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Maternal Organic Selenium Supplementation Relieves Intestinal Endoplasmic Reticulum Stress in Piglets by Enhancing the Expression of Glutathione Peroxidase 4 and Selenoprotein S
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Endoplasmic reticulum (ER) stress, which can be induced by reactive oxygen species (ROS) and multiple factors, is associated with numerous intestinal diseases. The organic selenium source 2-hydroxy-4-methylselenobutanoic acid (HMSeBA), has been proved to decrease intestinal inflammation and autophagy by improving the expression of selenoproteins. However, it remains unclear whether HMSeBA could alleviate intestinal ER stress by decreasing excessive production of ROS products. This study was conducted to investigate the effect of maternal HMSeBA supplementation on the regulation of intestinal ER stress of their offspring and the regulatory mechanism. Sows were supplemented with HMSeBA during gestation and jejunal epithelial (IPEC-J2) cells were treatment with HMSeBA. Results showed that maternal HMSeBA supplementation significantly upregulated mRNA level of selenoprotein S (SELS) in the jejunum of newborn and weaned piglets compared with the control group, while decreased the gene expression and protein abundance of ER stress markers in the jejunum of LPS challenged weaned piglets. In addition, HMSeBA treatment significantly increased the expression of glutathione peroxidase 4 (GPX4) and SELS, while decreased ROS level and the expression of ER stress markers induced by hydrogen peroxide (H2O2) in IPEC-J2 cells. Furthermore, knockdown of GPX4 did not enhance the ERS signal induced by H2O2, but the lack of GPX4 would cause further deterioration of ER stress signal in the absence of SELS. In conclusion, maternal HMSeBA supplementation might alleviate ROS induced intestinal ER stress by improving the expression of SELS and GPX4 in their offspring. Thus, maternal HMSeBA supplementation might be benefit for the intestinal health of their offspring.
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INTRODUCTION

Endoplasmic reticulum (ER) stress, which is well known as the accumulation of unfolded proteins in ER lumen caused by the increase of protein synthesis or multiple conditions, and ER responds to ER stress by activating the unfolded protein response (UPR), an adaptive intracellular signal to cope with ER stress and help to sustain cell survival and normal functions (1). Notably, the activation of UPR is intimately related to three transmembrane ER-resident stress sensors: inositol-requiring enzyme 1 (IRE1), PKR-like ER kinase (PERK) and activating transcription factor (ATF6), which acts as regulators of cell fate under ER stress by integrating information about the intensity and duration of the injury. These three ER stress sensors were binding to glucose-regulated protein 78 (GRP78) when below the threshold of UPR signal, thereby inhibiting the activation of UPR (2, 3). While all three branches may induce apoptotic cell death via upregulating the expression of the C/EBP homologous protein (CHOP) when UPR signal is continuously activated (4). Simultaneously, endoplasmic reticulum oxidoreductase 1 alpha (ERO1α) and endoplasmic reticulum oxidoreductase 1 beta (ERO1β), as the targets of CHOP, play the roles of generating ROS production and induce organ injury (5). It’s worth noting that, physiological stimuli, such as ROS and intestinal endogenous pathogenic microorganism product lipopolysaccharide (LPS) can also activate ERS in vitro and vivo (6–10).

The small intestinal, which plays roles in nutrient digestion and absorption, and also acts as an innate barrier against luminal pathogens and physiological stress. Intestinal redox homeostasis is a prerequisite for maintaining its function, while accumulation of reactive oxygen species (ROS) is the main cause of intestinal redox disorder induced by invasions of pathogenic microorganisms and various stimulates. As it mentioned above, ROS accumulation may cause ER stress (6, 7, 9), so it is not surprising that ER stress and the UPR signal is essential for shaping intestinal redox homeostasis. Indeed, the UPR has been regarded as an important pharmacological target in the development of therapeutic strategies for immune-mediated pathology (11). Numerous studies also proved that ER stress contributes to intestinal inflammation diseases via the activation of IRE1/ATF6-XBP1 signaling pathway (12–14). Thus, regulation of ER stress signal is essential for intestinal homeostasis and intestinal health.

Selenium is an essential trace element and the function of selenium is mediated in part by its incorporation into slenoproteins, and most of these selenoproteins have antioxidant properties such as glutathione peroxidase (GPX) and selenoprotein P (SEPP1) (15). Our previous study demonstrated that maternal HMSeBA (2-Hydroxy-4-methylselenobutanoic acid, a novel organic Se source) supplementation was beneficial for offspring’s intestinal health by regulating inflammation and autophagy via MAPK/NF-κB and ERK/Beclin-1 signaling pathways (16), while whether HMSeBA is involved in regulating ER stress signal of intestinal remains unclear. Moreover, numerous studies have proved from both pros and cons that SELS is important for regulating ER stress induced apoptosis by participating in unfolded and misfolded proteins degradation (17–19), and our study revealed that maternal HMSeBA supplementation could protect thymus and spleen against inflammation via inhibiting the ERS signal by improving the expression of GPX1, GPX4 and SEPP1 (20), whether these four selenoproteins participate the regulation of ER stress in intestinal also remains unclear. Besides, previous studies reached conclusions based on maternal effects of HMSeBA in vivo experiments, the direct regulation of HMSeBA on ER stress signal to porcine intestinal epithelial cells (IPEC-J2) also needs further study. In short, this study was conducted to investigate the protective effect of maternal HMSeBA supplementation in regulating ER stress signal induced by LPS in the jejunum of offspring, and the direct regulation of HMSeBA on ER stress signal induced by ROS and the expression of selenoproteins in IPEC-J2 cells. This study will systematically explained the synergistic effect of several selenoproteins in the intestine to regulate the ER stress from in vivo to in vitro, which provides more evidence for selenium or selenoproteins to protect intestinal health.



MATERIALS AND METHODS


Animal Model

The experimental design of sows was described as previous study (21). Thirty sows (Landrace × Yorkshire) at 5th parity were randomly assigned into two groups to receive basal diet (control, n = 15), or HMSeBA supplemented diet (HMSeBA, basal diet + HMSeBA at 0.3 mg Se per kg, n = 15) during the whole gestation. HMSeBA was provided by Adisseo France S.A.S. and all diets were formulated to meet nutrient requirements of the National Research Council (22). After farrowing, the number of litters were adjusted to 12 ± 1 piglets per litter by cross-fostering in the same treatment and one piglet with body weight (BW) closed to average litter BW was selected to be slaughtered for jejunum collection within 24 h. Piglets were breast fed during lactation. At weaning, two piglets of each litter with BW closed to average litter BW were selected to be challenged with lipopolysaccharide (LPS, L2880, Sigma) at the dosage of 50 μg/kg BW or equivalent amount of sterile saline for 4 h. Piglets were then slaughtered for jejunum collection. All animals had free access to water.



Cell Culture and Treatment

IPEC-J2 cells were obtained from ATCC and cultured in cell culture flasks or plates (Nunc.) with DMEM-F12 (Gibco, Grand Island, NY, United States) supplementing 10% FBS, penicillin (100 U/mL), and streptomycin (100 μg/mL), at 37°C in a 5% CO2 atmosphere humidified incubator. When the density reached about 70%, cells were pre-treated with different concentrations of HMSeBA (300, 600, and 1200 nM) for 24 h, attended by co-treatment with H2O2 (0.1, 0.2, and 0.4 mM) (Chron chemicals, Chengdu, China) for another 2 h.



RNA Extraction and Real-Time Polymerase Chain Reaction Assay

Total RNA was extracted from frozen jejunum samples with TRIzol reagent (Sigma-Aldrich), and was used to synthesize cDNA with Prime-Script RT reagent kit (Takara, Dalian, China) according to the manufacturer’s instructions. Real-time PCR protocol was 1 cycle of 95°C for 30 s and 40 cycles of 95°C for 15 s followed by 60°C for 1 min. 2–delta CT method was utilized to calculate the relative gene expression of target genes and β-actin were used as reference genes. Primers for the genes are listed in Supplementary Table 1.



Western Blot Analysis

Jejunum tissues or cell samples were lysed with radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China) as previous report (16). The protein concentration was determined with bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Waltham, MA, United States.). 30 μg protein of each sample was separated in 10% (SDS-PAGE) gels (Beyotime, Shanghai, China). Proteins were subsequently transferred to PVDF membrane (Bio-Rad). The PVDF membrane was then blocked with 1% BSA containing TBST, followed by incubation with primary antibodies at 4°C for more than 8 h. The primary antibodies were as follows: SELS (21 KDa, 15591-1-AP, Proteintech), GPX4 (22 KDa, 52455S, Cell Signaling Technology), SEPP1 (57/45 KDa, sc-376858, Santa Cruz Biotechnology), GRP78 (78 KDa, ab21685, Abcam), p-IRE1α (110 KDa, ab48187, Abcam), IRE1α (110 KDa, ab37073, Abcam), p-PERK (170 KDa, 3179S, Cell Signaling Technology), PERK (170 KDa, 3192S, Cell Signaling Technology), CHOP (27 KDa, 381679, Zen BioScience) and β-actin (45 kDa, #4967, Cell Signaling Technology). The membrane was washed with TBST for 6 times, and incubated with appropriate HRP-conjugated secondary antibodies at room temperature for 1 h. After another 6-time wash, membrane was incubated with enhanced chemiluminescence (ECL) (Beyotime, Shanghai, China), and protein signals were accomplished with a ChemiDocTM XRS + Imager System (Bio-Rad Laboratories, Inc.).



Analysis of Oxidant and Antioxidant Contents

Jejunum samples were rapidly weighted, homogenized and centrifuged. The supernatants were used to measure oxidant and antioxidant contents. The activities of glutathione peroxidase (GPH-Px), total superoxide dismutase (T-SOD), catalase (CAT), total antioxidant capacity (T-AOC) and contents of malondialdehyde (MDA) and hydrogen peroxide (H2O2) were quantified using the respective assay kits Nanjing Institute of Jiancheng Biological Engineering, Nanjing, China, according to the manufacturer’s protocols.



Quantification of Reactive Oxygen Species

For quantification of ROS, when the density reached about 85%, IPEC-J2 cells were washed with PBS for 2 times, and then 5 μM 2′,7′-dichlorofluorescein diacetate (DCF-DA) reagent (Merck; 35845) was incubated with cells for 25 min at 37°C in the dark, finally, analyzed with flow cytometry after three times wash with PBS.



Construction of Adenovirus and Gene Knockdown Study

To construct adenoviral vectors expressing short hairpin interfering RNAs (shRNAs) against pig GPX4 or SELS, three short hairpin oligonucleotides and complementary strands were designed to target pig GPX4 and SELS, respectively. Briefly, the top and bottom strand oligonucleotides were annealed and ligated into the Gateway-based pENTR/U6 vector (Thermofisher) and sequence confirmed. Then pENTR/U6-shRNA plasmids were recombined with the Gateway based pAd-BLOCK-iT DEST vector (Thermofisher) to generate pAd shRNA vector. The pAd shRNA plasmids were then transfected into HEK 293A cells (Invitrogen, Carlsbad, CA, United States) to generate adenovirus, after Pac I digestion. Adenovirus were then amplified HEK 293A cell, and the knockdown efficiency of the shRNA were examined in IPEC-J2 cells with multiplicity of infection (MOI) of 50 (Supplementary Figure 2). The sequence of shRNAs used in this study were GGAATTCTCAGCCAAGGACATC for GPX4 and GGAACCTGATGTTGTTGTTAA for SELS. Sequence of GCTACACAAATCAGCGATTT for shLacz was used as the control. For gene knockdown study, IPEC-J2 cells were infected with shLacz cloned adenovirus (AdshLacz) or shGPX4 cloned adenovirus (AdshGPX4) or shSELS cloned adenovirus (AdshSELS) at MOI of 50 for 48 h.



Statistical Analyses

All data were analyzed with SPSS 27.0 (IBM SPSS Company, Chicago, IL, United States). Data of newborn piglets and cells were analyzed using two-tailed t-test. Data of weaned piglets after LPS challenge and cells treated with HMSeBA and H2O2 were performed with Tukey’s multiple comparisons using general linear model (GLM) procedure of SPSS statistical software in the following model: Yijk = μ + αi + βj + (αβ)ij + εijk, in which Y is the analyzed variable; μ is the mean; αi is the effect of HMSeBA (i = 1 or 2); βj is the effect of LPS or H2O2 (j = 1 or 2); (αβ)ij refers to the interaction between treatment and LPS or H2O2 model; and εijk represents the error term. All results were plotted with GraphPad Prism 8.3 software. Data are shown as means ± standard errors (SE). P < 0.05 was considered statistically significant.




RESULTS


Maternal 2-Hydroxy-4-Methylselenobutanoic Acid Supplementation During Gestation Increased the Expression of Selenoproteins in the Jejunum of Newborn and Weaning Piglets

Maternal HMSeBA supplementation during gestation significantly increased the gene expression of SELS (Figure 1A) and had a tendency to increase the protein abundance of SELS in newborn piglets’ jejunum (Figure 1B). Besides, maternal HMSeBA supplementation upregulated the mRNA level of SEPHS2 (P < 0.05, Figure 1C) and protein levels of SELS and SEPP1 (P < 0.01, Figure 1D), while LPS administration reduced the mRNA level of SEPP1 in the jejunum of weaning piglets (P < 0.05, Figure 1C).
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FIGURE 1. Effect of maternal HMSeBA supplementation during gestation on the expression of selenoprotein in the jejunum of piglets (A) Expression of selenoprotein genes in newborn piglets, n = 10 per group. (B) Relative protein abundance of SELS in newborn piglets, n = 6 per group. (C) Expression of selenoprotein genes in weaned piglets, n = 6 per group. (D) Relative protein abundance of SELS and SEPP1 in weaned piglets, n = 3 per group. Control, basal diet; HMSeBA, basal diet supplemented with HMSeBA, 0.3 mg Se/Kg of HMSeBA. + LPS, piglets challenged with LPS. Data are shown as mean ± SE. * P < 0.05. a, b Columns with different superscript letters mean significant differences (P < 0.05).




Maternal 2-Hydroxy-4-Methylselenobutanoic Acid Supplementation During Gestation Reduced Endoplasmic Reticulum Stress in the Jejunum of Newborn and Weaning Piglets

To assess whether maternal HMSeBA supplementation could regulate intestinal ER stress level of their offspring, we analyzed the ER stress related indexes in the jejunum of newborn piglets and LPS challenged weaned piglets. Results showed that the gene expression of ATF6, CHOP, ERO1α and ERO1β in the jejunum of newborn piglets were lower in HMSeBA group than those in the control group (P < 0.001, Figure 2A). Moreover, maternal HMSeBA supplementation markedly decreased the phosphorylation level of IRE1α compared with basal diet in newborn piglets’ jejunum (Figure 2B), while trended to decrease the mRNA and protein levels of GRP78 (Figures 2A,B).
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FIGURE 2. Effect of maternal HMSeBA supplementation during gestation on the expression of ER stress-related markers in the jejunum of piglets. (A) Gene expression of ER stress related markers in newborn piglets. n = 10 per group. (B) Expression of ER stress related proteins determined by western blot in newborn piglets. n = 6 per group. (C) Gene expression of ER stress related markers in weaned piglets. n = 6 per group. (D) Expression of ER stress related proteins determined by western blot in weaned piglets. n = 3 per group. Data are expressed as mean ± SE. * P < 0.05, *** P < 0.001. a,b Values with different superscript letters for same genes were significantly different (P < 0.05).


In the jejunum of weaned piglets, LPS challenge significantly increased the gene expression of GRP78, ATF6, ERO1α and ERO1β, while maternal HMSeBA supplementation reversed the mRNA level of ATF6 that was increased by LPS (Figure 2C). What’s more, there were significant interactions between maternal diet and LPS on the gene expression of CHOP (Figure 2C). Besides, LPS administration markedly increased the phosphorylation levels of IRE1α and PERK in weaned piglets, while maternal HMSeBA supplementation reversed this effect of LPS (P < 0.05, Figure 2D). Furthermore, the interaction between maternal diet and LPS challenge significantly changed protein levels of GRP78, p-IRE1α/IRE1α, P-PERK/PERK and CHOP (P < 0.05, Figure 2D).



2-Hydroxy-4-Methylselenobutanoic Acid Treatment Upregulated the Expression of Selenoproteins and Improved the Antioxidative Capacity of Porcine Intestinal Epithelial Cells

To assess whether HMSeBA treatment affects the expression of selenoproteins and the antioxidant capacity of IPEC-J2 cells, we detected the mRNA and protein levels of selenoprotein and activities of antioxidative markers. Results suggested that HMSeBA treatment increased the gene expression of GPX4, SELS, SEPP1 and SEPW1 in a dosage-dependent manner (P < 0.05, Figure 3A). Meanwhile, HMSeBA treatment substantially increased the protein abundance of GPX4 and SELS compared with control in IPEC-J2 cells (P < 0.001, Figure 3B). Besides, HMSeBA treatment improved the enzyme activity of GSH-Px (P < 0.001, Figure 3C) and tended to enhance the activity of T-SOD compared with control group in IPEC-J2 cells (P = 0.08, Figure 3C).
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FIGURE 3. Effect of HMSeBA supplementation on the expression of selenoproteins and the antioxidative capacity in IPEC-J2 cells. IPEC-J2 cells were treated with 1.2 μM HMSeBA for 24 h. (A) Relative mRNA levels of selenoproteins. n = 3 for each group. (B) Relative protein abundance of GPX4, SELENOS and SELENOP. n = 4 for each group. (C) The activity of antioxidant related enzymes. n = 6 for each group. GSH-Px, glutathione peroxidase; T-SOD, total superoxide dismutase; CAT, catalase; T-AOC, total antioxidant capacity. Data are expressed as mean ± SE. * P < 0.05, ** P < 0.01, *** P < 0.001.




2-Hydroxy-4-Methylselenobutanoic Acid Treatment Reduced Reactive Oxygen Species Level and Endoplasmic Reticulum Stress in Hydrogen Peroxide Treated Porcine Intestinal Epithelial Cells

To investigated whether HMSeBA can alleviate ROS induced ER stress, we established ER stress cell model with H2O2 treatment. The phosphorylation level of IRE1α was upregulated by H2O2 in a dosage-dependent treatment (Supplementary Figure 1A). Additionally, HMSeBA treatment drastically reduced the ROS level and MDA content induced by H2O2 compared with control group (P < 0.05, Figures 4A–C). Furthermore, H2O2 treatment markedly upregulated the mRNA level of GRP78 and CHOP, while HMSeBA reversed this effect of H2O2 (Figure 4D). Besides, H2O2 treatment increased the protein expression of GRP78, p-IRE1α, IRE1α and CHOP, and all of these could be reversed by HMSeBA treatment (P < 0.05, Figure 4E and Supplementary Figure 1B).
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FIGURE 4. Effect of HMSeBA on hydrogen peroxide induced oxidative status and ER stress in IPEC-J2 cells. IPEC-J2 cells were pretreated with HMSeBA for 24 h, then co-treatment with H2O2 for 2 h. (A) ROS levels in IPEC-J2 cells. n = 4 for each group. (B,C) H2O2 and MDA levels in IPEC-J2 cells. n = 6 for each group. (D) Relative gene expression of ER stress related markers in IPEC-J2 cells. n = 4 for each group. (E) Protein levels of ER stress related markers in IPEC-J2 cells. n = 3 for each group. Mock, as a blank control; H2O2, hydrogen peroxide; MDA, malondialdehyde. Data are expressed as mean ± SE. a,b Values with different superscript letters for same genes were significantly different (P < 0.05).




Glutathione Peroxidase 4 and Selenoprotein S Were Involved in 2-Hydroxy-4-Methylselenobutanoic Acid Alleviating Reactive Oxygen Species Induced Endoplasmic Reticulum Stress in Porcine Intestinal Epithelial Cells

In order to elucidate the role of GPX4 and SELS in regulating ER stress, we performed gene knockdown study with GPX4 and SELS in IPEC-J2 cells. Results showed that HMSeBA upregulated the protein level of GPX4 in IPEC-J2 cells, while AdshGPX4 significantly decreased the protein abundance of GPX4 compared with control group, under both basal or HMSeBA treatment conditions (Figure 5A). HMSeBA treatment reduced the phosphorylation level IRE1α and the protein level of CHOP, while GPX4 knockdown blocked the reduce effect of HMSeBA on IRE1α phosphorylation (P < 0.05, Figure 5A).
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FIGURE 5. Roles of GPX4 and SELENOS in regulating ER stress induced by H2O2 in IPEC-J2 cells. (A) IPEC-J2 cells were infected with AdshGPX4, then were treated with H2O2 plus HMSeBA. Protein levels of ER stress related markers were detected. (B) IPEC-J2 cells were infected with AdshSELS, then were treated with H2O2 plus HMSeBA. Protein levels of ER stress related markers were detected. (C) IPEC-J2 cells were infected with AdshGPX4 or/and AdshSELS, then were treated with H2O2. Protein levels of ER stress related markers were detected n = 4 or 3 for western blot assay. Data are expressed as mean ± SE. * P < 0.05, ** P < 0.01, *** P < 0.001.


Analogously, HMSeBA upregulated the protein level of SELS in IPEC-J2 cells, while infection of AdshSELS almost eliminated this effect of HMSeBA on SELS (Figure 5B). Knockdown of GPX4 reversed the reducing effect of HMSeBA on the protein levels of GRP78 and CHOP (P < 0.05, Figure 5B). Knockdown of SELS furtherly upregulated the protein levels of GRP78 and phosphorylation level of IRE1α (P < 0.05, Figure 5B).

Knockdown of both GPX4 and SELS increased the protein level of GRP78, compared with control group or GPX4 knockdown (P < 0.05, Figure 5C), while induced the phosphorylation level of IRE1α and protein level of CHOP compared with control group or alone knockdown (P < 0.05, Figure 5C).




DISCUSSION

Endoplasmic reticulum (ER) stress induced by LPS or ROS contributes to intestinal inflammation diseases via disturbing the intestinal redox homeostasis (10, 23, 24), while selenium or selenoproteins are reported to be vital for sustaining the intestinal redox homeostasis (25). In our previously studies, maternal HMSeBA supplementation decreased the inflammation and autophagy levels in ileum and ER stress signal in thymus and spleen of their offspring all by improving the expression of selenoproteins (16, 20). Here, we also found that maternal HMSeBA supplementation increased the protein abundance of SELS and inhibited the ER stress signal induced by LPS in piglets’ jejunum. Additionally, HMSeBA treatment upregulated the expression of GPX4 and SELS, while significantly reduced the ROS level and intensity of ER stress signal induced by H2O2 in IPEC-J2 cells. To our knowledge, this is the first time of the founding of that maternal HMSeBA supplementation regulating ER stress signal of the offspring’ intestine, what’s more, synergistic regulations of GPX4 and SELS can also protect IPEC-J2 cells against ER stress in vitro.

Selenoproteins play indelible roles in the process of life and diseases, and most selenoproteins are central sites for regulating redox homeostasis, such as GPX, SEPP1 and ER resident-selenoprotein SELS (26). SELS is involved in ER homeostasis regulation by forming a complex with ubiquitin ligase E3, Derlin-1, selenoprotein K and p97ATPase (27). Du et al. found that SELS could protect HepG2 cells against apoptosis induced by ER stress (28). Additionally, SEPP1 was also involved in palmitic acid induced ER stress (29). These findings suggested that SELS and SEPP1 may play important roles in ER stress regulation. In our study, maternal HMSeBA supplementation increased the expression of SELS and SEPP1 of their progeny, this provided the material basis for maternal HMSeBA to regulate the intestinal ER stress signal of their offspring.

Piglets are susceptible to oxidative stress during birth and weaning, and oxidative stress can induce ER stress (30, 31). To further explore the effect of maternal HMSeBA supplementation on intestinal ER stress signal of their offspring, we detected ER stress-related markers in newborn and weaned piglets’ jejunum. Meanwhile, we also established LPS-induced ER stress model in weaned piglets to further determine the protective effect of HMSeBA. Our results suggested that maternal HMSeBA supplementation reduced the phosphorylation level of IRE1α and gene expression of ATF6, CHOP and their downstream targets ERO1α and ERO1β in jejunum of newborn piglets. Analogously, maternal HMSeBA supplementation also suppressed the activation of IRE1α/PERK/ATF6-CHOP signaling pathway in jejunum of weaned piglets after LPS challenge. Activation of intestinal ER stress signal may cause multiple adverse outcomes, such as barrier disruption and inflammation (32). Jiang et al. proved that GRP78 was involved in ER stress associated apoptosis induced by LPS (10). IRE1α was the endogenous substrate of ER-associated degradation (33), otherwise, the IRE1-RIDD-RIG-I pathway was considered as an innate immune signal which located at mucosal surfaces (14). Furthermore, Lu et al. concluded that heat-labile enterotoxin caused apoptosis of IPEC-J2 cells via PERK-CHOP pathway (24). Therefore, maternal HMSeBA supplementation inhibited the ER stress signal induced by oxidative stress or LPS via enhancing the expression of SEPP1 and SELS.

In order to further explore the specific mechanism of HMSeBA regulating intestinal ER stress signal, we established an ERS model of IPEC-J2 cells in vitro. For a long time, hydrogen peroxide (H2O2) was considered as a classic model for oxidative stress, and it can also activate ER stress through modulation of ROS generation (9). In addition, exposure of HepG2 (human hepatoblastoma cell line) to H2O2 has been demonstrated that would increase ROS levels and induce ER stress in a dosage-dependent manner (34). This is consistent with our result, the protein abundance of p-IRE1α increased with a dosage-dependent upregulation of H2O2. On the other hand, previous study have found that cistanche deserticola protected myocardial cell from ER stress related apoptosis through suppressing H2O2-induced ERS (35). In addition, N-acetylcysteineould could inhibit ER stress induced by ROS products of porcine epidemic diarrhea virus via GRP78/IRE1pathway (36). All these findings suggested that antioxidants may inhibit ER stress signal induced by ROS. In our present study, HMSeBA treatment increased the gene expression of GPX4, SELS, SEPP1 and the protein abundance of GPX4 and SELS in IPEC-J2 cells, at the same time, HMSeBA attenuated the ER stress signal induced by H2O2.

Selenoprotein S (SELS) is the selenoprotein which mainly played roles in reflecting the UPR status and involved ER homeostasis regulation (37), while GPX4 is one of the selenoproteins which can effectively protect the normal physiological function of ER by inhibiting the production of lipid peroxidation (38). To explore whether GPX4 or SELS target in regulating ER stress, we knocked down GPX4 and SELS separately or together. Results showed that knockdown of SELS seems to more significantly up-regulate the H2O2-induced ER stress compared with knocking down GPX4. In addition, knockdown of GPX4 and SELS together showed a stronger ER stress signal than knocking down one of them alone. Therefore, we suspect that SELS, which located in ER, plays a major role in regulating ER stress. What’s more, the deficiency of GPX4 did not enhance the ER stress signal induced by H2O2, while in the absence of SELS, the lack of GPX4 would cause further deterioration of the ER stress signal. In other words, GPX4 can cooperate with SELS to participate in the regulation of H2O2-induced ER stress signal. Therefore, HMSeBA is involved in alleviation of H2O2-induced ER stress through reducing generation of ROS by increasing the expression of GPX4 and SELS.

In conclusion, our results showed that maternal HMSeBA supplementation could relieve intestinal ER stress in piglets by enhancing the expression of GPX4 and SELS (Figure 6). This study provides new information about functions of HMSeBA in the intestine, identifies new targets for HMSeBA regulating ER stress, and may provide a strong basis for organic selenium application on protecting the intestine against ER stress-related intestinal diseases.
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FIGURE 6. General view of the effect of HMSeBA on intestinal ER stress. A model for HMSeBA supplementation regulates ER stress induced by LPS or H2O2 in vivo and vitro. Only core components of the pathway are shown. LPS or H2O2 administration induce ER stress through activating the GRP78-IRE1α-CHOP signaling pathway. While HMSeBA treatment improves the expression of GPX4 and SELS, thereby suppresses the ER stress signal, ameliorates the redox status. Maternal HMSeBA is involved in regulating the ER stress signal and health of intestine.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.



ETHICS STATEMENT

The animal study was reviewed and approved by Institutional Animal Care and Use Committee of the Laboratory Animal Center at Sichuan Agricultural University (SICAU-2015-033).



AUTHOR CONTRIBUTIONS

BF, DD, and DM designed the study. DD and HZ conducted the research. XJ, LC, ZF, SX, YL, YZh, JL, CH, YZo, and LL analyzed the data. DD and DM wrote the manuscript. BF and DW revised the manuscript. BF had primary responsibility for the final contents. All authors read and approved the final manuscript.



FUNDING

This work was supported by Sichuan Province Foundation (2021NZZJ0016), Fok Ying Tung Education Foundation (171019), and the 111 project (D17015).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.900421/full#supplementary-material



REFERENCES

1. Walter P, Ron D. The unfolded protein response: from stress pathway to homeostatic regulation. Science. (2011) 334:1081–6. doi: 10.1126/science.1209038

2. Lebeaupin C, Vallée D, Hazari Y, Hetz C, Chevet E, Bailly-Maitre B. Endoplasmic reticulum stress signalling and the pathogenesis of non-alcoholic fatty liver disease. J Hepatol. (2018) 69:927–47. doi: 10.1016/j.jhep.2018.06.008

3. Sepulveda D, Rojas-Rivera D, Rodríguez DA, Groenendyk J, Köhler A, Lebeaupin C, et al. Interactome screening identifies the ER luminal chaperone Hsp47 as a regulator of the unfolded protein response transducer IRE1α. Mol Cell. (2018) 69:238–52.e7. doi: 10.1016/j.molcel.2017.12.028

4. Hu H, Tian M, Ding C, Yu S. The C/EBP Homologous Protein (CHOP) transcription factor functions in endoplasmic reticulum stress-induced apoptosis and microbial infection. Front Immunol. (2018) 9:3083. doi: 10.3389/fimmu.2018.03083

5. Rao J, Zhang C, Wang P, Lu L, Qian X, Qin J, et al. C/EBP homologous protein (CHOP) contributes to hepatocyte death via the promotion of ERO1α signalling in acute liver failure. Biochem J. (2015) 466:369–78. doi: 10.1042/BJ20140412

6. Ochoa CD, Wu RF, Terada LS. ROS signaling and ER stress in cardiovascular disease. Mol Aspects Med. (2018) 63:18–29. doi: 10.1016/j.mam.2018.03.002

7. Verfaillie T, Rubio N, Garg AD, Bultynck G, Rizzuto R, Decuypere J-P, et al. PERK is required at the ER-mitochondrial contact sites to convey apoptosis after ROS-based ER stress. Cell Death Differ. (2012) 19:1880–91. doi: 10.1038/cdd.2012.74

8. Wang Y, Zhou X, Zhao D, Wang X, Gurley EC, Liu R, et al. Berberine inhibits free fatty acid and LPS-induced inflammation via modulating ER stress response in macrophages and hepatocytes. PLoS One. (2020) 15:e0232630. doi: 10.1371/journal.pone.0232630

9. Jia Z-L, Cen J, Wang J-B, Zhang F, Xia Q, Wang X, et al. Mechanism of isoniazid-induced hepatotoxicity in zebrafish larvae: activation of ROS-mediated ERS, apoptosis and the Nrf2 pathway. Chemosphere. (2019) 227:541–50. doi: 10.1016/j.chemosphere.2019.04.026

10. Jiang Q, Liu G, Chen J, Yao K, Yin Y. Crosstalk between nuclear glucose-regulated protein 78 and Tumor Protein 53 contributes to the lipopolysaccharide aggravated apoptosis of endoplasmic reticulum stress-responsive porcine intestinal epithelial cells. Cell Physiol Biochem. (2018) 48:2441–55. doi: 10.1159/000492682

11. Coleman OI, Haller DER. Stress and the UPR in shaping intestinal tissue homeostasis and immunity. Front Immunol. (2019) 10:2825. doi: 10.3389/fimmu.2019.02825

12. Kaser A, Lee A-H, Franke A, Glickman JN, Zeissig S, Tilg H, et al. XBP1 links ER stress to intestinal inflammation and confers genetic risk for human inflammatory bowel disease. Cell. (2008) 134:743–56. doi: 10.1016/j.cell.2008.07.021

13. Stengel ST, Fazio A, Lipinski S, Jahn MT, Aden K, Ito G, et al. Activating transcription factor 6 mediates inflammatory signals in intestinal epithelial cells upon endoplasmic reticulum stress. Gastroenterology. (2020) 159:1357–74.e10. doi: 10.1053/j.gastro.2020.06.088

14. Lencer WI, DeLuca H, Grey MJ, Cho JA. Innate immunity at mucosal surfaces: the IRE1-RIDD-RIG-I pathway. Trends Immunol. (2015) 36:401–9. doi: 10.1016/j.it.2015.05.006

15. Kryukov GV, Castellano S, Novoselov SV, Lobanov AV, Zehtab O, Guigó R, et al. Characterization of mammalian selenoproteomes. Science. (2003) 300:1439–43. doi: 10.1126/science.1083516

16. Mou D, Ding D, Yang M, Jiang X, Zhao L, Che L, et al. Maternal organic selenium supplementation during gestation improves the antioxidant capacity and reduces the inflammation level in the intestine of offspring through the NF-κB and ERK/Beclin-1 pathways. Food Funct. (2021) 12:315–27. doi: 10.1039/d0fo02274h

17. Ye Y, Fu F, Li X, Yang J, Liu H. Selenoprotein S is highly expressed in the blood vessels and prevents vascular smooth muscle cells From apoptosis. J Cellular Biochem. (2016) 117:106–17. doi: 10.1002/jcb.25254

18. Lee JH, Kwon JH, Jeon YH, Ko KY, Lee S-R, Kim IY. Pro178 and Pro183 of selenoprotein S are essential residues for interaction with p97(VCP) during endoplasmic reticulum-associated degradation. J Biol Chem. (2014) 289:13758–68. doi: 10.1074/jbc.M113.534529

19. Yao H-D, Wu Q, Zhang Z-W, Zhang J-L, Li S, Huang J-Q, et al. Gene expression of endoplasmic reticulum resident selenoproteins correlates with apoptosis in various muscles of se-deficient chicks. J Nutr. (2013) 143:613–9. doi: 10.3945/jn.112.172395

20. Ding D, Mou D, Zhao L, Jiang X, Che L, Fang Z, et al. Maternal organic selenium supplementation alleviates LPS induced inflammation, autophagy and ER stress in the thymus and spleen of offspring piglets by improving the expression of selenoproteins. Food Funct. (2021) 12:11214–28. doi: 10.1039/d1fo01653a

21. Mou D, Ding D, Yan H, Qin B, Dong Y, Li Z, et al. Maternal supplementation of organic selenium during gestation improves sows and offspring antioxidant capacity and inflammatory status and promotes embryo survival. Food Funct. (2020) 11:7748–61. doi: 10.1039/d0fo00832j

22. National Research Council [NRC], 2012 NRC. Nutrient Requirements of Swine. 11th revised ed. Washington, DC: The National Academy Press (2012).

23. Liu F, Zhao H, Kong R, Shi L, Li Z, Ma R, et al. Derlin-1 and TER94/VCP/p97 are required for intestinal homeostasis. J Genet Genomics. (2021) 49:195–207. doi: 10.1016/j.jgg.2021.08.017

24. Lu X, Li C, Li C, Li P, Fu E, Xie Y, et al. Heat-labile enterotoxin-induced PERK-CHOP pathway activation causes intestinal epithelial cell apoptosis. Front Cell Infect Microbiol. (2017) 7:244. doi: 10.3389/fcimb.2017.00244

25. Short SP, Pilat JM, Williams CS. Roles for selenium and selenoprotein P in the development, progression, and prevention of intestinal disease. Free Radic Biol Med. (2018) 127:26–35. doi: 10.1016/j.freeradbiomed.2018.05.066

26. Brigelius-Flohé R, Arnér ES. Selenium and selenoproteins in (redox) signaling, diseases, and animal models - 200 year anniversary issue. Free Radic Biol Med. (2018) 127:1–2. doi: 10.1016/j.freeradbiomed.2018.09.026

27. Bettigole SE, Lis R, Adoro S, Lee AH, Spencer LA, Weller PF, et al. The transcription factor XBP1 is selectively required for eosinophil differentiation. Nat Immunol. (2015) 16:829–37. doi: 10.1038/ni.3225

28. Du S, Liu H, Huang K. Influence of SelS gene silence on beta-Mercaptoethanol-mediated endoplasmic reticulum stress and cell apoptosis in HepG2 cells. Biochim Biophys Acta. (2010) 1800:511–7. doi: 10.1016/j.bbagen.2010.01.005

29. Lee J, Hong SW, Park SE, Rhee EJ, Park CY, Oh KW, et al. Exendin-4 inhibits the expression of SEPP1 and Fetuin-A via improvement of palmitic acid-induced endoplasmic reticulum stress by AMPK. Endocrinol Metab (Seoul). (2015) 30:177–84. doi: 10.3803/EnM.2015.30.2.177

30. Yin J, Ren W, Liu G, Duan J, Yang G, Wu L, et al. Birth oxidative stress and the development of an antioxidant system in newborn piglets. Free Radic Res. (2013) 47:1027–35. doi: 10.3109/10715762.2013.848277

31. Moeser AJ, Pohl CS, Rajput M. Weaning stress and gastrointestinal barrier development: implications for lifelong gut health in pigs. Anim Nutr. (2017) 3:313–21. doi: 10.1016/j.aninu.2017.06.003

32. Junyuan Z, Hui X, Chunlan H, Junjie F, Qixiang M, Yingying L, et al. Quercetin protects against intestinal barrier disruption and inflammation in acute necrotizing pancreatitis through TLR4/MyD88/p38 MAPK and ERS inhibition. Pancreatology. (2018) 18:742–52. doi: 10.1016/j.pan.2018.08.001

33. Sun S, Shi G, Sha H, Ji Y, Han X, Shu X, et al. IRE1α is an endogenous substrate of endoplasmic-reticulum-associated degradation. Nat Cell Biol. (2015) 17:1546–55. doi: 10.1038/ncb3266

34. Wu Z, Wang H, Fang S, Xu C. Roles of endoplasmic reticulum stress and autophagy on H2O2-induced oxidative stress injury in HepG2 cells. Mol Med Rep. (2018) 18:4163–74. doi: 10.3892/mmr.2018.9443

35. Lan T, Yu Q. Cistanches deserticola PhG-RE through Inhibiting ERS apoptosis mechanism to protect myocardial cell apoptosis from H2O2-induced endoplasmic reticulum stress. Evid Based Complement Alternat Med. (2020) 2020:8219296. doi: 10.1155/2020/8219296

36. Sun P, Jin J, Wang L, Wang J, Zhou H, Zhang Q, et al. Porcine epidemic diarrhea virus infections induce autophagy in Vero cells via ROS-dependent endoplasmic reticulum stress through PERK and IRE1 pathways. Vet Microbiol. (2021) 253:108959. doi: 10.1016/j.vetmic.2020.108959

37. Lee JH, Park KJ, Jang JK, Jeon YH, Ko KY, Kwon JH, et al. Selenoprotein S-dependent Selenoprotein K Binding to p97(VCP) protein is essential for endoplasmic reticulum-associated degradation. J Biol Chem. (2015) 290:29941–52. doi: 10.1074/jbc.M115.680215

38. Jia M, Qin D, Zhao C, Chai L, Yu Z, Wang W, et al. Redox homeostasis maintained by GPX4 facilitates STING activation. Nat Immunol. (2020) 21:727–35. doi: 10.1038/s41590-020-0699-0


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ding, Mou, Zhu, Jiang, Che, Fang, Xu, Lin, Zhuo, Li, Huang, Zou, Li, Wu and Feng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnut-09-900421-g001.jpg
SELS

i
=
|
*
e
tn
|
e
tn
|

15
1.0+
0.5
0.0-

-

-

=
|

Relative gene expression
=

Relative gene expression”®
Relative gene expression
=

in expression
o
=

8

B

SELS ‘------“- — — ~‘ L
2 1.0-
¥

B-Actin ‘---—-—————~—‘ ;0.5_
3 0.0-

Control HMSeBA %

C= SELS - SEPP1 . SEPW1

(e [ ol

= - LPS: p <0.01 =

z 7 1.5- # Z 1.5-

g g a = b 8.

X 2104 T - 2 1.0-

= = =

[oF] =F] P

o ' 0.5 o' 0.5

= 2 =

N ot Rt

= 2 o =2 00

U T = U~
& 7 N &
S
& S
S S ¢®
& N
P gr

SELS | s s e s s s D D D S .

SEPP] | s s et S Sy S S0 e G e e e |

B-ACtin | emms woms SH- GED G- S - ——— —

Control Control-LPS HMSeBA HMSeBA+LPS

%
q)

- SEPHS2
o=
S
z
=
0
2
-
=
@
= >

?

é‘@ %éb
¢ D
S

SELS/p-Actin

p=0.08

SEPHS2
Diet: p < 0.05

™
<
I

[
n
]

=
h o

Relative gene expression
—

o
=
l

= SELS B SEPP1
2 3- Diet=p=%000 2 3- Diet: p = 0.01
5. .
s e s
E 2‘ .E 2'
>
= b p €
a14 T g 11
< =¥
= =
% 0- % 0-
o7 N A e

o \"Gs@’z v"\s S

&L
¢S K
Q






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Maternal Organic Selenium Supplementation Relieves Intestinal Endoplasmic Reticulum Stress in Piglets by Enhancing the Expression of Glutathione Peroxidase 4 and Selenoprotein S



		INTRODUCTION



		MATERIALS AND METHODS



		Animal Model



		Cell Culture and Treatment



		RNA Extraction and Real-Time Polymerase Chain Reaction Assay



		Western Blot Analysis



		Analysis of Oxidant and Antioxidant Contents



		Quantification of Reactive Oxygen Species



		Construction of Adenovirus and Gene Knockdown Study



		Statistical Analyses







		RESULTS



		Maternal 2-Hydroxy-4-Methylselenobutanoic Acid Supplementation During Gestation Increased the Expression of Selenoproteins in the Jejunum of Newborn and Weaning Piglets



		Maternal 2-Hydroxy-4-Methylselenobutanoic Acid Supplementation During Gestation Reduced Endoplasmic Reticulum Stress in the Jejunum of Newborn and Weaning Piglets



		2-Hydroxy-4-Methylselenobutanoic Acid Treatment Upregulated the Expression of Selenoproteins and Improved the Antioxidative Capacity of Porcine Intestinal Epithelial Cells



		2-Hydroxy-4-Methylselenobutanoic Acid Treatment Reduced Reactive Oxygen Species Level and Endoplasmic Reticulum Stress in Hydrogen Peroxide Treated Porcine Intestinal Epithelial Cells



		Glutathione Peroxidase 4 and Selenoprotein S Were Involved in 2-Hydroxy-4-Methylselenobutanoic Acid Alleviating Reactive Oxygen Species Induced Endoplasmic Reticulum Stress in Porcine Intestinal Epithelial Cells







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Maternal Organic Selenium
Supplementation Relieves
Intestinal Endoplasmic
Reticulum Stress in Piglets by
Enhancing the Expression
of Glutathione Peroxidase 4
and Selenoprotein S









OPS/images/fnut-09-900421-g006.jpg
¢, * HMSeBA ~ ¥ ~H20
Je” e 3" ZH202

00 0000000000000000000000000000000000R0000000000 4

oo;‘d,)ooooooooq’ooooooooooooooooooooooooooooboooooooooo' %9
oo @ " ‘\‘ % e
(- oy : \
Ny 1 \
/7 9= : ShGPX4 .
o .
= o o shSELS .
3 »*

\ /
K, \Nucleus /
ER Cytoplasm

0000000000000000000000000000000000000000

$0000000000000000000000000000000000000000000000000000804/
9000000000000000000000000000000000000000000000000000000

0030000000000000000000000080000000000000000000000000880 00

Maternal . .
HMSeBA \
\ 000000/ 000
X ,
% | 000000 000
\
\ o
\@-
3
= —> Cell Death
°
°¢ir;$ &8 N
do.'9990‘9oooo“o9qoooopppoqopoopopooﬂoooooooo’oo“o/oooopqo_oﬂ\ e’

°° (LI VE LV Y1) FARRE B 1/ | \ | 1] f | LYY LN ’ 1 ’1”" o
0000000000000000000000000000000000000000000000





OPS/images/logo.jpg
P frontiers | Frontiers in Nutrition





OPS/images/fnut-09-900421-g002.jpg
- Control [ HMSeBA

p=0.07 * %k %k

THIP

GRP78 ATF6 CHOP EROla EROIP

1IVe gene expression

Relat

GRP7S MEMes vowm. . = o @ WS |

= GRP78/p-Actin ¢ pIRE10/IREle g p-PERK/PERK
p-IREl(l |.- - 4@ e - s — e— ~| .% 1.5- - % 1.5- . .;5: 1.5
3 p=i g &
IREla |'~’--o y - -"——.—| = 1.0- = 1.0- = 1.0
P-PERK [wm o . ==&, o - = G| 05 £ 0.5 =05
z z z
PERK |.—"'- . = e = 0.0 = 0.0 = 0.0
| ' -e ! - !_d & 60\ 3? & 60\ $Y’ & (e\ $Y’
-Actin I ——— N — P e —— N < > <) > -
b e . & & &
Control HMSeBA
Control . HMSeBA
= LPS:p<0.05 - Control+LPS B HMSeBA+LPS
* 3 . —
% LPS * Diet: p = 0.093 LPS: p = 0.001 LPS: p=0.08
2 44 a Diet: p = 0.01 LPS * Diet: p < 0.05 LPS: p <0.05
5 37 a0 ab a Diet: p = 0.054
Q
: 2' ab a ab
o
2 b B 2 b 2 ab = ab b b
@ 14 T - T T
=
it
<
< 0-
a7 GRP78 ATF6 CHOP EROla ERO1p
D _
GRP78 | v s s D SR S a s e S —— |
— LPS: p <0.05 Control " HMSeBA
p-IREl(l | — w— .* N — — | g Diet: p < 0.05 " ControHLPS Bl HMSeBA+LPS
% 10.0- LPS*Eiet: p<0.05 -
REL:  [s o e o o e o o o o o =] £ 75 LooomAEL moe
p-PERI(|—- —-——’--——d-—l.—‘_‘_,__l E QLPS Diet: p < 0.05 " a g
g8 2
PERK [" s o Rl L T I 3 > b b 2 b a1
CHOP | — — . _‘——f:-l g 0

p-Actin |-.---— -------l

Control Control+LPS HMSeBA HMSeBA+LPS






OPS/images/fnut-09-900421-g003.jpg
A GPX4
c c c c
S 20 * S S 3 ¥ S 15
K%
= 1 = = 2 Z 10
: 1ol =
=11} =Y ) =1} =1}
£ os g b g
= = = =
¢ 0.0 Y Z 0 N 200
AN
&(0 %&?’ %&?’ %&?’ Q\‘O %8,?’ %‘3,?’ %&Y’ C/o$ %&?’ %&?’ %&?’
P «23‘\ Q&“ Q&\ (O Q&“ \z&\ Q&“ Q&“ Q&& Q&“
NN M S N NP
¥ Y o° 8> & & Y Y o°
S & S & S &
B
£ GPX4/B-Actin = SELS/B-Actin = SEPP1/B-Actin
GPX4 |*= e - o 8 X l* p
2 5_ | 2 8— 2 1.5_
SELS —— 2 6. z
£ 3- £ £ 107 =T
@ D 4 I
SEPP1 (" one snun samm| © - g4 S
o c. 2. 0.5
@ 1- — o 27 v
. b b = 2
P-Actin | “— c— —— S g oI5 £ 0.0—
@ N @ ¥
—— e— 7 660 S o a7 &.‘e\ 3,‘?’ a7 <O QS,Y’
Control HMSeBA ¢® &@’ ¢S &\c’ ¢® «z@\%
C
= = =
,F.,c-’ 200+ XX '@ 15+ % 2 1.0
=] ot =]
S 1 50- g = =.0.8-
=0 a0 10 - = g
E = o0 £ 0.6-
- - - - 0.4-
& 50- 5 ¥ = "
= > > S 0.2-
N ! U '
o 0 = 0 = 0.0
CQQ CQ






OPS/images/fnut-09-900421-g004.jpg
A Mock Control Control+H202 B -
2 407 a
o ab ab
= 30+ b
él) -T-
' | g 20-
" ROS =
©0.361% & 40
| = 0 .
.
&‘o 9’» %ébv ‘&9’»
& & &F S
& é@é"
<« 2 3 4.5 2 3 4.5 2 3 4 5 o
@ 010" 10" 10 10 010" 10" 10 10 010" 10" 10 10 2
V%)
f HMSeBA HMSeBA+H20:2 S C.
250K - oy S 0.6-
= e 2 0.4- ab
£ 20- 1 b = b b
E b ) 0,0 S Eo02{ T
£ 1o o @ <
@ 3 =
g 2 0.0 T
8 of\' oq/
» . <
g 0 T T T T GQ& \xéq’ &e? )?bq,
5 > O g O SR S i
2 3 4.5 2 3 4.5 S G & &
010" 10" 10 10" 010" 10" 10 10" C & Q&” o $
- FITC-A & &
Q
D_ Control .~ HMSeBA
O
Z 2.0- - Control+H,0, B HMSeBA+H,0,
= :
= 1.5- ab a
- i T -
S 1.0 T b b
1)
E 0.5
=
= 0.0- — - — -
= GRP78 ATFG6 CHOP EROla EROI1p
E
GRP78 I-—-———— E— . - e— — — - - —l E Control " HMSeBA
— =
p-IREla |.—-. R — - - —— .—-| g4 a - Control+H,0, [l HMSeBA+H,0,
]
IRELG [ o e S o ot o o == | 23-
2 2-
PERK |-- e —— —| g_l_
CHOP |4 @ o= S = SR ov s W0 = = | =
B-ACtD | S —————— —— —— - = Y}& V&Q v’é‘g@ V&.& v&*‘
Control Control+H202 HMSeBA HMSeBA+H202 Q:\"}’\‘§ {v@\% \S& Q@% 0‘1&
GQ' §' \QS) QQ’ @2*





OPS/images/fnut-09-900421-g005.jpg
A o v
) QO
x«tv” o

) o”
v\, GPX4/GAPDH GRP78/GAPDH

g §
V’ 'z 2.0 % 2.5- * %
N g » X B2y "
<O 04 v %Gb 47 $ % & 1.5 £ 2.0 " i
o& @G" S @ & GQ @ = = 15
2 1.0- g -
C » » g 10 —
r | [ 1T 1 T 1 T 50_5- 30.5_
[ [}
- e I P — < 0.0 < 0.0 ———
GPX4 | - - - — — | é 0 ) g S o oo
& SEHPF Y
y &S
GRP78 — — G Cr— CE— CEEEED CE— GE— — D G — e—— ‘gzs ‘—*b‘xsz’
~°\)‘bc. (,Q é°v$° v@{*’
p-IRE1ﬂ|———---—-——-———| " 8 3
p-IREl¢/IREla PERK/GAPDH CHOP/GAPDH
- . * g . = g i
IRE1lq R I I e — 2 25 * KK 215 £ 2 2.07 *okk -
* : - -
v ©1.04 — €
£ 1.5 £ £ -
PERK |-----"------‘§w__* g g10{ -
g 0.5- g " g 0.5
- 5 5
CHOP I------------‘w-v e e L .
Q oo O O S o OO O Q oo O
e‘\* ‘5& x‘z‘“ X . x‘x‘ x‘b i 0& ‘b$ sz"v ><’z~ XQJL x’b’» 066 %$ an X 4 X . )SW
R @ s TS FF T il o e
-— e —— — > v Y& & F ® ¢ &
GAPDH | - D e . S D G G- 3 x&\ @ F& L FFE S
‘bé‘, ‘bé" Q‘i"b‘x ‘b& j
S ¢ S
v v SELS/p-Acti
Q& -Actin GRP78/p-Actin
B > @Y’ &é 6‘2( &?’ %X %X &Y’ g T mae = £ 4
& & &I s ] e
. (=9
Q < g 37 koK
@ Q > % S A xé' £ 15 _ . s rxx
I 1 I 1 I 1 I 1 I 1 I 1 gl.o' == E.
£ 0.5- 1 um B
T e . S e — — = 2
SELS ‘ ‘ é 0.0 { T T é 0 { vl' T
N) v YV O) oV oV oV oV
& s\%& .z, Qw ,z,'» Qaq (P&‘ ﬁ\%& & vgzw %XQ.”V y.’?z&
GRP78 I——————-————-——--—| ¢ ‘%’”e&z V&S
&2 S
pIREla| & & S S v s e - e S A 4
IREl(l [ w—— . y p-IREla/Il}‘];}ka . PERK/B-Actin , CHOE{P;Actm
“ % 1.5 2 1.5 % 3257 KR ——  xxx
g g - : E—
§10f .. ol - B — U el
PERK AUND GUED GRER GEER Geen D e G Seas e B B £ = g £ 15 =
2 g B0 T
£ 0.5- & 0.5 -
CHOP |!O - s e . ‘-‘“i|§ £ £ 05
~ . ) 0.0 T T T ) 0.0 T T T K] 0.0 T T T
: — & & &
QI L o S OO OO d N L LR
. 0&" %3’ @x.gw & %;x, & CP&‘ ﬁ\%éb &.x, & %x.zo & e&‘ &3’ F RS %,S*"’ &
B-ACtln ¥ F & & & & F Q’&V' & o8 ¥ F > & %33'
) v »
¥4 & » x@ s x,z@\ 3 x@“ § 3‘“\
& 2 g < e S
3 0 3 20 &
S N $ ¥ $ s
C SELS/B-Actin
£ 3
GPX4/p-Actin _ 5 _ CREA At
GPX4 —— e a0 D G G . —— § 1.5+ * S 15- kK £ i =
' S0 T S0 T | g3 -
SELS | -q-d--—-— : ‘ g g £, ==
. e ] 8 4T
£ 0.5 & 0.5- L -y l
z —L 2 | 217 a
GRP78 I-_‘——.———-——————‘ %0,\ L_\ gon | ﬁ_ﬁ_ %n 1
z U 1 T z v T T z v ! | T
v O oY LN~ LI~ AT\ N N o v
. & & HFH &S FAd S
p-IRElaI ———————— — — — — | R c;f}- & & R e{‘r & & ¢ & & &
& » & & & S ® &
& & &
IREla |—----------—| s s s

p-IREl¢/IREle .
*k CHOP/B-Actin

PERK [1- - ——— — - - l— | PERK/f-Acti v
CHOP - 5

B-Actin | TS S G S —— S D S —— S — —_— |

Relative protein expression
Relative protein expression
Relative protein expression

shLacz shGPX4 shSELS shGPX4 ol S & By 0 S e g o
YV % V 4 W 4 W v x‘b v % W "
2 2 < ) < S





