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Background: Renal ischemia/reperfusion (I/R) injury is a prevalent clinical complication characterized by high incidence and mortality rates. The endogenous metabolite, 5-Methoxytryptophan (5-MTP), derived from tryptophan, possesses anti-inflammatory and antioxidant properties. However, its role in renal I/R injury remains unclear. In this study, we investigated whether 5-MTP could protect the kidney from I/R injury by ameliorating endoplasmic reticulum stress (ERS)-mediated apoptosis through the Nrf2/HO-1 pathway.Methods and results: We established models to examine renal I/R injury in C57BL/6J mice with bilateral renal pedicles clamped and HK-2 cells subjected to hypoxia/reoxygenation (H/R). The administration of 5-MTP improved renal tissue damage and kidney dysfunction impairment and reduced inflammation and oxidative stress. Moreover, 5-MTP attenuated ERS and ERS-mediated apoptosis, while upregulating Nrf2 and HO-1 expression. Additionally, Nrf2-deficient mice and cells were used to determine whether the Nrf2/HO-1 pathway was involved in the role of 5-MTP in alleviating ERS-mediated apoptosis. Nrf2 deficiency led to a partial reduction in the suppressive effects of 5-MTP on inflammation, oxidative stress, and ERS-mediated apoptosis.Conclusion: Our findings suggest that 5-MTP alleviates renal I/R injury by inhibiting ERS-related apoptosis via the Nrf2/HO-1 pathway.Keywords: 5-methoxytryptophan, ischemia-reperfusion injury, endoplasmic reticulum stress, apoptosis, nuclear factor erythroid-2 related factor 2, heme oxygenase-1
1 INTRODUCTION
Renal ischemia/reperfusion (I/R) injury, characterized by an increase in morbidity and mortality rates, is a highly prevalent and clinically significant cause of acute kidney injury (Ma et al., 2021; Wilflingseder et al., 2020). Renal I/R injury often occurs as a secondary consequence of shock, myocardial infarction, kidney transplantation, and other conditions that may result in a reduction in renal blood flow (Scholz et al., 2021). Despite extensive efforts, clinicians find it difficult to effectively manage renal I/R injury. If not adequately controlled, renal I/R injury may progress to renal fibrosis, chronic kidney disease, or even uremia, thereby imposing a substantial burden on the global healthcare system (Dehnadi et al., 2017). Thus, effective new treatment approaches for renal I/R injury need to be developed urgently.
The apoptosis of renal tubular cells plays a key role in the occurrence and progression of renal I/R injury (Xia et al., 2023). Apoptosis, a nonlytic programmed cell death, is generally immunologically silent (Newton et al., 2024). Endoplasmic reticulum stress (ERS) is involved in the activation of apoptosis (Hong et al., 2021). ERS-mediated apoptosis is particularly important for the progression of renal I/R injury (Diaz-Bulnes et al., 2024). Thus, therapeutic strategies targeting ERS-mediated apoptosis have received considerable attention in research on renal I/R injury.
The endogenous metabolite, 5-Methoxytryptophan (5-MTP), derived from tryptophan, can be synthesized in various types of cells, including human fibroblasts and endothelial cells (Wu et al., 2020). Studies have found that 5-MTP possesses antitumorigenic, vascular-protective, and anti-fibrotic properties in renal disease (Fang et al., 2020). Additionally, 5-MTP has anti-inflammatory, antioxidative, and antipyroptotic effects on acute lung injury (Ma et al., 2023). However, the role of 5-MTP in modulating ERS-induced apoptosis during renal I/R injury is not clear.
Nrf2 is a prominent transcription factor characterized by its antioxidant and anti-inflammatory properties, and it is expressed in nearly all organs and tissues (Dinkova-Kostova and Copple, 2023). Under various pathological conditions, Nrf2 translocates to the nucleus, activating downstream genes in response to the cellular stimuli induced by inflammation and oxidative stress. This mechanism plays a crucial role in maintaining cellular homeostasis and strongly affects cell survival (Torrente and DeNicola, 2022). As one of the most important downstream factors of Nrf2, heme oxygenase-1 (HO-1) regulates Golgi stress, mitochondrial dynamics, and macrophage polarization (Lee et al., 2024). In another study, we found that the Nrf2/HO-1 pathway is involved in regulating ERS in renal I/R injury, ultimately improving renal outcomes (Li et al., 2023).
In this study, we assessed the ability of 5-MTP to alleviate renal I/R injury by mitigating ERS-mediated apoptosis. The involvement of the Nrf2/HO-1 pathway was also determined in Nrf2-deficient mice and cells.
2 MATERIALS AND METHODS
2.1 Animal model
C57BL/6J mice, weighing 22–25 g and aged 7–8 weeks, were obtained from Jinan Pengyue Laboratory Animal Breeding Co., Ltd. Nrf2-knockout (Nrf2-KO) mice with a C57BL/6J background were purchased from Jiangsu Huachuang Sino Pharma Co. The pentobarbital-isoflurane anesthesia protocol was used in our animal experiments. To establish the I/R injury model, atraumatic vascular clips were used to clamp the bilateral renal pedicles of mice for 30 min, followed by reperfusion for 24 h (Lee et al., 2020). After euthanasia, blood and renal tissues were collected immediately for further analysis.
To assess the renoprotective effect of 5-MTP, the mice were randomly assigned to four groups (n = 5). In the Sham and 5-MTP groups, renal pedicles were exposed but not subjected to clamping. The mice in the designed groups were administered an intraperitoneal injection (100 mg/kg) of 5-MTP (M4001, Sigma, United States) 30 min before the operation. The mice in the I/R group received an equal volume of saline. Additionally, to examine the association between the Nrf2/HO-1 pathway and the renoprotective effects of 5-MTP, wild-type (WT) or Nrf2-KO mice were randomized into three groups, each containing five mice.
2.2 Renal histology and function
Renal tissues were embedded in paraffin, cut into slices (4-μm-thick), and stained with hematoxylin-eosin (HE). Two experienced pathologists independently evaluated histopathological changes in the renal tissues. As described in previous studies, the tubular injury score, which ranges from 0 to 4, is used to assess the severity of renal tissue damage (Yan et al., 2020).
After collecting blood samples from the mice, the samples were left undisturbed at room temperature for 20 min. Next, the samples were centrifuged at 2,500 revolutions per minute (rpm)for 15 min at 4°C. The upper layer of serum was removed and stored at −20°C. The concentrations of blood urea nitrogen (BUN) and serum creatinine (SCr) were measured using an automated biochemical analyzer for animals (BS-240Vet, Mindray, China), which served as indicators to evaluate renal function in the mice.
2.3 Measurement of cytokines
The concentrations of IL-1β and IL-6 in mice serum were estimated using commercial ELISA kits (Solarbio, China). Following the manufacturer’s guidelines, absorbance readings were obtained at 450 nm and 630 nm, and the concentrations were subsequently calculated based on standard curves.
2.4 Assays of the glutathione/oxidized glutathione (GSH/GSSG) ratio and T-AOC
The total and oxidized glutathione levels were evaluated using a GSSG/GSH quantification kit (Jiancheng, China). The GSH/GSSG ratio was calculated. The total antioxidant capacity (T-AOC) was assessed by a T-AOC assay kit that uses the rapid ABTS method (Beyotime, China).
2.5 Immunofluorescence (IF) staining
The expression level of CCAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP) was assessed by IF staining. After fixation with paraformaldehyde, tissue sections were washed three times with phosphate-buffered saline (PBS) and incubated overnight with an anti-CHOP antibody (CST #2895, United States). Next, the sections were incubated with a fluorescently labeled secondary antibody for 1 h. After incubation, 4,6-diamidino-2-phenylindole (DAPI) was used to visualize nuclei. IF intensity was quantitatively analyzed using the ImageJ software (NIH, United States).
2.6 TUNEL assay
TUNEL staining was conducted using a TUNEL Kit (Roche, United States). First, the sections were deparaffinized and treated with proteinase K for 10 min. Then, TUNEL labeling buffer was added. These sections were subsequently maintained in a humidified, light-tight container at 37°C for 1 h. The cell nuclei were stained with hematoxylin for 10 min.
2.7 Western blotting (WB) assay
The Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, China) was used for nuclear and cytoplasmic proteins extraction. Total proteins were extracted using a total protein isolation kit (Beyotime, China). Protein concentrations were assessed using a bicinchoninic acid (BCA) assay kit (Beyotime, China). SDS-PAGE (10% or 12%) was performed to separate the proteins. After electrophoresis, the separated proteins were transferred to polyvinylidene difluoride membranes. The primary antibodies against ATF4 (1:1,000, CST #11815, United States), ATF6 (1:1,000, CST #65880, United States), CHOP (1:1,000, CST #2895, United States), DR5 (1:1,000, Bioss, China), eIF2α (1:1000, Affinity AF6087, United States), HO-1 (1:2,000, CST #43966, United States), IRE1α (1:1000, Affinity DF7709, United States), Nrf2 (1:1,000, CST #12721, United States), p-IRE1α (1:1,000, Affinity AF7150, United States), PERK (1:1,000, Affinity AF5304, United States), p-eIF2α (1:1,000, Affinity AF3087, United States), p-PERK (1:1,000, Affinity DF7576, United States), β-actin (1:1,000, Affinity AF7018, United States) and GAPDH (1:1,000, Affinity AF7021, United States) were incubated overnight. The corresponding secondary antibodies were subsequently incubated for 1 h, and the blots were analyzed using the ImageJ software (NIH, United States).
2.8 Quantitative real-time PCR (qRT–PCR) analysis
RNA was extracted using TRIzol reagent (Invitrogen, United States). The PrimeScript RT Master Mix (Takara, Japan) was used to synthesize cDNA. The qRT-PCR procedure was performed using SYBR Green qPCR master mix (Takara, Japan); the primer sequences used are listed in Supplementary Table S1.
2.9 Bioinformatics analysis
We obtained the GSE212678 dataset from the GEO database and subsequently identified the differentially expressed genes (DEGs) between I/R and sham mice (Huang et al., 2024). GO and KEGG enrichment analyses were performed on the DEGs (Supplementary Table S2). We obtained Structure Data File (SDF) and Simplified Molecular Input Line Entry System (SMILES) files for the 5-MTP from PubChem (https://pubchem.ncbi.nlm.nih.gov/). The therapeutic targets of 5-MTP in renal I/R injury were predicted using the SwissTargetPrediction (Daina et al., 2019), PharmMapper (Wang et al., 2017), BindingDB (https://www.bindingdb.org), and GeneCards (https://www.genecards.org/) databases. A protein-protein interaction (PPI) network was constructed using the STRING database (https://www.string-db.org/), followed by visualization with Cytoscape (v3.9.0). Additionally, the key factors were identified with the cytoHubba in Cytoscape.
2.10 Cell treatment
HK-2 cells were obtained from the Cell Bank of the Chinese Academy of Sciences. DMEM and fetal bovine serum were purchased from Gibco (United States). A hypoxic environment was mimicked using a three-gas incubator with 1% O2, 94% N2, and 5% CO2, and the cells were maintained in a hypoxic environment for 24 h. Next, the cells were cultured with a fresh medium under normoxic conditions for 6 h. Before exposure to hypoxia/reoxygenation (H/R) treatment, the cells were treated with various doses of 5-MTP dissolved in dimethyl sulfoxide (DMSO) for 12 h. The cells were then divided into five groups.
2.11 RNA interference
Custom-designed Nrf2 siRNA and negative control (NC) siRNA were purchased from Shanghai GenePharma Co., Ltd. (China). The cells were efficiently transfected with these siRNAs using Lipofectamine 3000 (Invitrogen, United States). The qRT-PCR analysis was conducted to assess the efficacy of knocking down Nrf2 after transfection for 24 h.
2.12 Cell viability
To assess the viability of HK-2 cells subjected to H/R, the Cell Counting Kit-8 (CCK-8) assay (Beyotime, China) was performed. The cells were transferred to a 96-well plate. Each well received 10 μL of CCK8 solution and was incubated for 2.5 h at standard temperature. The absorbance was recorded at 450 nm.
2.13 Apoptosis assay
The cell apoptosis rate was assessed using an Annexin V-FITC/PI Apoptosis Kit (Elabscience, China). HK-2 cells were seeded at a density of 1 × 105 cells/well in six-well plates. Following incubation for 24 h, modeling and drug administration were conducted as previously described, and the cells were subsequently collected for further procedures. After centrifugation, the cells were rinsed and resuspended in a binding buffer. Next, the cells were incubated with Annexin V-FITC and PI reagents for 15 min. Finally, flow cytometry was performed using a BD flow cytometer (United States).
2.14 Statistical analysis
The data are presented as the mean ± standard deviation. The differences among and between groups were determined by one-way or two-way ANOVA with post hoc Bonferroni test using the Graph Prism 9 software (GraphPad Software, United States). All differences were considered to be statistically significant at P < 0.05.
3 RESULTS
3.1 5-MTP protected the kidney from I/R injury in vivo
To evaluate the renoprotective effect of 5-MTP pretreatment on renal I/R injury, histopathological analysis was performed, and the tubular injury score was assessed by HE staining. Compared to the Sham group, the I/R group presented severe pathological damage, specifically characterized by tubular necrosis, dilatation, edema, inflammatory infiltration, and cast formation. Notably, 5-MTP pretreatment significantly attenuated these pathological changes (Figure 1A). Similarly, the tubular injury score was considerably higher in the I/R group than in the Sham group. This score was considerably lower in the I/R+5-MTP group than in the I/R group (Figure 1B).
[image: Figure 1]FIGURE 1 | 5-MTP protected the kidney from I/R injury in vivo. (A) HE staining was performed to evaluate renal histopathological alterations induced by I/R injury (×200, scale bar: 50 μm). (B) Two pathologists independently assessed tubule injury scores in a double-blinded manner, using HE staining as the basis for evaluation. (C,D) Serum SCr and BUN levels. (E,F) Serum IL-1β and IL-6 levels. (G,H) The GSH/GSSG ratio and T-AOC were assessed. (I,J) The mRNA expression levels of NGAL and KIM-1. The data are presented as the mean ± SD and assessed by conducting one-way ANOVA and the Bonferroni correction for multiple comparisons, n = 5 for each group; *P < 0.05, **P < 0.01, and ***P < 0.001.
Renal function was assessed by detecting the BUN and SCr levels (Figures 1C,D). The I/R group presented higher BUN and SCr levels, indicating impaired renal function. However, 5-MTP pretreatment substantially improved renal function. To further investigate the level of inflammation, we measured the IL-1β and IL-6 levels (Figures 1E,F). I/R injury significantly increased the serum IL-1β and IL-6 levels; however, 5-MTP suppressed the secretion of these inflammatory cytokines. Additionally, to evaluate the levels of oxidative stress in the kidney, we detected the GSH/GSSG ratio and T-AOC (Figures 1G,H). I/R injury reduced the GSH/GSSG ratio and T-AOC, indicating an increase in oxidative stress, which was mitigated by 5-MTP pretreatment. We also detected the mRNA expression levels of Neutrophil Gelatinase-Associated Lipocalin (NGAL) and Kidney Injury Molecule-1 (KIM-1), which are markers of renal injury, by conducting qRT-PCR (Figures 1I,J). I/R injury significantly increased NGAL and KIM-1 mRNA levels, indicating renal proximal tubular damage. However, 5-MTP pretreatment significantly attenuated these changes. Our findings indicated that 5-MTP pretreatment exerts renoprotective effects, particularly by alleviating renal tissue injury, improving renal function, and mitigating inflammatory responses and oxidative stress.
3.2 5-MTP mitigated ERS-mediated apoptosis in mice exposed to renal I/R injury
To evaluate the level of ERS-mediated apoptosis in renal I/R injury, we initially used bioinformatics methods. Specifically, the DEGs between sham and renal I/R mice in the GSE212678 dataset were analyzed and 3042 DEGs were identified, which included 1,713 upregulated and 1,329 downregulated genes (|log2FC| > 0.58, P.adj < 0.05) (Figure 2A). The mRNA expression levels of ATF4 and DR5, which are both crucial factors in ERS-mediated apoptosis, increased significantly, indicating the activation of ERS-mediated apoptosis in I/R model mice. By conducting GO and KEGG analyses, we found that the DEGs are involved primarily in the regulation of apoptotic cell clearance and the endoplasmic reticulum lumen (Figure 2B). To elucidate the results of the bioinformatics analysis, WB assays were performed to determine whether 5-MTP attenuated ERS and ERS-mediated apoptosis caused by renal I/R injury (Figures 2C–H). We assessed the level of ERS by determining the expression levels of ATF6, p-PERK, PERK, IRE1α and p-IRE1α through WB analysis. These results indicated that I/R injury considerably increased the protein expression level of ATF6 and the phosphorylation levels of PERK and IRE1α. However, pretreatment with 5-MTP partially decreased this effect. Moreover, renal I/R injury markedly increased the expression of ATF4, CHOP, and DR5, along with eIF2α phosphorylation level, whereas 5-MTP mitigated these changes. The IF results revealed that I/R injury greatly increased CHOP expression, whereas 5-MTP mitigated this change (Figures 2I,K). Apoptosis plays a key role in exacerbating various diseases caused by ERS (Zhang et al., 2022a). Apoptosis in kidney tissues was assessed by TUNEL staining (Figures 2J,L). The I/R group presented a significantly greater number of TUNEL-positive cells. Notably, 5-MTP greatly alleviated apoptosis in the I/R group. These findings indicates that 5-MTP can alleviate ERS and ERS-mediated apoptosis in mice with I/R.
[image: Figure 2]FIGURE 2 | 5-MTP mitigated ERS-mediated apoptosis in mice exposed to renal I/R injury. (A) The DEGs between renal I/R injury and sham mice (GSE212678). The dotted line indicates the threshold for DEGs, with blue and red dots representing genes with low and high expression in renal I/R injury mice, respectively. (B) GO and KEGG enrichment analyses of DEGs. (C) Representative images of WB assays are shown. (D) The relative protein expression level of ATF6 was determined via normalization to that of GAPDH, and the Sham group was set as the baseline (value of 1). (E–G) The relative phosphorylation levels of PERK, IRE1α, and eIF2α were detected by measuring the ratio of phosphorylated to total proteins, and the Sham group was set as the baseline (value of 1). (H) The relative levels of expression of ERS-mediated apoptosis proteins (ATF4, CHOP, and DR5) in kidney tissues were evaluated and normalized to those of GAPDH, and the Sham group was set as the baseline (value of 1). (I) Relative fluorescence intensity of CHOP (red). (J) Quantification of the TUNEL staining results. (K) CHOP expression in renal tissues was visualized by conducting IF staining (×400, scale bar: 40 μm). (L) Representative TUNEL staining (green) of renal tissues (×400, scale bar: 40 μm). The data are presented as the mean ± SD and evaluated by conducting one-way ANOVA and the Bonferroni correction for multiple comparisons, n = 5 for each group; *P < 0.05, **P < 0.01, and ***P < 0.001.
3.3 5-MTP activated the Nrf2/HO-1 pathway in mice during renal I/R injury
To investigate the molecular mechanisms underlying the renoprotective effect of 5-MTP, the SwissTargetPrediction, PharmMapper, and BindingDB databases were used to identify 482 potential targets of 5-MTP (13 duplicate targets eliminated). Next, genes related to renal I/R injury were retrieved from the GeneCards database, and Venn diagram analysis was performed to identify 60 overlapping genes (Figure 3A). To elucidate the primary target of 5-MTP, a PPI network was constructed using the STRING database (Figure 3B). The BottleNeck algorithm in Cytohubba was used to evaluate the correlations among the targets (Figure 3C). We found that NFE2L2 exhibited a strong correlation. Another study revealed that 5-MTP can enhance acute lung injury recovery by activating the Nrf2/HO-1 pathway (Ma et al., 2023). We performed WB analysis to confirm the activation of the Nrf2/HO-1 pathway by 5-MTP in renal I/R injury (Figures 3D–G). The results revealed that 5-MTP increases both total Nrf2 expression levels and nuclear translocation of Nrf2, accompanied by an elevation in HO-1 protein expression. These findings confirm 5-MTP can activate the Nrf2/HO-1 pathway in renal I/R injury.
[image: Figure 3]FIGURE 3 | 5-MTP activated the Nrf2/HO-1 pathway during renal I/R injury. (A) Venn diagram illustrating potential targets of 5-MTP in renal I/R injury. (B) PPI network analysis was conducted to demonstrate the interrelationships between these proteins. The color scale and size of the nodes indicate the degree of connectivity. Redder and larger nodes have a higher degree of connectivity, indicating that a protein in the network had greater importance. (C) The core targets (NFE2L2, HIF1A, PTGS2, EGFR, ITGB2, NOS3, TRPV1, HTR2A, GRIK2, and SLC1A2) were identified using the BottleNeck algorithm in Cytohubba. (D) Representative images of WB assays are shown. (E) The relative nuclear protein expression levels of Nrf2 were determined by normalization to the level of Histone H3, and the Sham group was set as the baseline (value of 1). (F,G) The relative protein expression levels of total Nrf2 and HO-1 were determined by normalization to the level of GAPDH, and the Sham group was set as the baseline (value of 1). The data are presented as the mean ± SD and evaluated by conducting one-way ANOVA and the Bonferroni correction for multiple comparisons, n = 5 for each group; *P < 0.05, **P < 0.01, and ***P < 0.001.
3.4 5-MTP alleviated H/R-induced injury in HK-2 cells by suppressing ERS-mediated apoptosis through the Nrf2/HO-1 pathway
The Nrf2 gene was silenced in HK2 cells via siRNA. Using these Nrf2-knockdown cells, we confirmed the association between the Nrf2/HO-1 pathway and the amelioration of H/R injury by 5-MTP. The CCK-8 assay was conducted to assess the viability of HK-2 cells subjected to H/R and the effect of 5-MTP treatment at different concentrations. Before H/R exposure, the cells were incubated with 5, 15, 25, 50, or 100 μM 5-MTP for 12 h. Dose-dependent protection was observed at 5–50 μM (Figure 4A). Additionally, no significant difference in cell viability was observed between the doses of 100 and 50 μM (P > 0.05). Therefore, 50 μM 5-MTP was selected for use in subsequent experiments. The efficacy of Nrf2 knockdown was conformed by qRT-PCR (Figure 4B). As shown in Figure 4C, 5-MTP could ameliorate the damage caused by H/R. However, this cytoprotective effect of 5-MTP was notably inhibited in Nrf2-silenced cells. To assess the anti-inflammatory effect of 5-MTP in vitro, we measured the IL-1β and IL-6 levels. We found that 5-MTP significantly decreased the concentrations of both cytokines. However, silencing Nrf2 inhibited the anti-inflammatory effects of 5-MTP (Figures 4D,E). Additionally, based on the T-AOC levels and the GSH/GSSG ratio, 5-MTP showed the ability to mitigate oxidative stress, whereas knocking down Nrf2 significantly attenuated the antioxidant effect of 5-MTP (Figures 4F,G). As shown in Figures 4P–S, treatment with 5-MTP significantly increased the nuclear-to-cytoplasmic ratio of Nrf2, supporting active nuclear translocation. Concurrently, cytoplasmic Nrf2 levels exhibited a moderate elevation, suggesting that 5-MTP may also enhance total Nrf2 protein stability or synthesis. These findings collectively demonstrate that 5-MTP activates the Nrf2/HO-1 pathway through a dual mechanism involving nuclear translocation and potential modulation of Nrf2 protein levels. Consistent with Nrf2 activation, 5-MTP treatment robustly increased HO-1 expression. To evaluate the role of 5-MTP in ERS-mediated apoptosis in vitro, we conducted WB analysis to examine the expression levels of proteins related to ERS and ERS-mediated apoptosis (Figures 4H–O). H/R significantly increased the levels of ATF6, ATF4, CHOP, and DR5, as well as the levels of phosphorylated PERK, IRE1α, and eIF2α. However, 5-MTP effectively reversed this change, indicating its ability to mitigate H/R-induced ERS-mediated apoptosis. This effect of 5-MTP was not observed in the siNrf2+H/R+5-MTP group. Flow cytometry was then conducted to assess the early apoptosis, and the results revealed that 5-MTP significantly inhibited H/R-induced apoptosis (Figure 4T). However, this effect was also significantly inhibited in cells in which Nrf2 was knocked down. Our in vitro studies reveal that 5-MTP can mitigate ERS-mediated apoptosis by activating the Nrf2/HO-1 pathway.
[image: Figure 4]FIGURE 4 | 5-MTP alleviated H/R-induced injury in HK-2 cells by suppressing ERS-mediated apoptosis through the Nrf2/HO-1 pathway. (A) HK-2 cell viability following pretreatment with various concentrations of 5-MTP before H/R was evaluated by CCK-8 assays. *Significant difference from the control group (P < 0.05). #Significant difference from the H/R group (P < 0.05). (B) Relative Nrf2 mRNA levels were determined by qRT-PCR. (C) Cell viability was compared among different groups of HK-2 cells. (D,E) Levels of IL-1β and IL-6. (F,G) The GSH/GSSG ratio and T-AOC levels. (H) The relative protein expression level of ATF6 was determined via normalization to that of β-actin, and the control group was set as the baseline (value of 1). (I–K) The relative phosphorylation levels of PERK, IRE1α, and eIF2α were detected by measuring the ratio of phosphorylated to total proteins, and the control group was set as the baseline (value of 1). (L) Representative images of Western blotting assays. (M–O) The relative expression levels of ERS-mediated apoptosis proteins (ATF4, CHOP, and DR5) were evaluated and normalized to those of β-actin, and the control group was set as the baseline (value of 1). (P) Relative protein expression levels of HO-1 were determined via normalization to the level of β-actin, and the control group was set as the baseline (value of 1). (Q) The relative nuclear Nrf2 protein levels were determined by normalization to the level of Histone H3, and the control group was set as the baseline (value of 1). (R) The relative cytoplasm Nrf2 protein levels were determined by normalization to the level of cytoplasm β-actin, and the control group was set as the baseline (value of 1). (S) The relative nucleus-to-cytoplasm ratios of Nrf2 were analyzed, and the control group was set as the baseline (value of 1). (T) The rates of early apoptosis were detected via flow cytometry. The data are presented as the mean ± SD and evaluated by conducting one-way ANOVA and the Bonferroni correction for multiple comparisons, n = 3 for each group; *P < 0.05, **P < 0.01, and ***P < 0.001.
3.5 The renoprotective effects of 5-MTP was attenuated in Nrf2-KO mice
To evaluate the role of the Nrf2/HO-1 pathway in mediating the renoprotective effects of 5-MTP in vivo, we compared outcomes between WT and Nrf2-KO mice. Compared to WT mice, Nrf2-KO mice subjected to I/R and 5-MTP presented more severe renal injury and much higher tubular injury scores (Figures 5A,B). By assessing SCr and BUN, we found that the improvement in renal function decline caused by 5-MTP in renal I/R injury was substantially suppressed in Nrf2-KO mice (Figures 5C,D). We also assessed whether the anti-inflammatory and antioxidant abilities were suppressed in Nrf2-KO mice (Figures 5E–H). Compared to WT mice, Nrf2-KO mice subjected to I/R and 5-MTP presented markedly higher levels of IL-1β and IL-6 and significantly lower GSH/GSSG ratios and T-AOC levels. Moreover, a considerable increase in NGAL and KIM-1 mRNAs indicated a significant attenuation of the efficacy of 5-MTP in mitigating kidney injury in Nrf2-KO mice (Figures 5I,J). These results suggest that the therapeutic efficacy of 5-MTP in I/R injury is strongly associated with the Nrf2/HO-1 pathway.
[image: Figure 5]FIGURE 5 | The renoprotective effects of 5-MTP was attenuated in Nrf2-KO mice. (A) HE staining was used to evaluate renal histopathological alterations induced by I/R injury (×200, Scale bar: 50 μm). (B) Two pathologists independently assessed tubule injury scores in a double-blind manner, utilizing HE staining as the basis for evaluation. (C,D) The serum SCr and BUN levels. (E,F) The serum IL-1β and IL-6 levels. (G,H) The GSH/GSSG ratio and T-AOC levels were assessed. (I,J) The mRNA expression levels of NGAL and KIM-1. The data are presented as the mean ± SD using two-way ANOVA and the Bonferroni test for multiple comparisons, n = 5 for each group. nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
3.6 The suppression of ERS-mediated apoptosis by 5-MTP was abolished in Nrf2-KO mice
We subsequently assessed the expression of relevant proteins in vivo to confirm the role of the Nrf2/HO-1 pathway in the process by which 5-MTP alleviates ER stress-mediated apoptosis. The results of the WB analysis revealed considerably higher expression levels of ATF6 and higher phosphorylation of PERK and IRE1α in the Nrf2KO+I/R+5-MTP group compared to WT controls (Figures 6A–D). Concurrently, proteins associated with ERS-mediated apoptosis (ATF4, CHOP, and DR5) and the phosphorylation of eIF2α increased significantly in Nrf2-KO mice (Figures 6E–H). To validate these findings, we performed IF staining to evaluate CHOP protein levels (Figures 6I,K). The Nrf2KO+I/R+5-MTP group presented higher CHOP expression than the WT+I/R+5-MTP group. Additionally, renal tissue apoptosis was evaluated via TUNEL staining (Figures 6J,L). The Nrf2KO+I/R+5-MTP group presented a higher number of TUNEL-positive cells. These findings suggest that 5-MTP mitigates ERS-mediated apoptosis through the activation of the Nrf2/HO-1 pathway.
[image: Figure 6]FIGURE 6 | The suppression of ERS-mediated apoptosis by 5-MTP was abolished in Nrf2-KO mice. (A) Representative images of WB assays are shown. (B) The relative protein expression level of ATF6 was determined via normalization to that of GAPDH, and the WT + Sham group was set as the baseline (value of 1). (C–E) The relative phosphorylation levels of PERK, IRE1α, and eIF2α were detected by measuring the ratio of phosphorylated proteins to total proteins, and the WT + Sham group was set as the baseline (value of 1). (F,H) The relative expression levels of ERS-mediated apoptosis proteins (ATF4, CHOP, and DR5) were evaluated and normalized to those of GAPDH, and the WT + Sham group was set as the baseline (value of 1). (I) The fluorescence intensity of CHOP (red). (J) Quantification of the TUNEL staining results. (K) CHOP expression in renal tissues was visualized by conducting IF staining (×400, scale bar: 40 μm). (L) Representative TUNEL staining (green) of renal tissues (×400, scale bar: 40 μm). The data are presented as the mean ± SD and evaluated by conducting two-way ANOVA and the Bonferroni correction for multiple comparisons; n = 5 for each group; nsP > 0.05, *P < 0.05, **P < 0.01, and ***P < 0.001.
4 DISCUSSION
Our study confirmed that 5-MTP mitigates renal I/R injury by alleviating ERS-mediated apoptosis via the Nrf2/HO-1 pathway (Figure 7). First, we demonstrated that 5-MTP inhibited ERS-mediated apoptosis, thus alleviating renal injury in vivo. The experimental results revealed that 5-MTP could ameliorate inflammation, oxidative stress, and ERS-mediated apoptosis induced by H/R in vitro. The cytoprotective effect was suppressed in cells in which Nrf2 was silenced. Consistent with our in vitro findings, we observed partial abrogation of the therapeutic effect mediated by 5-MTP in Nrf2-KO mice. Thus, our finding improve the understanding of the organoprotective properties of 5-MTP and highlight its potential as a new therapeutic choice for renal I/R injury.
[image: Figure 7]FIGURE 7 | 5-MTP mitigated renal I/R injury by reducing ERS-mediated apoptosis via the Nrf2/HO-1 pathway.
Renal I/R injury, characterized by damage to renal tissue and functional impairment, is a common clinical condition that may progress to chronic kidney disease (Yang et al., 2023). Through clamping of the bilateral renal pedicles, we developed an in vivo model that precisely mimics the essential characteristics of renal I/R injury. These characteristics include severe renal tissue damage, declined renal function, and elevated inflammation and oxidative stress. To elucidate the underlying mechanisms underlying the renoprotective effect of 5-MTP, we performed in vitro experiments using HK-2 cells exposed to H/R.
The endogenic metabolite, 5-MTP, derived from tryptophan, is synthesized in various cells, and its synthesis is regulated by tryptophan hydroxylase (Cheng et al., 2012). Some studies have reported that 5-MTP exerts neuroprotective effects on spinal cord injury by inhibiting inflammation and fibrosis formation (Hong et al., 2020). Moreover, 5-MTP can alleviate myocardial cell damage after myocardial infarction by mitigating oxidative stress injury, regulating mitochondrial stability, inhibiting inflammation, and modulating immune stress (Hsu et al., 2021). Our findings confirm that in renal I/R injury, 5-MTP can decrease IL-1β and IL-6 levels, indicating that it can mitigate inflammatory responses. Additionally, the GSH/GSSG ratio and T-AOC levels confirm that 5-MTP can alleviate oxidative stress injury, which was consistent with its previously reported anti-inflammatory and antioxidant abilities. We also detected the mRNA levels of KIM-1 and NGAL, which are markers of kidney injury. Other researchers have shown that the level of KIM-1 serves as a specific and sensitive diagnostic indicator for acute kidney injury and a reliable prognostic marker (Tutunea-Fatan et al., 2024). Similarly, the level of NGAL in the serum and kidneys was found to reflect the severity of renal injury (Allegretti et al., 2020; Játiva et al., 2022). Our study demonstrate that 5-MTP can significantly reduce structural damage to renal tissue and notably decrease KIM-1 and NGAL mRNA expression, as shown through HE staining and mRNA level analysis. Additionally, by detecting the levels of renal function indicators, such as SCr and BUN, this study reveal that 5-MTP can protect renal function in I/R injury. Renal tissue damage and impaired kidney function are hallmarks of acute kidney injury resulting from I/R injury in clinical practice. Inflammation and oxidative stress play key roles in exacerbating this condition. Our findings reveal that 5-MTP can mitigate renal tissue damage, enhance kidney function, and suppress inflammation and oxidative stress in mice with renal I/R injury. These results imply that 5-MTP can be used for the clinical treatment of renal I/R injury.
The endoplasmic reticulum plays a primary role in the cellular processes of protein folding, assembly, modification, and transport (Hetz et al., 2020). Protein folding and modification are precise and complex processes regulated by multiple mechanisms. Under various pathological conditions, such as hypoxia-ischemia and calcium overload, protein folding and modification can be disrupted, leading to ERS (Deshwal et al., 2018; Nagar et al., 2023). ERS can activate pro-survival and pro-apoptotic signals simultaneously (Lu et al., 2017; Weissman et al., 2006). Moderate ERS promotes cell survival, whereas sustained or excessive ERS can induce cell apoptosis through multiple pathways. ERS regulates the transcription factor CHOP through ATF4, ultimately leading to the induction of several pro-apoptotic factors, such as DR5, which triggers apoptosis (Kasetti et al., 2020; Song et al., 2023). The PERK/eIF2α/ATF4/CHOP pathway has been demonstrated to play a crucial role in ERS-mediated apoptosis. Some studies have shown that inhibiting this pathway can considerably reduce apoptosis across multiple diseases (Guo et al., 2017; Yu et al., 2021; Chen et al., 2020). In this study, we first detected the levels of ERS-related proteins via Western blotting analysis and confirmed that 5-MTP ameliorated the excessive ERS caused by renal I/R injury. We also detected the protein levels of ATF4, CHOP, and DR5 and the phosphorylation levels of eIF2α. These results indicate that 5-MTP can alleviate cell apoptosis caused by ERS, probably by inhibiting the PERK/eIF2α/ATF4/CHOP pathway. The results of the TUNEL and flow cytometry assays showed that 5-MTP considerably mitigated the apoptosis induced by I/R injury. These findings indicated that 5-MTP can ameliorate renal I/R injury by alleviating ERS-mediated apoptosis in vivo and in vitro.
The transcription factor Nrf2 is ubiquitously expressed across multiple organ systems. It exerts anti-inflammatory and antioxidant stress effects by activating downstream factors, thereby modulating the progression of many diseases (Zhang et al., 2022b). The activation of the Nrf2/HO-1 pathway is associated with mechanisms that alleviate diseases through mechanisms, including regulation of mitochondrial homeostasis, suppression of ferroptosis, and modulation of ERS (Xin et al., 2024; Wang et al., 2023; Shi et al., 2023). Moreover, 5-MTP can activate the Nrf2/HO-1 pathway, thus alleviating renal tissue inflammation after ureteral obstruction, exerting protective effects on both kidney and renal function, and exerting antirenal fibrosis effects (Chen et al., 2019). Our study further demonstrated that Nrf2 deficiency significantly inhibited 5-MTP’s therapeutic effects, including reduction of inflammation and oxidative stress, alleviation of renal tissue damage and renal function impairment. Additionally, the regulation of ERS by 5-MTP and its improvement in ERS-mediated apoptosis were strongly suppressed. These results indicate that the Nrf2/HO-1 pathway is required for regulating ERS and its associated apoptosis by 5-MTP.
Our study reveal that 5-MTP exerts anti-inflammatory and antioxidant effects on renal I/R injury, mirroring the actions of N-acetylcysteine, a drug with well-established renoprotective effects. Although N-acetylcysteine can mitigate contrast-induced nephropathy, its clinical utility is limited by low bioavailability and a brief renal residence time (Zhang et al., 2021). Therefore, future studies should focus on examining the renal residence time of 5-MTP and developing biomaterials to increase its bioavailability and extend its duration of action in the kidney, which may help enhance the clinical application and therapeutic efficacy of 5-MTP in the treatment of renal I/R injury and other renal diseases. This study also investigated the role of 5-MTP in ERS-mediated apoptosis and inflammation in renal I/R injury through the Nrf2/HO-1 pathway. However, the pathogenesis of renal I/R injury is complex and involves multiple apoptotic and inflammatory pathways. Further research on the regulatory effects of 5-MTP on other apoptotic pathways, including the mitochondrial apoptotic pathway and death receptor-mediated apoptosis, may help elucidate its specific mechanism of action in modulating apoptosis. Moreover, examining the interaction between 5-MTP and other inflammatory signaling pathways, such as the NF-κB and Toll-like receptor pathways, may provide insights into its anti-inflammatory mechanisms.
While our study confirms that 5-MTP confers protection against renal I/R injury via activation of the Nrf2/HO-1 pathway, three key limitations must be acknowledged. First, our results reveal that 5-MTP significantly increases the nuclear-to-cytoplasmic ratio of Nrf2, supporting its role in promoting active nuclear translocation. Although cytoplasmic Nrf2 levels were elevated, the disproportionate nuclear enrichment suggests that 5-MTP enhances nuclear trafficking while simultaneously stabilizing total Nrf2 protein or promoting its synthesis. This dual mechanism indicates that Nrf2 activation may involve both translocation and protein-level regulation. However, future studies are needed to dissect the precise mechanisms underlying 5-MTP-driven nuclear import and transcriptional upregulation. Second, the 24-h observation window in our experimental design precludes evaluation of long-term histological and functional outcomes. Chronic injury models may require extended therapeutic paradigms involving repeated 5-MTP administration or delayed intervention. Additional temporal endpoints should be incorporated to systematically track fibrotic progression and glomerulotubular functional recovery. Finally, despite mechanistic evidence from in vivo and in vitro models, clinical translational studies are needed to validate endogenous protective mechanisms in humans.
5 CONCLUSION
This study demonstrated that 5-MTP mitigates renal I/R injury and its attenuation of ERS-mediated apoptosis is strongly associated with the activation of the Nrf2/HO-1 pathway. These results indicate that 5-MTP may serve as a new treatment choice for renal I/R injury.
DATA AVAILABILITY STATEMENT
Publicly available datasets were analyzed in this study. This data can be found here: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc&equals;GSE212678.
ETHICS STATEMENT
The animal study was approved by the Animal Care & Welfare Committee of the Affiliated Hospital of Qingdao University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
SL: Conceptualization, Data curation, Investigation, Project administration, Writing – original draft. HY: Conceptualization, Methodology, Visualization, Writing – review and editing. BZ: Data curation, Visualization, Writing – review and editing. LL: Data curation, Visualization, Writing – review and editing. XL: Conceptualization, Writing – original draft, Writing – review and editing.
FUNDING
The author(s) declare that no financial support was received for the research and/or publication of this article.
GENERATIVE AI STATEMENT
The authors declare that no Generative AI was used in the creation of this manuscript.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1506482/full#supplementary-material
REFERENCES
 Allegretti, A. S., Solà, E., and GinèS, P. (2020). Clinical application of kidney biomarkers in cirrhosis. Am. J. Kidney Dis. 76, 710–719. doi:10.1053/j.ajkd.2020.03.016
 Chen, D.-Q., Cao, G., Chen, H., Argyopoulos, C. P., Yu, H., Su, W., et al. (2019). Identification of serum metabolites associating with chronic kidney disease progression and anti-fibrotic effect of 5-methoxytryptophan. Nat. Commun. 10, 1476. doi:10.1038/s41467-019-09329-0
 Cheng, H.-H., Kuo, C.-C., Yan, J.-L., Chen, H.-L., Lin, W.-C., Wang, K.-H., et al. (2012). Control of cyclooxygenase-2 expression and tumorigenesis by endogenous 5-methoxytryptophan. Proc. Natl. Acad. Sci. U.S.A. 109, 13231–13236. doi:10.1073/pnas.1209919109
 Chen, J., Zhuang, T., Chen, J., Tian, Y., Yi, X., Ni, Q., et al. (2020). Homocysteine induces melanocytes apoptosis via PERK-eIF2α-CHOP pathway in vitiligo. Clin. Sci. (Lond) 134, 1127–1141. doi:10.1042/CS20200218
 Daina, A., Michielin, O., and Zoete, V. (2019). SwissTargetPrediction: updated data and new features for efficient prediction of protein targets of small molecules. Nucleic Acids Res. 47, W357–W364. doi:10.1093/nar/gkz382
 Dehnadi, A., Benedict Cosimi, A., Neal Smith, R., Li, X., Alonso, J. L., Means, T. K., et al. (2017). Prophylactic orthosteric inhibition of leukocyte integrin CD11b/CD18 prevents long-term fibrotic kidney failure in cynomolgus monkeys. Nat. Commun. 8, 13899. doi:10.1038/ncomms13899
 Deshwal, S., Forkink, M., Hu, C.-H., Buonincontri, G., Antonucci, S., DI Sante, M., et al. (2018). Monoamine oxidase-dependent endoplasmic reticulum-mitochondria dysfunction and mast cell degranulation lead to adverse cardiac remodeling in diabetes. Cell Death Differ. 25, 1671–1685. doi:10.1038/s41418-018-0071-1
 Diaz-Bulnes, P., Rodríguez, R. M., Banon-Maneus, E., Saiz, M. L., Bernet, C. R., Corte-Iglesias, V., et al. (2024). Inhibition of BRD4 attenuates ER stress-induced renal ischemic-reperfusion injury. Int. J. Biol. Sci. 20, 1547–1562. doi:10.7150/ijbs.83040
 Dinkova-Kostova, A. T., and Copple, I. M. (2023). Advances and challenges in therapeutic targeting of NRF2. Trends Pharmacol. Sci. 44, 137–149. doi:10.1016/j.tips.2022.12.003
 Fang, L., Chen, H., Kong, R., and Que, J. (2020). Endogenous tryptophan metabolite 5-methoxytryptophan inhibits pulmonary fibrosis by downregulating the TGF-β/SMAD3 and PI3K/AKT signaling pathway. Life Sci. 260, 118399. doi:10.1016/j.lfs.2020.118399
 Guo, H. L., Hassan, H. M., Ding, P. P., Wang, S. J., Chen, X., Wang, T., et al. (2017). Pyrazinamide-induced hepatotoxicity is alleviated by 4-PBA via inhibition of the PERK-eIF2α-ATF4-CHOP pathway. Toxicology 378, 65–75. doi:10.1016/j.tox.2017.01.002
 Hetz, C., Zhang, K., and Kaufman, R. J. (2020). Mechanisms, regulation and functions of the unfolded protein response. Nat. Rev. Mol. Cell Biol. 21, 421–438. doi:10.1038/s41580-020-0250-z
 Hong, X., Jiang, F., Li, Y., Fang, L., Qian, Z., Chen, H., et al. (2020). Treatment with 5-methoxytryptophan attenuates microglia-induced neuroinflammation in spinal cord trauma. Int. Immunopharmacol. 88, 106988. doi:10.1016/j.intimp.2020.106988
 Hong, Z., Minghua, W., Bo, N., Chaoyue, Y., Haiyang, Y., Haiqing, Y., et al. (2021). Rosmarinic acid attenuates acrylamide induced apoptosis of BRL-3A cells by inhibiting oxidative stress and endoplasmic reticulum stress. Food Chem. Toxicol. 151, 112156. doi:10.1016/j.fct.2021.112156
 Hsu, W.-T., Tseng, Y.-H., Jui, H.-Y., Kuo, C.-C., Wu, K. K., and Lee, C.-M. (2021). 5-Methoxytryptophan attenuates postinfarct cardiac injury by controlling oxidative stress and immune activation. J. Mol. Cell. Cardiol. 158, 101–114. doi:10.1016/j.yjmcc.2021.05.014
 Huang, L., Zhang, L., Zhang, Z., Tan, F., Ma, Y., Zeng, X., et al. (2024). Loss of nephric augmenter of liver regeneration facilitates acute kidney injury via ACSL4-mediated ferroptosis. J. Cell Mol. Med. 28, e18076. doi:10.1111/jcmm.18076
 JáTIVA, S., Torrico, S., Calle, P., MuñOZ, Á., GarcíA, M., Larque, A. B., et al. (2022). NGAL release from peripheral blood mononuclear cells protects against acute kidney injury and prevents AKI induced fibrosis. Biomed. and Pharmacother. 153, 113415. doi:10.1016/j.biopha.2022.113415
 Kasetti, R. B., Patel, P. D., Maddineni, P., Patil, S., Kiehlbauch, C., Millar, J. C., et al. (2020). ATF4 leads to glaucoma by promoting protein synthesis and ER client protein load. Nat. Commun. 11, 5594. doi:10.1038/s41467-020-19352-1
 Lee, I. T., Yang, C.-C., and Yang, C.-M. (2024). Harnessing peroxisome proliferator-activated receptor γ agonists to induce Heme Oxygenase-1: a promising approach for pulmonary inflammatory disorders. Cell Commun. Signal. 22, 125. doi:10.1186/s12964-024-01501-4
 Lee, H., Zandkarimi, F., Zhang, Y., Meena, J. K., Kim, J., Zhuang, L., et al. (2020). Energy-stress-mediated AMPK activation inhibits ferroptosis. Nat. Cell Biol. 22, 225–234. doi:10.1038/s41556-020-0461-8
 Li, X.-K., Yang, H.-J., Du, S.-H., Zhang, B., Li, L.-Y., Li, S.-N., et al. (2023). 4-Octyl itaconate alleviates renal ischemia reperfusion injury by ameliorating endoplasmic reticulum stress via Nrf2 pathway. Exp. Biol. Med. 248, 2408–2420. doi:10.1177/15353702231214255
 Lu, X., Li, C., Li, C., Li, P., Fu, E., Xie, Y., et al. (2017). Heat-labile enterotoxin-induced PERK-CHOP pathway activation causes intestinal epithelial cell apoptosis. Front. Cell. Infect. Microbiol. 7, 244. doi:10.3389/fcimb.2017.00244
 Ma, H.-Y., Chen, S., and Du, Y. (2021). Estrogen and estrogen receptors in kidney diseases. Ren. Fail. 43, 619–642. doi:10.1080/0886022X.2021.1901739
 Ma, Y., Wang, Z., Wu, X., Ma, Z., Shi, J., He, S., et al. (2023). 5-Methoxytryptophan ameliorates endotoxin-induced acute lung injury in vivo and in vitro by inhibiting NLRP3 inflammasome-mediated pyroptosis through the Nrf2/HO-1 signaling pathway. Inflamm. Res. 72, 1633–1647. doi:10.1007/s00011-023-01769-1
 Nagar, P., Sharma, P., Dhapola, R., Kumari, S., Medhi, B., and Harikrishnareddy, D. (2023). Endoplasmic reticulum stress in Alzheimer’s disease: molecular mechanisms and therapeutic prospects. Life Sci. 330, 121983. doi:10.1016/j.lfs.2023.121983
 Newton, K., Strasser, A., Kayagaki, N., and Dixit, V. M. (2024). Cell death. Cell 187, 235–256. doi:10.1016/j.cell.2023.11.044
 Scholz, H., Boivin, F. J., Schmidt-Ott, K. M., Bachmann, S., Eckardt, K.-U., Scholl, U. I., et al. (2021). Kidney physiology and susceptibility to acute kidney injury: implications for renoprotection. Nat. Rev. Nephrol. 17, 335–349. doi:10.1038/s41581-021-00394-7
 Shi, Q., Qian, Y., Wang, B., Liu, L., Chen, Y., Chen, C., et al. (2023). Glycyrrhizin protects against particulate matter-induced lung injury via regulation of endoplasmic reticulum stress and NLRP3 inflammasome-mediated pyroptosis through Nrf2/HO-1/NQO1 signaling pathway. Int. Immunopharmacol. 120, 110371. doi:10.1016/j.intimp.2023.110371
 Song, G., Weng, F., Zou, B., Zhao, J., Jin, J., Yan, D., et al. (2023). Potential therapeutic action of tauroursodeoxycholic acid against cholestatic liver injury via hepatic Fxr/Nrf2 and CHOP-DR5-caspase-8 pathway. Clin. Sci. 137, 561–577. doi:10.1042/CS20220674
 Torrente, L., and Denicola, G. M. (2022). Targeting NRF2 and its downstream processes: opportunities and challenges. Annu. Rev. Pharmacol. Toxicol. 62, 279–300. doi:10.1146/annurev-pharmtox-052220-104025
 Tutunea-Fatan, E., Arumugarajah, S., Suri, R. S., Edgar, C. R., Hon, I., Dikeakos, J. D., et al. (2024). Sensing dying cells in health and disease: the importance of kidney injury molecule-1. J. Am. Soc. Nephrol. 35, 795–808. doi:10.1681/ASN.0000000000000334
 Wang, H., Yu, X., Liu, D., Qiao, Y., Huo, J., Pan, S., et al. (2023). VDR activation attenuates renal tubular epithelial cell ferroptosis by regulating Nrf2/HO-1 signaling pathway in diabetic nephropathy. Adv. Sci. 11, e2305563. doi:10.1002/advs.202305563
 Wang, X., Shen, Y., Wang, S., Li, S., Zhang, W., Liu, X., et al. (2017). PharmMapper 2017 update: a web server for potential drug target identification with a comprehensive target pharmacophore database. Nucleic Acids Res. 45, W356–W360. doi:10.1093/nar/gkx374
 Weissman, J. S., Rutkowski, D. T., Arnold, S. M., Miller, C. N., Wu, J., Li, J., et al. (2006). Adaptation to ER stress is mediated by differential stabilities of pro-survival and pro-apoptotic mRNAs and proteins. PLoS Biol. 4, e374. doi:10.1371/journal.pbio.0040374
 Wilflingseder, J., Willi, M., Lee, H. K., Olauson, H., Jankowski, J., Ichimura, T., et al. (2020). Enhancer and super-enhancer dynamics in repair after ischemic acute kidney injury. Nat. Commun. 11, 3383. doi:10.1038/s41467-020-17205-5
 Wu, K. K., Kuo, C.-C., Yet, S.-F., Lee, C.-M., and Liou, J.-Y. (2020). 5-methoxytryptophan: an arsenal against vascular injury and inflammation. J. Biomed. Sci. 27, 79. doi:10.1186/s12929-020-00671-w
 Xia, K., Qiu, T., Jian, Y., Liu, H., Chen, H., Liu, X., et al. (2023). Degradation of histone deacetylase 6 alleviates ROS-mediated apoptosis in renal ischemia-reperfusion injury. Biomed. Pharmacother. 165, 115128. doi:10.1016/j.biopha.2023.115128
 Xin, X., Liu, J., Liu, X., Xin, Y., Hou, Y., Xiang, X., et al. (2024). Melatonin-derived carbon dots with free radical scavenging property for effective periodontitis treatment via the Nrf2/HO-1 pathway. ACS Nano 18, 8307–8324. doi:10.1021/acsnano.3c12580
 Yan, J.-J., Ryu, J.-H., Piao, H., Hwang, J. H., Han, D., Lee, S.-K., et al. (2020). Granulocyte colony-stimulating factor attenuates renal ischemia-reperfusion injury by inducing myeloid-derived suppressor cells. J. Am. Soc. Nephrol. 31, 731–746. doi:10.1681/ASN.2019060601
 Yang, D., Tang, M., Zhang, M., Ren, H., Li, X., Zhang, Z., et al. (2023). Downregulation of G protein–coupled receptor kinase 4 protects against kidney ischemia-reperfusion injury. Kidney Int. 103, 719–734. doi:10.1016/j.kint.2022.12.023
 Yu, X. X., Zhu, M. Y., Wang, J. R., Li, H., Hu, P., Qing, Y. J., et al. (2021). LW-213 induces cell apoptosis in human cutaneous T-cell lymphomas by activating PERK-eIF2α-ATF4-CHOP axis. Acta Pharmacol. Sin. 42, 290–300. doi:10.1038/s41401-020-0466-7
 Zhang, D. Y., Tu, T., Younis, M. R., Zhu, K. S., Liu, H., Lei, S., et al. (2021). Clinically translatable gold nanozymes with broad spectrum antioxidant and anti-inflammatory activity for alleviating acute kidney injury. Theranostics 11, 9904–9917. doi:10.7150/thno.66518
 Zhang, J., Guo, J., Yang, N., Huang, Y., Hu, T., and Rao, C. (2022a). Endoplasmic reticulum stress-mediated cell death in liver injury. Cell Death Dis. 13, 1051. doi:10.1038/s41419-022-05444-x
 Zhang, J., Pan, W., Zhang, Y., Tan, M., Yin, Y., Li, Y., et al. (2022b). Comprehensive overview of Nrf2-related epigenetic regulations involved in ischemia-reperfusion injury. Theranostics 12, 6626–6645. doi:10.7150/thno.77243
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.
Copyright © 2025 Li, Yang, Zhang, Li and Li. 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/fphar-16-1506482-g005.gif





OPS/images/fphar-16-1506482-g006.gif





OPS/images/fphar-16-1506482-g003.gif





OPS/images/fphar-16-1506482-g004.gif





OPS/images/fphar-16-1506482-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		5-methoxytryptophan ameliorates renal ischemia/reperfusion injury by alleviating endoplasmic reticulum stress-mediated apoptosis through the Nrf2/HO-1 pathway		Background

		Methods and results

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Animal model

		2.2 Renal histology and function

		2.3 Measurement of cytokines

		2.4 Assays of the glutathione/oxidized glutathione (GSH/GSSG) ratio and T-AOC

		2.5 Immunofluorescence (IF) staining

		2.6 TUNEL assay

		2.7 Western blotting (WB) assay

		2.8 Quantitative real-time PCR (qRT–PCR) analysis

		2.9 Bioinformatics analysis

		2.10 Cell treatment

		2.11 RNA interference

		2.12 Cell viability

		2.13 Apoptosis assay

		2.14 Statistical analysis





		3 Results		3.1 5-MTP protected the kidney from I/R injury in vivo

		3.2 5-MTP mitigated ERS-mediated apoptosis in mice exposed to renal I/R injury

		3.3 5-MTP activated the Nrf2/HO-1 pathway in mice during renal I/R injury

		3.4 5-MTP alleviated H/R-induced injury in HK-2 cells by suppressing ERS-mediated apoptosis through the Nrf2/HO-1 pathway

		3.5 The renoprotective effects of 5-MTP was attenuated in Nrf2-KO mice

		3.6 The suppression of ERS-mediated apoptosis by 5-MTP was abolished in Nrf2-KO mice





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiersin Pharmacology

5-methoxytryptophan
ameliorates renal ischemia/
reperfusion injury by alleviating
endoplasmic reticulum stress-
mediated apoptosis through the
Nrf2/HO-1 pathway





OPS/images/fphar-16-1506482-g001.gif





OPS/images/fphar-16-1506482-g002.gif
1

Al










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





