno-amino acids and it. As shown in
Figures 3A-3E, the amino terminus of seleno-amino acids formed an efficient hydrogen bond with GPX4 protein, but their binding sites, num-
ber of hydrogen bonds and binding affinity are different (Figure S1). seHcy binds efficiently to the GPX4 active pocket by forming a hydrogen
bondbetween Ley135 and Met129 of GPX4 (Figure 3A); seC2 formed hydrogen bonds with ARG152, ARG127, Lys135, and Met129 (Figure 3B);
seMc formed hydrogen bonds with Lys135, ARG152, and MET129 (Figure 3C); seMet formed hydrogen bonds with SER44, GLN45, and GLY84
of GPX4 protein (Figure 3D), while se-alliin band with Lys121 and GLY110 (Figure 3E).

seMc inhibits RSL3-induced ferroptosis in colonic epithelial cells

To verify whether seMc elicited protective effects on epithelial cells via ferroptosis inhibition, we investigated the morphological structure of
the mitochondria in seMc- or RSL3-treated cells using transmission electron microscopy (Figure 4A). Mitochondrial shrinkage, membrane
thickening, and cristae reduction occurred in RSL3-treated cells compared to the control cells.

Fe?" accumulation is another prominent feature of ferroptosis; therefore, we measured the Fe?" content in cells after seMc intervention
using immunofluorescence. The Fe?* fluorescence intensity was significantly higher in the RLS3 group than in the control group but decreased
after seMc treatment (Figures 4B and 4E). Furthermore, the RSL3 and seMc treatments significantly affected the expression of key proteins in
the ferroptotic pathway (Figure 4C), the most obvious being GPX4, with considerably decreased expression in RSL3-treated cells but
increased expression, returning to the level of the control group, after seMc intervention. Moreover, we found seMc increased nuclear factor
erythroid 2-related factor 2 (NRF2) expressions in RSL3-treated caco? cells, but decreased downstream heme oxygenase-1 (HO-1) protein
expression (Figures S2A-S2C). Figure 4D presents the Inden value of GPX4 detected by western blot. The GSH concentration was significantly
lower in the RSL3 group than in the control group, which was partially restored after seMc treatment (Figure 4F). seMc treatment also
decreased the Malondialdehyde (MDA level, a lipid peroxidation marker closely associated with iron toxicity, in RSL3-treated cells (Fig-
ure 4G). Furthermore, we amined the ability of seMc to clear RSL3-induced ROS production. Compared with control group, cytosolic ROS
were increased after RSL3 treatment for 12h, 24h, 36h, 48h, and 72h, respectively. They were disrupted by the administration of seMc compare
with RSL3 treatment alone (Figure 4H). The RSL3-induced lipid peroxidation was scavenge in group of seMc-treated (99.55%, 103.3%, 105.9%,
105.3%, and 105.3%, respectively). (Figure 4l). These data suggest that seMc might inhibit RSL3-triggered cell death by decreasing lipid
peroxidation.

seMc alleviates LPS-induced epithelial cell injury by inhibiting ferroptosis

Many studies have shown that Lipopolysaccharide (LPS) can induce ferroptosis and inflammation in vivo and in vitro, therefore, our study
further evaluated the inhibitory effect of seMc on ferroptosis induced by LPS. Caco-2 cells were treated with LPS to generate an inflammatory
cellinjury model, resulting in different degrees of morphological changes to the mitochondria, which returned to normal after seMc treatment
(Figure 5A). Similarly, seMc reversed the LPS-induced decrease in GPX4 expression, resulting in significantly different expression levels be-
tween the LPS and LPS + seMc groups (p < 0.05; Figures 5C and 5D). In addition, we detected the expression of ferroptosis-related protein
NRF2 and HO-1, and results indicated that the expression of NRF2 was increased in RSL3-induced caco? cells after treated with seMc and the
expression of HO-1 was decreased (Figures S3A-S3C).

Immunofluorescence indicated that LPS treatment increased the Fe?* content by approximately 2-fold, but seMc treatment increased the
content to the same level as the control group (Figures 5B and 5E). Intracellular GSH and MDA concentrations were also measured to verify
that seMC alleviates LPS-induced cell damage by inhibiting ferroptosis. seMc significantly inhibited the LPS-induced increase in the GSH
concentration (p < 0.05; Figure 5F). The MDA concentrations of LPS and LPS + seMc groups were 7.83 pmol/gprot and 5.11 umol/gprot,
respectively (Figure 5G). Flow cytometric analysis of cytosolic ROS after LPS stimulation for 24 h showed that they were scavenge by
the administration of seMc, compare with LPS treatment alone, which was were statistically significant (Figure 5H). To investigate the role
of ferroptosis in LPS-induced cell injury, lipid perdoxidation were assayed. The results shown that it increased with LPS intervention time
(99.5%, 118.5%, 132.9%, 130.2%, 122.1%, respectively, stimulated for 12 h, 24 h, 36 h, 48 h, and 72 h), and it were disrupted by treatment
of seMc (100.1%, 104.8%, 106.6%, 105.2% and 105.0%, respectively) (Figure 5I).
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Figure 3. Molecular docking results of seleno-amino acids and GPX4 protein targets

(A) three-dimensional and two-dimensional molecular docking images of seHcy and GPX4 bonded through hydrogen bonds; (B) three-dimensional and two-
dimensional molecular docking images of seC2 and GPX4 bonded through hydrogen bonds; (C) three-dimensional and two-dimensional molecular docking
images of seMc and GPX4 bonded through hydrogen bonds; (D) three-dimensional and two-dimensional molecular docking images of seMet and GPX4
bonded through hydrogen bonds; (E) three-dimensional and two-dimensional molecular docking images of se-alliin and GPX4 bonded through hydrogen
bonds.

seMc reduces ferroptosis and inflammation in IBD mouse models

seMc protects the intestinal barrier by reducing epithelial cell death via ferroptosis inhibition; thus, we explored how about seMc treatment
with total enteral nutrition (TEN) affects IBD progression in vitro (Figure 6A). The body weight of the TEN intervention group decreased by
98.3% compared with the initial body weight on the fifth day of intervention, and the p value was less than 0.001 compared with the mean value
of the control group. However, the body weight of TEN + seMc group decreased in the first 3 days, then increased on the 4th day, and the
body weight of Ten + semC group was 102.4% of the initial body weight on the 7th day, which was still different from the control group, but
significantly higher than DSS group (Figure éB). Furthermore, the colon length of DSS group mice were significantly shortened to 4.96 +
0.12 cm, which indicated that the colon appeared inflammatory injury leading to colon contracture. The colon length of TEN-treated mice
recovered to 7.08 + 0.29 cm, which was still statistically different from that of the control group (7.94 £+ 0.11 cm). The colon length of
TEN combined with seMc treatment group was 8.26 + 0.61, which recovered to the level of control group (Figures 6C and 6G). And the
DAl index in mice induced by DSS intervention exhibited an increment proportional to the duration of administration (Figure 6D). Mucosal
damage, a hallmark of IBD, was also observed in the colon tissue of DSS-treated mice, but seMc + TEN ameliorated these symptoms, result-
ing in intact mucosal layers in the colon tissues. Compared with the control group, a large number of inflammatory cells infiltrated in the
colonic mucosa of the DSS-fed group. After TEN combined with seMc treatment, the integrity of colonic epithelial mucosa was restored
to a certain extent, and the immune and inflammatory infiltration of submucosa was reduced (Figure 4E). Consistent with the clinical sample
IHC results, GPX4 expression in the colon tissues was lower in DSS group than in the control group but higher in the seMC + TEN group than in
the DSS group (Figures 6F and 6G).

Since downregulated GPX4 is a key characteristic of ferroptosis, we investigated GSH and GSSG concentrations in the DSS-induced IBD
mouse model. The experimental results showed that compared with the control group (10.62 + 0.93umol/gprot), the GSH concentration in
the colon tissue of DSS-induced mice decreased (5.56 + 0.86pumol/gprot). Compared with the DSS intervention group, the GSH concentra-
tion in the TEN treatment group and the TEN combined with seMc treatment group increased (7.72 + 0.91umol/gprot; 10.41 + 0.95umol/
gprot) (Figure 6H). The difference in the increase of GSH in the colon tissue of mice after TEN combined with seMc treatment was statistically
significant compared with that after TEN-treated alone (Figure 6H). The results of GSSG measurement showed no significant difference in the
change of GSSG level between every group (Figure 6l). However, the GSH/GSSG ratio decreased significantly after DSS treatment, which was
alleviated by TEN combined with seMc treatment (Figure 6J). The change of GSH/GSSG ratio suggested that seMc as a supplementary agent
of enteral nutrition improved the antioxidant capacity of epithelial barrier in the treatment of IBD.

MDA, a lipid peroxidation marker closely related to iron death, is one of the important indicators to measure the degree of oxidative damage
in the body. Therefore, we used an MDA detection kit to detect the MDA concentration in the colon tissue, and found that compared with the
control group, the MDA level in the colon tissue of mice fed with DSS was significantly increased. After TEN combined with seMc treatment, the
MDA level in the colon tissue of mice was reduced (Figure 6K). Since colonic epithelial cell damage aggravates inflammatory cell infiltration, we
examined whether seMc could improve immune cell infiltration in colon tissues. Compared to the control group, the infiltration of T cells was
observed at a proportion of 29.9%. In the TEN treatment group, this proportion increased to 39.7%, while in the TEN combined with seMc treat-
ment group, it decreased slightly to 37.0% (Figures S4A and S4D). The control group exhibited a proportion of neutrophils at 25.5%, which signif-
icantly increased to 60.8% after DSS feeding. However, after enteral nutrition treatment, this proportion decreased to 37.8%. In the TEN com-
bined with seMc treatment group, there was a further reduction in neutrophil proportions (35.5%), although no significant difference was
observed compared to single TEN treatment alone (Figures S4B and S4D). Macrophage infiltration was also influenced by seMc treatment;
initially observed at a proportion of 3.16% in the control group, it significantly increased to 17.6% in the DSS induction group and reached pro-
portions of 5.52% and 7.63% in the TEN and TEN combined with seMc treatment groups, respectively (Figures S4C and S4D).

seMc biosafety evaluations

To examine the in vitro cytotoxicity of seMc, human colon epithelium-derived cells Caco-2, HCT116, and mouse macrophages (RAW 264.7)
cells were incubated with different seMc concentrations for 24 h. The highest concentration of seMc (200 ng/mL) did not affect Caco-2,
HCT116, and RAW 264.7 cell survival (Figures 7A-7C). To evaluate the in vivo toxicity of seMc, 1 mg/kg/day of seMc was administered to
the mice by gavage for seven days. On the seventh day, the mice were sacrificed, and the internal organs and venous blood were collected.
Evident heart, lung, liver, and kidney lesions were not observed (Figure 7D). Furthermore, the colon tissue was intact, and mucosal damage
and hyperplasia were not observed in the seMc treatment group (Figure 7D). Moreover, seMc treatment did not affect the red and white
blood cell counts or the hemoglobin, hematocrit, and mean corpuscular hemoglobin concentrations (Figure 7E), indicating that seMc did
not produce hematological toxicity. In addition, the creatinine, blood urea nitrogen, aspartate transaminase, alanine transaminase, and cre-
atine/blood urea nitrogen ratio values were within normal ranges, indicating that seMc did not elicit adverse effects on liver and kidney
function.
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Figure 4. seMc inhibits RSL3-induced ferroptosis in colonic epithelial cells

(A) Morphology of mitochondria in caco? cells treated with seMc/RSL3 under electron microscope; (B) fluorescent images of Fe?* in caco? cells treated with
seMc/RSL3(scale bar: 200um); (C) expression of GPX4 in caco? cells treated with seMc/RSL3 measured by western blot; (D) quantification of intracellular
GPX4 expression levels before and after RSL3 and seMc treatment(n = 3); (E) quantification of intracellular of Fe?* before and after RSL3 and seMc
treatment(n = 3); (F) GSH content(n = 3); (G) MDA content(n = 3); (H) flow cytometer of caco2 cells stained with ROS before and after RSL3 and seMc
treatment; (I) Caco2 cells were treated with RSL3 (10 uM) and seMc (50 uM) for different hours and the ratio of lipid peroxidation (stained with Liperfluo) was
measured by flow cytometry; data are represented as mean + SEM. *, **, and *** indicate p values less than 0.05, 0.01, and 0.001, respectively vs. Control
group; #, ##, and ### indicate p values less than 0.05, 0.01, and 0.001, respectively vs. RSL3 group.

DISCUSSION

This study reports the protective effect of seleno amino acids on the intestinal epithelium during IBD. IBD is a refractory disease, and current
relief mainly relies on drug therapies, including hormones, aminosalicylic acids, immunomodulators, small-molecule drugs, and surgical treat-
ments.”> During the progression of IBD, the detrimental cycle between malnutrition and intestinal barrier damage leads to an imbalance in
multiple nutrients and trace elements, thereby affect the prognosis and life quality of patients.”* How to repair or effectively inhibit intestinal
barrier damage during inflammation is the key to terminate this vicious cycle. In previous studies of micronutrient deficiencies in IBD patients,
serum selenium deficiency was found in both CD and UC patients. Selenoproteins perform important functions in the human body, the ex-
isting studies have found that selenoprotein P is decreased and GPX1 level is increased in plasma and red blood cells of patients with Crohn's
disease.” A study from Australia found that selenoprotein S was upregulated in intestinal epithelial cells in a mouse model of spontaneous
and induced intestinal inflammation, but failed to protect these cells from oxidative stress-induced cell death.”® However, many other types
of selenoproteins are lacking in studies of IBD. Our study found that GPX4 expression levels differ in the colonic epithelium of IBD patients.
According to results of IHC from clinical samples and clinical disease activity assessment, we found that the GPX4 expression decreased in
the colonic epithelial tissues of patients with IBD. Surprisingly, we found that the more severe the disease, the lower the GPX4 expression
in the colonic epithelium. In addition, decreased GPX4 expression correlated with patient clinical indicators, including abdominal
pain and hemoglobin levels. GPX4 catalyzes the reduction of oxidized biolipids, which compensates for lipid peroxidation impairment of
cell function by forming cytotoxic protein adducts or disrupting cell membranes, it is also an important ferroptosis repressor protein.”’-*%
These findings provide evidence that ferroptosis is present in the epithelial barrier of IBD and is involved in the regulation of IBD disease pro-
gression. Ferroptosis of intestinal epithelial cells has been studied for a long time in gastrointestinal diseases. Ferroptosis in intestinal dis-
eases has been studied for a long time.”” Previous studies have found that intestinal epithelial ferroptosis is an important factor in intestinal
barrier damage in IBD.”’*%-%

GPX4, a member of the GPX family, is a selenoprotein with irreplaceable enzymatic activity.” Selenoproteins are proteins incorporated
with selenoamino acids in peptide chains, and their synthesis is dependent on Se levels in the cell. Previous studies have found that Se defi-
ciency exists in patients with IBD, even during remission.***> Many animal experiments have demonstrated that appropriate supplementation
with organic Se significantly regulating GPX4 activity,”® minimizing the LPS-induced inflammatory response and endoplasmic reticulum
stress.” However, a comparison among different seleno-amino acids, their effects on ferroptosis, and their functional incorporation into se-
lenoproteins had not yet been performed. We demonstrated that five seleno-amino acids have varying protective effects against ferroptosis
in an RSL3-induced IEC model; seMc had the most significant effects. We found that seleno-amino acids may not only act as direct oxidants to
exert antioxidant effects, but also act as Se sources for selenoproteins and participate in the regulation of ferroptosis. We demonstrated that
five seleno-amino acids have varying protective effects against ferroptosis in an RSL3-induced IEC model; seMc had the most significant ef-
fects. At pharmaco-therapeutically effective concentrations (e.g., 50 uM), seMc protected against ferroptosis and inhibited RSL3-
promoted cell death, suggesting that seMc’s mechanisms are likely GPX4-dependent, which inhibits lipid peroxidation damage, thereby
protecting the intestinal barrier. Furthermore, we found that seMc alleviated mitochondrial atrophy and mitochondrial ridge reduction in
RSL3-induced cells, key features of ferroptosis.'""'? We have identified the expression levels of factors involved in ferroptosis and found
that seMc inhibited RSL3-induced activation of NRF2/GPX4 pathways, thereby preventing ferroptosis. NRF2 is a key regulator of the cellular
antioxidant response, controlling the expression of genes that counteract oxidative and electrophilic stresses, which are key factors in lipid
peroxidation and ferroptosis.*® Previous studies reported that NRF2 transcriptionally regulates GPX4 activity.”” The Kelch-like ECH-associ-
ated protein 1 (Keap1)/Nrf2 pathway is one of the most important antioxidant defense systems in tissues and cells as it regulates the gene
and protein expression of antioxidant enzymes.’® Under normal physiological conditions, NRF2 binds to keap1 and its expression is main-
tained at a low level. Upon stimulation, NRF2 dissociates and activates downstream pathways to inhibit ROS production. In vitro, we found
that the seMc promotes the expression of NRF2 and inhibits the production of ROS.*" However, we observed decreased HO-1 expression in
cells induced by LPS and RSL3. Currently, the function of HO-1 inferroptosis is still controversial. Previous study shows that overexpression of
HO-1 can exacerbate ferroptosis and cause organ failure.”” However, Previous study shows that increased HO-1 expression can protect cells
from ferroptosis by inhibiting oxidative stress.”® Our data suggest that seMc inhibits lipid peroxidation by increasing GPX4 to promote GSH
synthesis, thereby protecting cells from ferroptosis, and plays an antioxidant role to prevent further cell damage by scavenging ROS, but does
not for sure whether it act through activation of the NRF2/HO-1 pathway.

The significance of micronutrient supplementation in the clinical management of IBD has been consistently emphasized in recent years. Mi-
cronutrients exert a therapeutic impact on IBD by modulating immune response and programmed cell death, while insufficiency of micronu-
trients may also exacerbate the progression of IBD. Based on research on the antioxidant effects of se, se supplementation is considered to
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Figure 5. seMc inhibits LPS-induced ferroptosis in colonic epithelial cells

(A) Morphology of mitochondria in caco2 cells treated with seMc/LPS under electron microscope; (B) fluorescent images of Fe?* in caco2 cells treated with seMc/
LPS(scale bar: 200um); (C) expression of GPX4 in caco2 cells treated with seMc/LPS measured by western blot; (D) quantification of intracellular GPX4 expression
levels before and after LPS and seMc treatment(n = 3); (E) quantification of intracellular of Fe?* before and after LPS and seMc treatment(n = 3); (F) GSH
content(n = 3); (G) MDA content(n = 3); (H) flow cytometer of caco2 cells stained with ROS before and after LPS and seMc treatment; (I) Caco2 cells were
treated with LPS (10 uM) and seMc (50 uM) for different hours and the ratio of lipid peroxidation (stained with Liperfluo) was measured by flow cytometry;
data are represented as mean + SEM; *, **, and *** indicate p values less than 0.05, 0.01, and 0.001, respectively vs. Control group; #, ##, and ### indicate p
values less than 0.05, 0.01, and 0.001, respectively vs. LPS group.

have inhibitory effects on the development of intestinal inflammation. Previous studies have demonstrated that sodium selenite, an inorganic se
supplement, can mitigate DSS-induced colitis in mice and protect the integrity of the intestinal barrier.”” Studies involving nanomaterials con-
taining selenium have revealed that WSe2 @F127 nanozymes effectively alleviate IBD by reducing oxidative stress damage, regulating intestinal
microbiota, and modulating immune barriers.*> Se-HMPB nanozymes have been validated to restore the integrity of the intestinal barrier by in-
hibiting ferroptosis and T cell differentiation in UC and CD models.” However, inorganic se is toxic and poorly absorbed compared to organic se
which is more readily assimilated and stored by tissues. To further verify the role of seMc in IBD nutritional treatment, DSS-induced IBD mice were
orally administered seMc and ENT simultaneously. ENT is an important method in the treatment of IBD. At present, it can be divided into a va-
riety of programs, including TEN, partial enteral nutrition (PEN), CD elimination diet (CDED) combined with PEN and whole diet. TEN is currently
recommended as the first-line remission therapy for mild to moderate IBD. Previous clinical studies and meta-analyses have demonstrated that
TEN plays an inductive role in achieving remission and promoting intestinal mucosal healing in active IBD.* This treatment approach is equiv-
alent to corticosteroids but with fewer side effects, making it a viable option for maintenance therapy during the remission stage. We observed
that the combination of seMc and TEN treatment regimens exhibited superior efficacy in promoting colonic mucosal healing compared to TEN
treatment alone in an experimental colitis mouse model. These findings suggest the potential application of seMc as a formulation for enteral
nutrition supplementation. The expression of GPX4 protein was significantly reduced in the DSS group, whereas it was significantly increased at
the colon epithelial site following seMc supplementation, indicating that oral administration of seMc enhanced GPX4 protein expression in in-
testinal epithelial cells. Additionally, analysis of colon tissue homogenate supernatant revealed that seMc combined with TEN treatment effec-
tively suppressed MDA production in intestinal epithelial cells compared to the DSS group while increasing reduced GSH levels. Reduced gluta-
thione (GSH) and oxidized glutathione (GSSG) are two forms of glutathione present in vivo, which interconvert through the antioxidant response
mediated by GPX4 and LOOH to L-OH. Depletion of GSH and dysfunction of GPX4 lead to elevated levels of lipid hydroperoxides, further exac-
erbating intracellular oxidative stress. As oxidative stress intensifies, GSSG production increases, resulting in a decreased GSH/GSSG ratio indic-
ative of an imbalance in intracellular redox state. Changes in colon tissue expression levels of GSH were observed following treatment with seMc
combined with TEN. While healing and relief from inflammatory symptoms were observed at the mucosal level after treatment with TEN alone,
its antioxidant protection within the intestinal epithelium was not remarkable. It is evident that seMc supplementation effectively ameliorates
DSS-induced redox imbalance by enhancing GPX4 expression and utilizing its catalytic activity to attenuate lipid peroxide toxicity and reduce
peroxide accumulation, thereby mitigating IEC death occurrence within the intestinal barrier.*” Previous studies also have suggested an impor-
tant relationship between ferroptosis and immune cell infiltration.”"™***“! The reduction of excessive immune cell infiltration can not only effec-
tively alleviate intestinal epithelial damage in IBD but also offer a novel approach for regulating ferroptosis in IECs through seMc.

In conclusion, this study confirmed our hypothesis that seleno-amino acids play the protective effect of intestinal barrie by blocking fer-
roptosis of intestinal epithelial cell and regulating immune cell infiltration. We propose that seMc combined with TEN may be a new approach
for nutritional therapy in IBD patients, and the dosage and proportion of Se amino acids in the formulation can be further explored.

Limitations of the study

This study demonstrates the potential of seMc as an intestinal nutritional supplement for IBD patients, highlighting its clinical significance in
treating intestinal inflammation. However, certain limitations exist in this study. Firstly, it is necessary to conduct further investigations using
spontaneous IBD mouse models and immunodeficient IBD mouse models to explore additional mechanisms underlying the therapeutic ef-
fects of seMc in IBD treatment, as the current experimental inflammatory animal models are limited. Secondly, a targeted lipid metabolomics
analysis should be performed to elucidate the specific mechanism by which seMc protects intestinal epithelial cells. Lastly, considering seMc's
high biological activity as an organic selenium compound, it exhibits promising therapeutic potential in IBD treatment, future research direc-
tions include exploring optimal therapeutic dosages and clinical applications.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:
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Figure 6. seMc reduced ferroptosis and inflammation in IBD models
(A) Schematic diagram of IBD induction and seMc combined TEN treatment; (B) percentage of body weight changes of mice in different groups; (C) images of

¢? CellPress

OPEN ACCESS

gross specimens of the colon; (D) DAl score; (E) H&E stain of colon tissue in different groups (scale bar:50 um); (F) IHC stain images of GPX4 expression in different

group (scale bar:50 pm); (G) quantification of colon length in different groups; (H) histological score of GPX4 expression in different groups; (I) level of GSH in

colons from mice in different groups; (J) level GSSG in colons from mice in different groups; (K) level of GSH/GSSG in colons from mice in different groups;

(L) MDA level of colon tissues from mice in different groups; data are represented as mean + SEM; *, **, and *** indicate p values less than 0.05, 0.01, and

0.001, respectively vs. Control group; #, ##, and ### indicate p-values less than 0.05, 0.01, and 0.001, respectively vs. DSS group.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GPX4 Beyotime #AF7020

NRF2 SAB #41255

HO-1 proteintech #10701-1-AP

HRP-conjugated Affinipure Goat Anti-Mouse IgG
HRP-conjugated Affinipure Goat Anti-Rabbit IgG

proteintech

proteintech

#SA00001-1-100UL
#SA00001-2-100ul

F4/80 clone BM8 PE/Cyanine5 BioLegend N/A
Ly-6G clone 1A8 APC/Fire 750 BioLegend N/A
CD3 clone 17A2 APC BioLegend N/A
Biological samples
Human colon paraffin pathological section The First Affiliated Hospital N/A
of Jinan University
Chemicals, peptides, and recombinant proteins
RSL3 Selleck Chemicals LLC, TX, USA #58155
Seleno-amino acids Department of Food Science and N/A
Engineering of Jinan university
Critical commercial assays
the green-fluorescent heavy metal indicator Thermo Fisher #P14312
Phen Green™ SK dipotassium salt assay
malondialdehyde kit Cominbio #MDA-1-Y
BCA Protein Assay Kit Beyotime #P0012
GSH and GSSH assay kit Beyotime #P0053

Deposited data

PDB database

seleno amino acids data

5L71, PDB DOI: https://doi.org/
10.2210/pdb5L71/pdb
This paper

http://www.rcsb.org/

https://pubchem.ncbi.nlm.nih.gov/

Experimental models: Cell lines

Caco2

HCT116

the Cell Bank of the Chinese
Academy of Sciences
the Cell Bank of the Chinese

Academy of Sciences

N/A

N/A

Experimental models: Organisms/strains

Mouse: C57BL/6

Bestext Biotechnology Co. Ltd

Mouse (Mus musculus)/SPF/ C57BL/6/Sentinel mouse

Software and algorithms

CytExpert software

ImageJ

Chem 3D pro software

AutoDock Tools(ADT, version 4.2)
PyMol software (version 2.2.0)
AutoDock Vina (version 1.1.2)

Beckman Coulter, Brea, CA, USA
N/A

N/A

N/A

N/A

O. Trott, A. J. Olson et al.

https://cytexpert.updatestar.com/
https://imagej.nih.gov/ij/
https://www.wavemetrics.com/project/Chem3D
https://autodock.scripps.edu/
https://github.com/schrodinger/pymol-open-source

http://vina.scripps.edu
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof. Jinghua Pan,
(huajanve@foxmail.com).

Materials availability

This research adopts the selenium amino acid reagent synthesized from food engineering college, jinan university, the details in the Data S’
and S2.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Caco-2, HCT116, and RAW 264.7 cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells were
cultured in Dulbecco’s Modified Eagle’s Medium (Gibco/Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (Gibco) in
a humidified incubator with 5% CO, at 37°C.

Animal model

Nine-week-old female C57BL/6 mice were purchased from Bestext Biotechnology Co. Ltd. (Nantong, China). The Fiber-free enteral nutrition
formula milk powder, commonly known as Ensure Plus from Abbott Laboratories, is a widely utilized oral preparation for total enteral nutrition.
Each 100g serving provides 462kcal, with protein accounting for 16%, carbohydrates accounting for 48%, and fats accounting for 36%. Twenty
healthy mice were randomly divided into 4 groups, with 4 mice in each group: 1) control group (normal drinking water+normal diet); 2) 3%
DSS solution (Drinking water containing 3%DSS+normal diet); 3) 3% DSS+TEN (55.8g ensure powder added to 200ml drinking water) ; 4) 3%
DSS +TEN+seMc solution (1mg/kg/d).>* Body weight was measured daily. The mice were sacrificed on the seventh day, and colon samples
were taken for length measurement and hematoxylin and eosin (HE) and immunohistochemical (IHC) staining. Each mouse in the group was
assessed daily based on three parameters: body weight, fecal consistency, and presence of occult blood in the feces. The Disease Activity
Index (DAI) score represents the cumulative value of these three indicators.This study has been approved by the Experimental Animal Ethics
Committee of Jinan University (Approval No. 102144).

Clinical samples

Paraffin-embedded sections of clinical samples were collected from our institution. We collected 30 colon tissue paraffin sections from pa-
tients diagnosed with IBD between 2013 and 2022, following the gold standard of pathology. Paraffin sections of normal colon tissues from
seven patients after partial colectomy were used as the control group. The disease status was classified. Based on the clinical disease activity
index (CDAI) of Crohn's disease, the patients were divided into severe group (n=5), moderate group (n=8), and mild group (n=5). Based on
the modified Mayo score, the ulcerative colitis patients were divided into severe group (n=3), moderate group (n=5), and mild group (n=4).
The use of clinical samples had been approved by Jinan university Medical ethics committe (Approval No. JNUKY-2023-0105).

METHOD DETAILS

Assaying cell viability with CCK8

First, 10,000 cells/well of Caco-2 and HCT116 cells were seeded into 96-well plates and grown at 37°C and 5% CO, for 24 h. Then, 10 pmol/L of
RSL3 (Selleck Chemicals LLC, TX, USA), a ferroptosis activator, was added to the wells and incubated for 30 min, followed by treatment with 0,
12.5, 25, 50, 100, and 200 pg/mL of selenohomocysteine (seHcy), seC2, L-se-Methylselenocysteine (seMc), seMet, or selenoic-alliin (se-alliin)
(provided by the School of Food Engineering, Jinan University, details in Data ST and S2) for 24 hours. After 24 hours of seleno-amino acids
treatment, the old cell culture medium was removed and replaced with 100 pL of fresh cell culture medium containing 10 pL of CCK8 reagent
in each well, and then it was placed in darkness for 1.5 hours in the incubator. The absorbance at 450 nm was determined using a microplate
reader.

Inductively coupled plasma-mass spectrometry (ICP-MS)

For this the cells were treated with different seleno-amino acids with 100ug/mL for 24 hours. After that the cells were lysed using lysis buffer
(10 mM Tris-HCI, 150 mM NaCl, 1% Triton-X, 0.1% SDS) and then analyzed by ICP-MS. The ICP-MS analysis was performed using an Agilent
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7500 Series ICP-MS instrument (Agilent Technologies Inc., Santa Clara, CA, USA) and calibration curves were prepared using Rh as internal
standard. The mean of three separate replicates was used for determination of se concentration.

Intracellular mitochondrial observation experiments

Caco-2 cells were seeded onto 100-mm Petri dishes, cultivated for 24 h, then treated with RSL3 (10 uM) and seMc (50 pM) for 24 hours. The
culture medium was discarded, and the cells were washed once with phosphate-buffered saline and collected by centrifugation at 1,000 rpm.
The cell suspensions were prepared by adding DMEM medium and mixing. The morphology of intracellular mitochondria was observed using
a projection electron microscope.

Western blot analysis

Proteins were extracted from Caco-2 cells. A BCA protein assay (Beyotime, P0012, Shanghai, China) was used to measure the protein con-
centration. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was used to separate proteins, which were then transferred to a poly-
vinylidene fluoride membrane (Merck Millipore, Burlington, MA, USA). The membranes were blocked with 5% skim milk and then incubated
with primary antibodies (GPX4, Beyotime, #AF7020; NRF2, SAB, #41255; HO-1, proteintech, #10701-1-AP) at 4°C overnight. The next day, the
membranes were incubated with secondary antibodies (HRP-conjugated Affinipure Goat Anti-Mouse 1gG, proteintech, SA00001-1-100UL;
HRP-conjugated Affinipure Goat Anti-Rabbit IgG, proteintech, SA00001-2-100ul) for 1 hour at room temperature and then imaged with an
enhanced chemiluminescence reagent (Cell Signaling Technology, Danvers, MA, United States) using an imaging system (Thermo Fisher
Scientific).

Iron (Fe?*) assay

Fe?* levels were measured using the green-fluorescent heavy metal indicator Phen Green™ SK dipotassium salt (Thermo Fisher, P14312)
following the manufacturer’s instructions.

Malondialdehyde (MDA) measurement

MDA content in Caco2 cells was measured by the malondialdehyde kit (Cominbio, Suzhou, China, #MDA-1-Y) according to the manufacturer’s
instructions. Cell were lysed with MDA extraction solution and centrifuged for 10 min at 8000x g and 4°C. The supernatant was used to mea-
sure the MDA content. The protein concentration (Cprot) was measured by BCA Protein Assay Kit (Beyotime, #P0012). The absorbances at
532 nm (A532) and 600 nm (A600) were measured by a microplate photometer. MDA content (nmol/mg protein) was calculated as follows:
MDA (nmol/mg protein) = 51.6 x (A532-A400)/Cprot.

GSH levels and the GSH to glutathione disulfide (GSSG) measurement

Caco2 cells were lysed with RIPA lysis buffer and the supernatant was collected. The GSH and GSSH content in the supernatant was assessed
by GSH and GSSH assay kit (Beyotime. #50053) according to the manufacturer’s instructions. The absorbance was measured at 405nm (A412).

ROS scavenge test in cells

Approximately 1x10° caco2 cells were seeded into a 6-well plate and treated with RSL3 and seMc for 24h. After 24 hours of seleno-amino
acids treatment, the old cell culture medium was removed and replaced with DCFH-DA reagent diluted in DMEM at a concentration of
10 umol/L in each well. As soon as incubated in incubator at 37°C for 20 minutes, cells were washed three times with serum-free cell culture
medium. Cell suspensions were prepared in PBS, and the fluorescence intensity of DCF fluorescein was measured on CytoFLEX Flow Cytom-
eter and CytExpert software, respectively (Beckman Coulter, Brea, CA, USA).

Analysis of lipid perdoxidation

Caco2 cells were dispensed in 6-well plate at a density of 1x1 0° cells. Cells received RSL3 (10 uM) for 12 h, 24h, 36h, 48h, 72h, respectively, and
received seMc (50 uM) for the same time. After treatment, cells were incubated with Liperfluo (10 uM) (DOJINDO, Japan) for 1 h. Then, the
cells were collected for analysis in a CytoFLEX Flow Cytometer and CytExpert software. The excitation and emission wavelengths of the
oxidized Liperfluo are 488 and 535 nm, respectively.

Molecular docking

To further verify the binding ability between seleno amino acids and GPX4, molecular docking was performed. The crystal structures of GPX4
(5L71, PDB DOI: https://doi.org/10.2210/pdb5L71/pdb) were obtained from the PDB database (http://www.rcsb.org/). Using autodock tools
(version 4.2) to add hydrogen to the protein, calculate the charge, and then turn it into PDBQT file. The seleno amino acids data were from
(https://pubchem.ncbi.nlm.nih.gov/) database to download the sdf file. The chemical structure of seleno amino acids were mapped using
Chembio ultra, used the Chem 3D pro software to calculate the minimum energy, turn into a mole, and then convert it to PDBQT. Docking
studies of the core targets and binding energe were performed using AutoDock Tools (ADT, version 4.2) and AutoDock Vina (version 1.1.2).
The docking results were visualized using PyMoL software (version 2.2.0).
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Flow cytometry analysis

The mice were sacrificed, and the colons were harvested. After rinsing with phosphate-buffered saline, the colons were sectioned into small
pieces and digested with a digestion solution containing collagenase for 30 min. After digestion, the fragments were dissociated into single-
cell suspensions using a dissociator (Miltenyi Biotec, Germany) and filtered through a 70-mesh cell sieve to remove residual tissue fragments.
Alysis solution (BD Biosciences, Franklin Lakes, NJ, USA) was used to remove erythrocytes. A mixture of fluorochrome-conjugated antibodies
was used for fluorescence staining as follows: F4/80 clone BM8 PE/Cyanine5 (BioLegend), Ly-6G clone 1A8 APC/Fire 750 (BioLegend), and
CD3 clone 17A2 APC (BioLegend). Data were collected and analyzed using a CytoFLEX Flow Cytometer and CytExpert software, respectively
(Beckman Coulter, Brea, CA, USA). A sequential gating strategy was used to differentiate different cell populations.

HE staining

C57BL/é mouse colon tissues were frozen, sliced into 5 um-thick sections, fixed with 4% paraformaldehyde, and sequentially stained with HE
to observe histological changes. The HE staining method was performed as follows: Mouse colon tissue was collected and washed with PBS,
fixed in 4% formaldehyde, trimmed to approximately 1cm?, and placed in an embedding mold to prepare paraffin sections. Subsequently, the
colon tissue was soaked overnight in 70% ethanol followed by sequential transfer into 80% to 100% ethanol. After decolorization with xylene
for 20 minutes, the tissue was embedded in paraffin and cut into 5 um sections on a freezing slide. The second step involved HE staining.
Paraffin sections were dewaxed by placing them in xylene for 20 minutes; then they were stained with hematoxylin for 2 minutes and counter-
stained with safranin for 10 minutes, followed by eosin stain for one minute. The stained sections were dehydrated using a series of graded
alcohol solutions and xylene solutions before being mounted on microscope slides using neutral resin. According to your suggestion, we have
added this information to the method section.

IHC

Samples collected from the mice and patients were fixed in 4% paraformaldehyde and embedded in paraffin. The sections were deparaffi-
nized and hydrated, followed by antigen retrieval using an ethylenediaminetetraacetic acid (i.e., EDTA) solution (pH 9.0). All sections were
incubated with GPX4 antibody at 4°C overnight. The next day, the sections were incubated with a horseradish peroxidase-labeled secondary
antibody. A chromogenic reaction was induced using diaminobenzidine (i.e., DAB). IHC scoring was conducted using a staining intensity
method, where Image J was employed to measure the average gray value (staining intensity) and positive area percentage (staining area)
of positive cells. Four scoring values were assigned: High positive (3+), Positive (2+), Low positive (1+), and Negative (0+).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA) was used for statistical analysis. Student's t-tests were used to compare
two groups, and p-values of <0.05 were considered statistically significant. All bar graphs included scattered dots. All bar graphs represent
mean + SD. Parametric test were used to assum gaussian distribution and unpaired t-test were used to assume both population have the
same SD. The symbols *, **, and *** indicate p-values less than 0.05, 0.01, and 0.001, respectively. Similarly, #, ##, and ### represent p-values
less than 0.05, 0.01, and 0.001 correspondingly. In Figures 41 and 5I, the * symbol denotes statistical significance compared to the Control
group; in Figure 41, the # symbol represents statistical significance compared to the RSL3 group; while in Figure 5I, the * symbol indicates
statistical significance compared to the Control group and the # symbol signifies statistical significance compared to the LPS group. Within
the in vivo experiment section,* represents statistical significance compared to the Control group while # represents statistical significance
compared to DSS group. Results are expressed as means +/- SEM. All quantitative experiments (western blot, cell count) included at least 3
biological replicates. Animal studies included at least 5 mice per group. The value of n number of representative samples, part of the value of n
number in vitro experiments on behalf of the repetition of the test sample size, n value in vivo experiments on behalf of the number of mice.
Correlation analysis used Pearson’s correlation coefficient analysis to measure the linear correlation between two variables, ranging from -1
to +1, where -1 means completely negative correlation, +1 means completely positive correlation, and 0 means no linear correlation. R?is for
correlation coefficient.

ADDITIONAL RESOURCES

Additional Substrate Preparation and TH and 13CNMR Spectra of Products for the seleno-amino acids employed are provided in this study,
and the information has been reported in Data S1 and S2.
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