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Background
We have previously demonstrated that hydrogen sulfide (H2S) is sufficient to attenuate depressive-like behavior induced by chronic unpredictable mild stress (CUMS), but its underlying mechanisms remain largely unknown. It is well known that necroptosis is a trigger of inflammation and neuroinflammation-induced kynurenine pathway (KP) imbalance is the main pathogenesis of depression. Meanwhile, H2S plays a pivotal role in the inhibition of inflammatory pathways. Hence, the present study sought to investigate whether the antidepressant effect of H2S is attributable to the inhibition of the axis of hippocampal necroptosis-neuroinflammation-KP imbalance.
Methods
The depression model of Sprague-Dawley (SD) rats was established by CUMS for four consecutive weeks. The expressions of necroptosis-related protein and KP-related protein were evaluated by Western blotting (WB). The levels of inflammatory factors were measured by enzyme-linked immunosorbent assay (ELISA). The hippocampal metabolites of tryptophan were determined by LC-MS/MS.
Results
In this study, we found that H2S was capable of inhibiting necroptosis and neuroinflammation and correcting KP imbalance in the hippocampus of CUMS-exposed rats. The enhancement of necroptosis via overexpressing RIPK3 reversed the antagonistic role of H2S in the depressive-like behaviors of CUMS-exposed rats and the inhibitory effects of H2S on necroptosis, neuroinflammation, and KP imbalance in the hippocampus of CUMS-exposed rats. Furthermore, overexpressing indoleamine 2,3-dioxygenase 1 (IDO1) abolished the correcting effect of H2S on hippocampal KP imbalance and the attenuating effect of H2S on depressive-like behaviors in the CUMS-exposed rats.
Conclusion
The antidepressant-like role of H2S is achieved by negatively regulating the axis of necroptosis-neuroinflammation-KP imbalance in the hippocampus.
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1 INTRODUCTION
Depression is the most common psychiatric disease, with more than 300 million people suffering from depression worldwide, and the number of patients with depression is increasing (Davis et al., 2021). However, the therapeutic strategy for depression is unsatisfactory. Therefore, it is of great significance to explore new antidepressants. Interestingly, we have found that Hydrogen sulfide (H2S), as a novel gaseous signaling molecule, attenuates depressive-like behaviors caused by β2-microglobulin, sleep deprivation (Kang et al., 2021; S.-Q. Yang et al., 2022) and has an antidepressant effect on diabetes-related depression (Jiang et al., 2021), suggesting that H2S is a promising therapeutic approach for depression. Studies have shown that the antidepressant effects of H2S are closely associated with the modulation of the PI3K/AKT/mTOR, Sirt1, and cGAS-STING pathways (Pinna et al., 2025). However, the underlying mechanisms are not yet fully understood.
The kynurenine pathway (KP) is the major pathway of tryptophan metabolism (Cervenka et al., 2017; Xue et al., 2023). Accumulating evidence suggests that KP imbalance, which is characterized by an abnormal ratio of neurotoxic to neuroprotective metabolites in kynurenines, has been associated with the development of depression (Brown et al., 2021; Deng et al., 2021; Ou et al., 2023). It is worth noting that neuroinflammation, which is one of the major pathological hallmarks of depression, is a significant contributor to KP imbalance (Kim and Jeon, 2018; Mithaiwala et al., 2021; Réus et al., 2023; H. Yao et al., 2023). Meanwhile, clinical studies have shown that elevated levels of neuroinflammation or inflammatory cytokines are observed in patients with depression (Miller et al., 2009; Setiawan et al., 2015) and that anti-inflammatory drugs exert a certain therapeutic effect on depressive symptoms (Bauer et al., 2018; Tolkien et al., 2019). These findings suggest that the correction of KP imbalance via attenuating neuroinflammation is an effective approach to the prevention and treatment of depression. Importantly, evidence has emerged that H2S plays a pivotal role in inhibiting neuroinflammation (L. Cao et al., 2018; H. Zhao et al., 2017). It is therefore plausible to assume that H2S ameliorates depressive-like behaviors via suppressing neuroinflammation to correct KP imbalance.
What pathway is involved in the attenuating effect of H2S on neuroinflammation? It has been proposed that necroptosis promotes neuroinflammation in the pathogenesis of several neurodegenerative diseases (Hu et al., 2019; Picon et al., 2021; Yuan et al., 2019). While inhibition of necroptosis is capable of alleviating depressive-like behaviors (Sun et al., 2022). Therefore, necroptosis-mediated neuroinflammation plays a pivotal role in the pathogenesis of depression. Moreover, it has been suggested that cystine deprivation triggers necroptosis (Tang et al., 2016). As cystine is an essential substrate of endogenous H2S, we suggest that H2S can inhibit necroptosis. Therefore, it is feasible to speculate that inhibiting necroptosis contributes to the inhibitory role of H2S in the hippocampal neuroinflammation of CUMS-exposed rats.
In this study, we found that H2S inhibited necroptosis, alleviated neuroinflammation, and corrected KP imbalance in the hippocampus of CUMS-exposed rats. Enhancing hippocampal necroptosis via overexpressing RIPK3 abolished the antidepressant effect of H2S on depressive-like behaviors of CUMS-exposed rats and the correcting effect of H2S on KP imbalance in the hippocampus of CUMS-exposed rats. Furthermore, overexpressing IDO1 abolished the antidepressant-like effect of H2S on CUMS-exposed rats. Our present data demonstrate that the antidepressant-like effect of H2S is mediated by suppressing the axis of hippocampal necroptosis-neuroinflammation-KP imbalance.
2 MATERIALS AND METHODS
2.1 Animals
Adult male Sprague-Dawley rats (280–300 g), were purchased from the SJA Lab Animal Center of Changsha (Changsha, China). After adaptation for 1 week, rats were housed individually (21 °C ± 2 °C, relative humidity 50% ± 10%, 12-h light/12-h dark cycle), with access to water and food ad libitum. All the animal experiments were conducted following the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) revised in 1996 and approved by the Animal Use and Protection Committee of University of South China. To minimize the number of animals used and their suffering, rats were used according to the “3Rs” principles (Replacement, Reduction, and Refinement) in all experimental procedures.
2.2 Reagents
Sodium hydrosulfide (NaHS, a donor of H2S) was purchased from Sigma (Sigma, United States). BCA Protein Assay Kits (cat #P0009-1, Beyotime), RIPA lysis buffer (CWBIO, CW2334). RIPK3 Antibody (AF7942), Phospho-RIP3 Antibody (AF7443), MLKL Antibody (DF7412), and Phospho-MLKL Antibody (AF7420) were obtained from Affinity. RIPK1 Antibody (3493S), and Phospho-RIPK1 Antibody (53286S) were purchased from Cell Signaling Technology. KMO Antibody (ab233529), 3HAO Antibody (ab106436), and TNF alpha ELISA kit (ab100785) were purchased from Abcam. ACMSD Antibody (A15953), and QPRT Antibody (A14349) were purchased from Abclonal. IL-1 beta ELISA kit (RLB00) and IL-6 ELISA kit (R6000B) were purchased from R&D Systems. IL-4 ELISA kit (CSB-E04635r) and IL-10 ELISA kit (CSB-04595r) were purchased from CUSABIO. IDO1 Antibody (sc-137012) was purchased from Santa Cruz.
2.3 Drug administration
A total of 1.68 mg or 5.6 mg of NaHS was dissolved in 1 mL of phosphate-buffered saline (PBS) to equal concentrations of NaHS 30 or 100 μmol/mL, respectively. After successfully establishing the depression model, NaHS (30 μmol/kg or 100 μmol/kg) was injected intraperitoneally for 2 weeks. Following the administration, a sequence of behavioral experiments was carried out. The GSK872 was first dissolved in DMSO to prepare a stock solution, which was then diluted with artificial cerebrospinal fluid to achieve the final working concentration of 25 mM. The final concentration of DMSO in all treatments was less than 0.1%. A total of 1 μL of GSK872 was injected into the lateral ventricles (coordinates relative to the bregma: 1 mm posterior, 2 mm lateral, 4 mm deep) of the rats for 2 weeks to inhibit necroptosis.
2.4 Chronic unpredictable mild stress (CUMS) procedure
Rats exposed to CUMS were subjected to two types of mild stressors each day that were unpredictable in time and manner for 2 weeks. Mild stressors were as follows: (1) Food deprivation 24 h, (2) Water deprivation 24 h, (3) Cage tilt 7 h (45°), (4) Overnight illumination, (5) Habitation in a soiled cage 24 h (200 mL of water in 100 g of sawdust bedding), (6) Physical restraint 2 h, (7) Ice water swimming 5 min, (8) Tail suspension 5 min.
2.5 Adeno-associated virus (AAV) injection
SD rats were anesthetized by sodium pentobarbital (45 mg/kg, i.p.) and secured in a stereotaxic apparatus (Model 68302, RWD company, China). Using a 5-μL Hamilton syringe, 2 μL of AAV9-vector or AAV9-RIPK3 or AAV9-IDO1 suspension were slowly injected into the hippocampus over 5 min according to the following coordinates: (anteroposterior: –3.6 mm; left: +2.0 mm from bregma; depth: –4.0 mm from skin). To ensure the viral suspension can be injected completely into the hippocampus, the needle is left in place for two additional min before it is slowly removed. AAV9-vector or AAV9-RIPK3 or AAV9-IDO1 were stereotaxically injected into the hippocampus 2 weeks before the start of CUMS to allow for full transgene expression.
2.6 Behavioral tests
2.6.1 Open field test (OFT)
The open field test (OFT) was performed to analyze spontaneous activity levels. Rats were placed into an arena (100 cm length × 100 cm width × 40 cm height) with black bottoms and walls. The total distances were automatically recorded for 5 min using a video-tracking system (JLBehv-LAR-1; Shanghai Jiliang Software Technology Co. Ltd.). The apparatus was cleaned with 75% ethanol before the test of the next subject.
2.6.2 Novelty-suppressed feeding test (NSFT)
Novelty-suppressed feeding test (NSFT) was performed to analyze depressive-like behavior. Rats underwent food deprivation for 24 h before the test performance. On day 2, rats were placed into the testing cage containing the weighed food pellet in the center, and the time of first eating the food pellet was video recorded. To eliminate the differences in latency impacted by appetite-direct effects, the rat was reintroduced to their home cage, and the total food eaten during 10 min was measured.
2.6.3 Sucrose preference test (SPT)
A sucrose preference test (SPT) was performed to assess the depressive-like behavior of rats. During the adaptive training stage, rats were first habituated to two identical bottles of 1% sucrose solution for 24 h and one was changed to water following 24 h. During the testing phase, Rats underwent food deprivation for 24 h and followed 12-h exposure to two identical bottles filled with either sucrose solution or water. Sucrose preference was calculated using the following equation: sucrose preference = the consumption of sucrose solution/(sucrose consumption + water consumption).
2.6.4 Forced swimming test (FST)
The Forced swimming test (FST) was performed to assess depressive-like behavior. Rats were placed in a plastic cylinder (height: 60 cm, diameter: 30 cm) filled with 40 cm of water (25 °C ± 1 °C). Before the testing, each rat was habituated to swimming in the water-filled plastic cylinder for 15 min. During the test phase, the time of climbing, swimming, or immobility was recorded by a camera for 5 min. Following the test, the rat was removed from the cylinder, dried with a cloth towel, and returned to their home cages.
2.7 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis
Hippocampus tissue samples (100 ± 5 mg) were homogenized in 0.5 mL prechilled MS buffer (methanol/acetonitrile, 1:1, v/v; Guanghua Sci-Tech Co., Ltd., Guangzhou, China) 2 μL prechilled ultrapure water, followed by vortexing and sonication (20 min) in an ice-water ultrasonic bath. After incubation for 1–2 h at 4 °C and centrifugation at 14,000 g for 20 min at 4 °C, the supernatant was collected and dried under vacuum. For mass spectrometry detection, the collected supernatants were re-dissolved with 100 μL of acetonitrile/water (1:1, v/v) and then centrifuged at 14,000 g for 15 min at 4 °C. Subsequently, the supernatants were collected and were separated on an Agilent 1,290 Infinity LC system (Agilent Technologies, Loveland, CO, United States). Metabolites were acquired and quantified on an AB SCIEX Qtrap® 5500 mass spectrometer (AB SCIEX, Framingham, MA) in the negative ion mode. The peak area and the retention times were extracted from ion chromatograms using MultiQuant (Sciex, Foster City, CA, United States). Finally, metabolites (quinolinic acid (QUIN), kynurenine (KYN), melatonin, 3-indolepropionic acid (IPA), picolinic acid (PIC), and nicotinamide adenine dinucleotide (NAD+), 3-hydroxy-kynurenine (3-HK), 5-hydroxy-L-Tryptophan, kynurenate acid) were identified by comparing the retention time to a purchased standard.
2.8 Western blot analysis
Collection of hippocampal tissue supernatants treated with RIPA lysis buffer (150 mmol/L NaCl, 20 mmol/L Tris-HCl, pH 7.5, 1% Triton X-100, 1 mmol/L phenyl methyl sulfonyl fluoride, 1 mmol/L Na3VO4, leupeptin, and EDTA). The protein concentration of each sample was measured by using BCA Protein Assay Kits (cat #P0009-1, Beyotime). Equivalent amounts of samples (50 μg) were mixed with 5× loading buffer and heated at 100 °C for 5 min. Then electrophoresis was performed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Subsequently, the separated proteins were electrotransferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore, MA, United States). The PVDF membranes were blocked with 5% skim milk in TBST for 2 h at 37 °C and then were separately incubated with primary antibodies at 4 °C overnight. After incubation, the membranes were washed three times in TBST and were incubated with a secondary antibody (1:5000) conjugated with horseradish peroxidase for 2 h. Finally, the membranes were visualized by autoradiographic films (Tanon-5600, Shanghai, China). The integrated optical density of the band was calculated by ImageJ software.
2.9 Statistical analysis
Statistical analysis was performed by SPSS soft version 20.0 (Chicago, IL, United States). Statistical comparisons were analyzed by repeated measurements for evaluation of within-group differences and one-way analysis of variance (ANOVA), followed by Post hoc Tukey’s test for multiple comparisons. The data are expressed as the mean ± standard error of the mean (SEM), and a P-value <0.05 was considered statistically significant.
3 RESULTS
3.1 H2S inhibited the hippocampal necroptosis of CUMS-exposed rats
To explore the antidepressant effect of H2S associated with the inhibition of necroptosis in the hippocampus of CUMS-exposed rats, we first observed the effect of H2S on the expression of necroptosis-related proteins in the hippocampus of CUMS-treated rats. The data show that CUMS-exposed rats exhibited elevated expressions of p-RIPK3 and RIPK3 (Figure 1A), p-RIPK1 (Figure 1B), and p-MLKL (Figure 1C) in the hippocampus, which were reversed by the exogenous administration of NaHS. However, there was no difference in the expression of RIPK1 and MLKL among the groups. Furthermore, we found that NaHS (100 μmol/kg) decreased the number of necrotic neurons in the hippocampus of CUMS-exposed rats (Supplementary Figure S1). Taken together, these findings indicate that H2S inhibits necroptosis in the hippocampus of CUMS-exposed rats.
[image: Western blot analysis and bar graphs showing the effects of NaHS on phosphorylated RIPK3, RIPK1, and MLKL levels in the context of chronic unpredictable mild stress (CUMS). (A) p-RIPK3 and RIPK3 levels with GAPDH as a control, including associated bar graphs. (B) p-RIPK1 and RIPK1 levels, with corresponding graphs. (C) p-MLKL and MLKL levels, with graphs. Each panel displays results for different NaHS concentrations with and without CUMS, using GAPDH as a loading control. Statistical significance is indicated.]FIGURE 1 | Effect of NaHS on the hippocampal necroptosis of CUMS-exposed rats. Rats were exposed to CUMS for 4 weeks and treated with NaHS (30, 100 μmol/kg, i.p.) for 2 weeks. The expressions of p-RIPK3, p-RIPK3 (A), p-RIPK1, p-RIPK1 (B), p-MLKL, and MLKL (C) in the hippocampus of rats were measured by Western blotting. Values are expressed as mean ± SEM (n = 3–5/group). **P < 0.01, ***P < 0.001, versus the control group; ##P < 0.01, ###P < 0.001, versus the CUMS-exposed group.3.2 H2S alleviated the hippocampal neuroinflammation of CUMS-exposed rats
It is well known that necroptosis is a pro-inflammatory form of cell death. Next, we will explore the effect of H2S on the neuroinflammation in the hippocampus of CUMS-exposed rats. ELISA results showed that NaHS treatment increased the levels of anti-inflammatory factors, including IL-4 (Figure 2A) and IL-10 (Figure 2B), while decreasing the levels of pro-inflammatory factors, including TNF-α (Figure 2C), IL-1β (Figure 2D), and IL-6 (Figure 2E) in the hippocampus of CUMS-exposed rats. These results suggest that H2S exerts an alleviating effect on neuroinflammation in the hippocampus of CUMS-exposed rats.
[image: Bar graphs show the effects of NaHS on cytokine levels in CUMS-induced mice. Panels A and B display anti-inflammatory cytokines IL-4 and IL-10, with higher levels observed without CUMS and with NaHS treatment. Panels C, D, and E depict pro-inflammatory cytokines TNF-α, IL-1β, and IL-6, showing elevated levels with CUMS and reduced levels upon NaHS treatment. Data indicates NaHS mitigates CUMS effects.]FIGURE 2 | Effect of NaHS on the hippocampal neuroinflammation of CUMS-exposed rats. Rats were exposed to CUMS for 4 weeks and treated with NaHS (30, 100 μmol/kg, i.p.) for 2 weeks. The levels of IL-4 (A), IL-10 (B), TNF-α (C), IL-1β (D), and IL-6 (E) in the hippocampus of rats were detected by ELISA kits. Values are expressed as mean ± SEM (n = 3–5/group). ***P < 0.001, versus the control group; ###P < 0.001, versus the CUMS-exposed group.3.3 H2S corrected the imbalance of KP in the hippocampus of CUMS-exposed rats
There is increasing evidence that pro-inflammatory cytokines drive the imbalance of KP and are closely associated with depression (Chen et al., 2023). Meanwhile, we have demonstrated that H2S has an alleviating effect on pro-inflammatory cytokine levels in the hippocampus of CUMS-exposed rats. Consequently, we further investigated the effect of H2S on the imbalance of KP in the hippocampus of CUMS-exposed rats. As expected, results showed that NaHS downregulated the expressions of IDO1 (Figure 3A), kynurenine 3-monooxygenase (KMO) (Figure 3B), and 3-hydroxyanthranilic acid 3,4-dioxygenase (3HAO) (Figure 3C), as well as upregulated the expressions of α-amino-β-carboxymuconate-ε-semialdehyde decarboxylase (AMCSD) (Figure 3D) and quinolinic acid phosphoribosyl transferase (QPRT) (Figure 3E) in the hippocampus of CUMS-exposed rats. In addition, LC-MS/MS results show that NaHS reduced the levels of quinolinic acid (QUIN) (Supplementary Figure S2A) and kynurenine (KYN) (Supplementary Figure S2B) and the ratio of KYN/TRP (Supplementary Figure S2C), as well as elevated the levels of melatonin (Supplementary Figure S2D), 3-indolepropionic acid (IPA) (Supplementary Figure S2E), picolinic acid (PIC) (Supplementary Figure S2F), and nicotinamide adenine dinucleotide (NAD+) (Supplementary Figure S2H) in the hippocampus of CUMS-exposed rats. Taken together, these data indicated that H2S corrected the imbalance of KP in the hippocampus of CUMS-exposed rats.
[image: Western blot analysis showing the effects of NaHS on different proteins in the context of chronic unpredictable mild stress (CUMS). Panels A to E present results for IDO1, KMO, 3HAO, ACMSD, and QPRT, respectively. Each panel includes blots and corresponding bar graphs indicating protein expression levels normalized to controls. NaHS is tested at concentrations of 0, 30, and 100 micromoles per kilogram in the presence or absence of CUMS. The results demonstrate varying impacts of NaHS on protein expression, with significant differences marked by asterisks and hashes.]FIGURE 3 | Effect of NaHS on the imbalance of KP in the hippocampus of CUMS-exposed rats. Rats were exposed to CUMS for 4 weeks and treated with NaHS (30, 100 μmol/kg, i.p.) for 2 weeks. The expression of IDO1 (A), KMO (B), 3HAO (C), ACMSD (D), and QPRT (E) in the hippocampus of rats was measured by Western blotting. Values are expressed as mean ± SEM (n = 3/group). **P < 0.01, ***P < 0.001, versus the control group; ##P < 0.01, ###P < 0.001, versus the CUMS-treated group.3.4 Overexpressing IDO1 in the hippocampus blocks H2S to correct the imbalance of KP in the hippocampus of CUMS-exposed rats
To investigate the mediatory role of correcting the imbalance of KP in H2S-attenuated depressive-like behavior in CUMS-exposed rats, we should further detect whether abolishing H2S to correct the KP imbalance by overexpressing hippocampal IDO1 reverses the ameliorating role of H2S in the depressive-like behaviors of CUMS-exposed rats. Firstly, we confirm whether overexpressing IDO1 in the hippocampus abolishes H2S to correct the imbalance of KP in the hippocampus of CUMS-exposed rats. We found that the injection of AAV-IDO1 in the hippocampus upregulated the IDO1 expression (Figure 4A) and reversed the decreased effect of NaHS (100 μmol/kg) on the ratio of KYN/TRP (Figure 4B) and the levels of QUIN (Figure 4C) and 3-hydroxy-kynurenine (3-HK) (Figure 4D) and the increased effect of NaHS on the levels of 5-hydroxy-L-Tryptophan (Figure 4E), kynurenate acid (Figure 4F), and PIC(Figure 4G) in the hippocampus of CUMS-exposed rats. These results indicated that overexpressing IDO1 in the hippocampus abolished H2S to correct the imbalance of KP in the hippocampus of CUMS-exposed rats.
[image: Western blot and bar graphs analyze the impact of NaHS on IDO1 expression and several metabolites in CUMS-induced conditions. Panel A shows IDO1 protein levels. Panels B to H present bar graphs of IDO1/tubulin ratios, kynurenine/tryptophan ratios, quinolinic acid, 3-hydroxy-L-kynurenine, 5-hydroxy-L-tryptophan, kynurenate acid, and picolinic acid, respectively. Groups are treated with vector or IDO1 overexpression plasmid, CUMS, and varying NaHS doses. Significant variations are marked by symbols for statistical differences.]FIGURE 4 | Effect of AAV-IDO1 on NaHS-correcting the imbalance of kynurenine metabolism in the hippocampus of CUMS-exposed rats. The expression of IDO1 (A) in the hippocampus of rats was measured by WB. The concentrations of KYN/TRP (B), QUIN (C), 3-HK (D), 5-hydroxy-L-Tryptophan (E), kynurenate acid (F), and PIC (G) in the hippocampus of rats were measured by LC-MS/MS. The KYN/TRP (H) ratio represents IDO1 activity. Values are expressed as mean ± SEM (n = 3/group). **P < 0.01, ***P < 0.001 versus the vector group; #P < 0.05, ##P < 0.01, ###P < 0.001, versus co-treated with CUMS and vector group; &&P < 0.01, &&&P < 0.001, versus co-treated with CUMS, NaHS, and vector group.3.5 Overexpressing IDO1 in the hippocampus abolishes the inhibitory effects of H2S on the depressive-like behaviors of CUMS-exposed rats
Next, we investigated whether overexpressing hippocampal IDO1 reverses the antidepressant-like role of H2S in CUMS-exposed rats. Injection of AAV-IDO1 in the hippocampus decreased the center time in the OFT in the rats cotreated with CUMS and NaHS (Figure 5A). However, three are no significant differences for total distance among groups in the OFT, which exclude the potential effect of motor ability on the experimental results (Figure 5B). In the SPT, injection of AAV-IDO1 in the hippocampus reduced the sucrose preference in the rats cotreated with CUMS and NaHS (Figure 5C). In the NSFT, injection of AAV-IDO1 in the hippocampus increased the latency to feed in the rats cotreated with CUMS and NaHS (Figure 5D), but did not influence the food consumption among groups (Figure 5E). In the TST, injection of AAV-IDO1 in the hippocampus prolonged the immobility time in the rats cotreated with CUMS and NaHS (Figure 5F). In the FST, we found that injection of AAV-IDO1 in the hippocampus increased the immobility time (Figure 5G) and decreased significantly the climbing time (Figure 5H) in the rats cotreated with CUMS and NaHS, but there is no difference for swimming time among groups (Figure 5I). Taken together, these data indicated that overexpressing IDO1 in the hippocampus abolished H2S to attenuate the depressive-like behaviors of CUMS-exposed rats.
[image: Bar graphs illustrating various behavioral tests following CUMS and NaHS treatment in Vector and IDO@F groups. Panels A-C show OFT and SPT tests, with center time, total distance, and sucrose preference. Panels D-F depict NFST and TST tests, with latency to feed, food consumption, and immobility time. Panels G-I show FST results, including immobility, climbing, and swimming times. Different symbols denote statistical significance between groups.]FIGURE 5 | Effect of AAV-IDO1 on NaHS-prevented depressive-like behaviors of CUMS-exposed rats. Rats were injected with Vector or AAV-IDO1 into the hippocampus for once. One week after the injection of AAV-IDO1, rats were exposed to CUMS for 4 weeks and treated with NaHS (100 μmol/kg, i.p.) for 2 weeks. The depressive-like behaviors of rats were evaluated by OFT, SPT, NFST, TST, and FST. In the OFT, the center time (A) and the total distance (B) within 5 min were recorded. In the SPT, the sucrose preference (C) was recorded. In the NFST, the latency to feed (D) and food consumption in 10 min (E) were recorded. In the TST, the immobility time (F) within 5 min was recorded. In the FST, the immobility time (G), climbing time (H), and swimming time (I) within 6 min were recorded. Values are expressed as mean ± SEM (n = 8-15/group). ***P < 0.001 versus the vector group; ##P < 0.01, ###P < 0.001, versus co-treated with CUMS and vector group; &P < 0.05, &&P < 0.01, &&&P < 0.001, versus co-treated with CUMS, NaHS, and vector group.3.6 Overexpressing RIPK3 in the hippocampus reversed the inhibitory effect of H2S on the hippocampal necroptosis of CUMS-exposed rats
To further define whether H2S is dependent on inhibiting hippocampal necroptosis to correct the imbalance of KP and ameliorate the depressive-like behavior, we will explore whether H2S-corrected the imbalance of KP and H2S-ameliorated depression are abolished by overexpressing hippocampal RIPK3 to reverse the inhibitory role of H2S on necroptosis in the hippocampus of CUMS-exposed rats. Firstly, we found that the injection of AAV-RIPK3 in the hippocampus abolished NaHS to decrease the number of necrotic neurons (Supplementary Figure S3) and to downregulate the expression of RIPK3, p-RIPK3 (Figure 6A), p-RIPK1 (Figure 6B), and p-MLKL (Figure 6C) in the hippocampus of CUMS-exposed rats, demonstrating that hippocampal RIPK3 overexpression reverses the inhibitory effect of H2S on necroptosis in the hippocampus of CUMS-exposed rats.
[image: Western blot analysis displays protein expression levels in three panels: A, B, and C. Each panel features various proteins, compared under conditions with or without NaHS and CUMS for both vector and RIPK3^OE groups. Protein bands include p-RIPK3, RIPK3, p-RIPK1, RIPK1, p-MLKL, MLKL, and GAPDH, with corresponding bar graphs for densitometric analysis on the right. Statistical significance is indicated by symbols such as asterisks and hashtags.]FIGURE 6 | Effect of AAV-RIPK3 on NaHS-inhibiting necroptosis in the hippocampus of CUMS-exposed rats. Rats were injected with Vector or AAV-RIPK3 into the hippocampus once. One week after the injection of AAV-RIPK3, rats were exposed to CUMS for 4 weeks and treated with NaHS (100 μmol/kg, i.p.) for 2 weeks. The expressions of RIPK3 and p-RIPK3 (A), RIPK1 and p-RIPK1 (B), as well as MLKL and p-MLKL (C) in the hippocampus of rats were measured by WB. **P < 0.01, ***P < 0.001 versus the vector group; #P < 0.05, ##P < 0.01, versus co-treated with CUMS and vector group; &P < 0.05, &&P < 0.01, &&&P < 0.001, versus co-treated with CUMS, NaHS, and vector group.3.7 Overexpressing RIPK3 in the hippocampus reversed the anti-neuroinflammatory role of H2S in the hippocampus of CUMS-exposed rats
To investigate whether the anti-neuroinflammatory role of H2S in the hippocampus of CUMS-exposed rats relies on the inhibition of hippocampal necroptosis, we next explored whether the injection of AAV-RIPK3 in the hippocampus abolishes H2S to alleviate the hippocampal neuroinflammation of CUMS-exposed rats. As exhibited in Figure 7, overexpressing RIPK3 in the hippocampus blocked H2S to increase the levels of anti-inflammatory cytokines, IL-4 (Figure 7A) and IL-10 (Figure 7B), as well as to reduce the levels of pro-inflammatory cytokines, TNF-α (Figure 7C), IL-1β (Figure 7D), and IL-6 (Figure 7E), in the hippocampus of CUMS-exposed rats. Taken together, these data demonstrated that RIPK3 overexpression in the hippocampus reverses the alleviating effect of H2S on neuroinflammation in the hippocampus of CUMS-exposed rats.
[image: Bar graphs showing levels of anti-inflammatory cytokines IL-4 and IL-10, and pro-inflammatory cytokines TNF-alpha, IL-1beta, and IL-6. Data compares control and treatment groups using NaHS in different conditions, with statistical significance marked by asterisks and hashtags.]FIGURE 7 | Effect of AAV-RIPK3 on NaHS-inhibited neuroinflammation in the hippocampus of CUMS-exposed rats. The levels of IL-4 (A), IL-10 (B), TNF-α (C), IL-1β (D), and IL-6 (E) in the hippocampus of rats were detected by ELISA kits.**P < 0.01, ***P < 0.001 versus the vector group; #P < 0.05, ###P < 0.001, versus co-treated with CUMS and vector group; &P < 0.05, &&P < 0.01, &&&P < 0.001, versus co-treated with CUMS, NaHS, and vector group.3.8 Overexpressing RIPK3 in the hippocampus reversed H2S to correct the imbalance of KP in the hippocampus of CUMS-exposed rats
We further tested whether enhancing necroptosis via overexpressing hippocampal RIPK3 abolishes the role of H2S in correcting the hippocampal imbalance of KP in the CUMS-exposed rats. In this study, we found that the injection of AAV-RIPK3 in the hippocampus reversed H2S to downregulate the expressions of IDO1 (Figure 8A), KMO (Figure 8B), and 3HAO (Figure 8C), as well as to upregulate the expressions of ACMSD (Figure 8D) and QPRT (Figure 8E), in the hippocampus of CUMS-exposed rats. In addition, the injection of AAV-RIPK3 in the hippocampus blocked H2S to increase the levels of melatonin (Supplementary Figure S4A), serotonin (Supplementary Figure S4B), IPA (Supplementary Figure S4C), NAD+ (Supplementary Figure S4D), and PIC (Supplementary Figure S4E), as well as to decrease the level of N-formyl-kynurenine (Supplementary Figure S4F) and the ratio of KYN/TRP (Supplementary Figure S4G), in the hippocampus of CUMS-exposed rats. These results demonstrated that overexpressing hippocampal RIPK3 abolished H2S to correct the hippocampal imbalance of KP in the CUMS-exposed rats.
[image: Five-panel Western blot analysis showing protein levels under different conditions. Panels A to E depict results for IDO1, KMO, 3HAO, ACMSD, and QPRT proteins, respectively, against β-tubulin or GAPDH as controls. Each panel compares protein expression for Vector and RIPK3^OE with NaHS treatment at doses of 0 or 100 µmol/kg, with or without CUMS. Corresponding bar graphs indicate fold changes relative to control, showing statistical significance with asterisks or hash symbols. Bands and graphs demonstrate differential protein expression influenced by the treatment conditions.]FIGURE 8 | Effect of AAV-RIPK3 on NaHS-correcting the imbalance of KP in the hippocampus of CUMS-exposed rats. The expression of IDO1 (A), KMO (B), 3HAO (C), ACMSD (D), and QPRT (E) in the hippocampus of rats was measured by WB. Values are expressed as mean ± SEM (n = 3/group). *P < 0.05, ***P < 0.001 versus the vector group; #P < 0.05, ##P < 0.01, ###P < 0.001, versus co-treated with CUMS and vector group; &&P < 0.01, &&&P < 0.001, versus co-treated with CUMS, NaHS, and vector group.3.9 The overexpression of RIPK3 in the hippocampus abolishes the inhibitory effects of H2S on the depressive-like behaviors of CUMS-exposed rats
To confirm whether the antidepressant-like role of H2S is dependent on inhibiting hippocampal necroptosis, we detected the reversed role of the overexpression of hippocampal RIPK3 in H2S-inhibited depressive-like behaviors in the CUMS-exposed rats. Injection of AAV-RIPK3 in the hippocampus decreased the center time in the OFT in the rats cotreated with CUMS and NaHS (Figure 9A). However, there are no significant differences in total distance among groups in the OFT (Figure 9B), which excludes the potential effect of motor ability on the experimental results. In addition, injection of AAV-RIPK3 in the hippocampus reduced the sucrose preference in the SPT in the rats cotreated with CUMS and NaHS (Figure 9C). Injection of AAV-RIPK3 in the hippocampus prolonged the latency to feed in the NSFT in the rats cotreated with CUMS and NaHS (Figure 9D), but did not influence the food consumption among groups (Figure 9E). In the TST, injection of AAV-RIPK3 in the hippocampus increased the immobility time in the rats cotreated with CUMS and NaHS (Figure 9F). In the FST, we also found that injection of AAV-RIPK3 in the hippocampus increased the immobility time (Figure 9G) and decreased significantly the climbing time (Figure 9H) in the rats cotreated with CUMS and NaHS, but there is no difference for swimming time among groups (Figure 9I). Taken together, these data indicated that overexpressing hippocampal RIPK3 blocked H2S to ameliorate the depressive-like behaviors of CUMS-exposed rats.
[image: Nine bar graphs depict results from behavioral tests under different conditions. Graphs A and B show open field test data with center time and total distance. Graph C presents sucrose preference from the sucrose preference test. Graphs D and E display latency to feed and food consumption from the novelty-suppressed feeding test. Graph F shows immobility time from the tail suspension test. Graphs G, H, and I illustrate immobility, climbing, and swimming time from the forced swim test. Conditions include variations in CUMS, NaHS, and genetic vector. Significant differences are indicated by asterisks and symbols.]FIGURE 9 | Effect of AAV-RIPK3 on NaHS-prevented CUMS-induced depressive-like behaviors of rats. The depressive-like behavior of rats was evaluated by OFT, SPT, NFST, TST, and FST. In the OFT, the center time (A) and total distance (B) within 5 min (min) were recorded. In the SPT, the sucrose preference (C) was recorded. In the NFST, the latency to feed (D) and food consumption in 10 min (E) were recorded. In the TST, the immobility time (F) within 5 min was recorded. In the FST, the immobility time (G), climbing time (H), and swimming time (I) within 6 min were recorded. Values are expressed as mean ± SEM (n = 8-15/group). **P < 0.01, ***P < 0.001 versus the vector group; #P < 0.05, ##P < 0.01, ###P < 0.001, versus co-treated with CUMS and vector group; &P < 0.05, &&P < 0.01, &&&P < 0.001, versus co-treated with CUMS, NaHS, and vector group.3.10 Inhibiting hippocampal necroptosis ameliorates depressive-like behaviors in CUMS-exposed rats
To further confirm whether inhibiting necroptosis is capable of ameliorating depression, we will explore whether GSK872, a RIPK3 inhibitor, ameliorates the depressive-like behavior of CUMS-exposed rats. Intracerebroventricular (i.c.v) injection of GSK872 increased the center time of CUMS-exposed rats (Figure 10A). However, there are no significant differences for total distance among groups in the OFT (Figure 10B), which excludes the potential effect of motor ability on the experimental results. In addition, GSK872 increased the sucrose preference in the SPT (Figure 10C) and reduced the latency to feed in the NSFT (Figure 10D) in the CUMS-exposed rats, but did not influence the food consumption among groups (Figure 10E). In the TST, injection of GSK872 decreased the immobility time of CUMS-exposed rats(Figure 10F). We also found that GSK872 reduced the immobility time (Figure 10G) and increased the climbing time (Figure 10H) in the CUMS-exposed rats in the FST. Still, there is no difference in swimming time among all groups (Figure 10I). Collectively, these results suggest that inhibiting necroptosis ameliorates the depressive-like behaviors in CUMS-exposed rats.
[image: Bar graphs displaying results from behavioral tests on groups treated with Vehicle or GSK'872 under conditions of Control (Con) and Chronic Unpredictable Mild Stress (CUMS). Panels show: A - Center time in Open Field Test (OFT), B - Total distance in OFT, C - Sucrose preference in Sucrose Preference Test (SPT), D - Latency to feed in Novelty Suppressed Feeding Test (NFST), E - Food consumption in NFST, F - Immobility time in Tail Suspension Test (TST), G - Immobility time in Forced Swim Test (FST), H - Climbing time in FST, I - Swimming time in FST. Statistical significance is indicated with symbols.]FIGURE 10 | Effect of GSK872 on the depressive-like behaviors of CUMS-exposed rats. After 2 weeks of CUMS, rats were co-treated with GSK872 (25 mM, 1 ul, i.c.v) for 2 weeks. The depressive-like behaviors of rats were evaluated by OFT, SPT, NFST, TST, and FST. In the OFT, the center time (A) and total distance (B) within 5 (min) were recorded. In the SPT, the sucrose preference (C) was recorded. In the NFST, the latency to feed (D) and food consumption in 10 min (E) were recorded. In the TST, the immobility time (F) within 5 min was recorded. In the FST, the immobility time (G), climbing time (H), and swimming time (I) within 6 min were recorded. Values are expressed as mean ± SEM (n = 8–10/group). *P < 0.05, ***P < 0.001, versus the control group; #P < 0.05, ###P < 0.001, versus the CUMS treated group.4 DISCUSSION
We have previously demonstrated that H2S exerts an antidepressant-like effect on CUMS-exposed rats, but the underlying mechanisms are not yet fully understood. In this study, we aimed to explore whether suppressing the axis of necroptosis-neuroinflammation-KP imbalance in the hippocampus mediates the antidepressant-like role of H2S. We first demonstrated that H2S attenuated the levels of necroptosis and neuroinflammation and corrected the KP imbalance in the hippocampus of CUMS-exposed rats. Next, we revealed that the overexpression of IDO1 to abolish the correcting effect of H2S on the hippocampal KP imbalance reversed the attenuating effects of H2S on depressive-like behaviors in the CUMS-exposed rats. Furthermore, overexpression of RIPK3 abolished the inhibitory effect of H2S on hippocampal necroptosis. This reversal, in turn, blocked the beneficial effects of H2S, including the attenuation of depressive-like behaviors and neuroinflammation and the correction of KP imbalance in the hippocampus. These findings suggest that the antidepressant-like effects of H2S are dependent on suppressing the axis of hippocampal necroptosis-neuroinflammation-KP imbalance.
There is increasing evidence that neuroinflammation is closely associated with the onset of depression (Guo et al., 2023; Meyer et al., 2020; H. Yao et al., 2023). Preclinical and clinical studies have shown that the treatment of anti-inflammatory drugs positively attenuates depressive symptoms (Z.-Y. Cao et al., 2020; W. Li et al., 2021). It has been confirmed that H2S plays an important in the attenuation of neuroinflammation (T.-T. Li et al., 2022; X. Li et al., 2023; Y. Zhao et al., 2024), but the attenuating effect of H2S on neuroinflammation in the hippocampus of CUMS-exposed rats remains indefinite. Our study has shown that the treatment of NaHS reduced the levels of pro-inflammatory factors and increased the levels of anti-inflammatory factors in the hippocampus of CUMS-exposed rats, suggesting that the antidepressant role of H2S is associated with the attenuation of hippocampal neuroinflammation.
It was recently reported that necroptosis, programmed cell death, has been recognized as a pro-inflammatory form of cell death (Heckmann et al., 2019; Yu et al., 2021), which has been implicated in the pathogenesis of central nervous system disease (Ito et al., 2016; Thadathil et al., 2021; Yuan et al., 2019). It is worth noting that cystine deprivation, resulting in the decrease of H2S level, triggers necroptosis (Tang et al., 2016). Therefore, examining whether H2S attenuates neuroinflammation by inhibiting hippocampal necroptosis is interesting. Our study found that the treatment of NaHS inhibited the necroptosis in the hippocampus of CUMS-exposed rats. Of note, the treatment of NaHS only decreased the total protein levels of RIPK3 in the hippocampus of CUMS-exposed rats but did not influence the total protein levels of RIPK1 and MLKL in the hippocampus of CUMS-exposed rats. Furthermore, overexpressing hippocampal RIPK3 via injecting AAV-RIPK3 reversed the attenuated effect of NaHS on depressive-like behavior and the inhibited effect of H2S on necroptosis-mediated neuroinflammation, indicating that the inhibited effect of H2S on necroptosis is dependent on the decrease of RIPK3. Finally, we demonstrated that the inhibition of necroptosis by the injection of GSK872, a selective RIPK3 inhibitor, alleviated depressive-like behaviors of rats. Moreover, it has been previously reported that the inhibition of necroptosis alleviates depressive-like behaviors of mice (Sun et al., 2022), suggesting that inhibiting necroptosis is an important target for the treatment of depression. Further supporting our results, other studies have identified additional molecular mechanisms underlying the antidepressant effects of H2S in models of diabetes and inflammation, including the reduction of ferroptosis and neuroinflammation (Wang et al., 2021), and inhibition of the NF-κB/NLRP3 inflammasome and pyroptosis, along with the preservation of mitochondrial function in the hippocampus (Bao et al., 2023). Taken together, these results suggested that H2S is dependent on inhibiting hippocampal necroptosis to attenuate the hippocampal neuroinflammation and depressive-like behaviors in CUMS-exposed rats and identified RIPK3 as a potential therapeutic target for depression.
Emerging evidence suggests that inflammation triggered the KP imbalance via enhancing the expressions of KP-related rate-limiting enzymes (Mithaiwala et al., 2021; Schwieler et al., 2015; Zunszain et al., 2012). KP imbalance resulting from the overactivation of KP-related rate-limiting enzymes usually is accompanied by elevated levels of neurotoxic metabolites, quinolinic acid (QUIN), and diminished levels of neuroprotective metabolites, serotonin, melatonin, and picolinic acid (PA) (Fujigaki et al., 2017; Hestad et al., 2022; Paul et al., 2022; Yan et al., 2015). KP imbalance is widely acknowledged as an important pathological mechanism of depression (Deng et al., 2021; Joisten et al., 2021; Paul et al., 2022), indicating that the correction of KP imbalance is an effective approach to the prevention and treatment of depression. Given the inhibiting effect of H2S on necroptosis-mediated neuroinflammation and the activating effect of inflammation on KP imbalance, we investigated the effect of H2S on the KP imbalance in the hippocampus of CUMS-exposed rats. In this study, we found that H2S increased the level of melatonin, IPA, PA, and NAD+ and decreased the level of QUIN, KYN, and the ratio of KYN/TRP via downregulating the expressions of IDO1, KMO, and 3HAO and upregulating the expressions of AMCSD and QPRT in the hippocampus of CUMS-exposed rats. In addition, overexpressing IDO1 in the hippocampus reversed the attenuating effect of H2S on depressive-like behaviors and the correcting effect of H2S on KP imbalance in CUMS-exposed rats. Consistent with our finding, it has been confirmed that decreasing the level of QUIN (Schwieler et al., 2016) or increasing the level of melatonin, IPA, PA, and NAD+ contributes to attenuating depressive symptoms (Aarsland et al., 2019; Ali et al., 2020; D. Yao et al., 2023; Zhang et al., 2022). Our results, which show that H2S negatively regulates the kynurenine pathway, are in line with a previous study that H2S suppresses the expression of IDO1 in murine hepatocellular carcinoma (D. Yang et al., 2019). This consistency across different disease models underscores the fundamental role of H2S in modulating KP activity. Furthermore, we also found that the enhancement of necroptosis-mediated neuroinflammation via overexpressing RIPK3 in the hippocampus reversed the correcting role of H2S in KP imbalance in the hippocampus of CUMS-exposed rats. Thus, our findings provide compelling evidence that H2S attenuates depressive-like behavior of CUMS-exposed rats, which relies on inhibiting the axis of necroptosis-neuroinflammation-KP imbalance.
While our results demonstrate the efficacy of H2S in alleviating neuroinflammation and correcting KP imbalance, it is vital to consider its potential advantages compared to other anti-inflammatory strategies. Unlike monoclonal antibodies or NSAIDs that often target a single cytokine or pathway, H2S, as an endogenous gasotransmitter, exerts pleiotropic effects across multiple interconnected pathways, including necroptosis, cytokine production, and enzymatic activity within the KP. This multifaceted action may prove more suitable for treating the complex pathophysiology of depression. Furthermore, while general anti-inflammatory drugs may indirectly affect the KP by reducing pro-inflammatory cytokines that drive IDO1 expression, our study provides direct evidence that H2S specifically modulates this pathway, potentially through a mechanism that suppresses upstream hippocampal necroptosis, positioning H2S as a unique therapeutic candidate capable of simultaneously targeting the core pathological axis of neuroinflammation and metabolic dysregulation in depression.
In summary, the present work demonstrated that CUMS stress triggers hippocampal necroptosis, which leads to the release of pro-inflammatory cytokines, thereby instigating neuroinflammation, and these pro-inflammatory cytokines are known potent inducers of IDO1, shifting the KP towards the neurotoxic branch and causing KP dysregulation. Importantly, H2S acts at the apex of this cascade of necroptosis-neuroinflammation-KP imbalance. Our data demonstrate that H2S blocks the initiation of necroptosis. This upstream intervention point allows H2S to effectively “sever” the entire pathological axis, simultaneously alleviating neuroinflammation and correcting KP imbalance, which is strongly supported by the evidence that the RIPK3 overexpression restored the necroptosis in the presence of H2S and reversed all beneficial effects of H2S. This finding provides compelling evidence that the regulatory role of H2S on inflammation and the KP depend on its necroptosis inhibition. Accordingly, this study provided a solid theoretical basis for establishing H2S as a new approach to prevent and treat depression, emphasizing the axis of necroptosis-neuroinflammation-KP imbalance as a promising therapeutic target for the prevention and treatment of depression.
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