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Oxidative stress and inflammation combine to exacerbate cochlear damage and sensorineural hearing loss in C57BL/6 mice
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Background: Sensorineural hearing loss (SNHL) is among the most common sensory disorders, significantly affecting various aspects of the quality of life of an individual. Oxidative stress and inflammation have been involved in the progression of various forms of SNHL and are potential pathological mechanisms of the disorder. However, the synergistic effects of oxidative stress and inflammation on cochlear function is not completely understood.

Methods: We explored the effects of oxidative stress and inflammation on cochlear damage and hearing impairment in male C57BL/6 mice aged 6 to 7 weeks. These in the experimental group were administered with oxidant Menadione bisulfite (MD) and the endotoxin lipopolysaccharide (LPS) via intraperitoneal route to induce oxidative stress and inflammation, whereas the control group received saline. The degree of cochlear damage was analyzed based on auditory thresholds, hair cells (HCs) loss, and the expression of protein markers related to oxidative stress, inflammation, necroptosis, and ferroptosis.

Results: After six days of alternating MD and LPS injections, there was a notable elevation in hearing thresholds, which was associated with a substantial loss of HCs and spiral ganglion cells. Immunofluorescence analysis demonstrated the activation of oxidative stress, inflammation, necroptosis, and ferroptosis signaling pathways after treatment. Notably, the administration of either MD or LPS alone did not result in significant changes.

Conclusion: These findings indicate that the interaction between oxidative stress and inflammation may exacerbate cochlear damage and contribute to hearing loss, potentially through the activation of necroptosis and ferroptosis pathways. Our results may identify potential therapeutic targets for the management of SNHL.
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1 Introduction

Sensorineural hearing loss (SNHL) is recognized as one of the most prevalent sensory disorders (Géléoc and Holt, 2014). This refers to a type of hearing impairment that arises from damage to various elements of the auditory pathway, which encompasses structures from the inner ear to the auditory cortex (Wong and Ryan, 2015). This damage disrupts the function of inner ear structures. There are various forms of SNHL, including sudden deafness, age-related hearing loss (ARHL), noise-induced hearing loss (NIHL), rug-induced hearing loss, infectious hearing loss, and congenital hearing loss (Nieman and Oh, 2020). Globally, the incidence of SNHL has been steadily increasing, with approximately 1.57 billion individuals affected in 2019; projections indicate a rise to 2.45 billion individuals by 2050 (GBD 2019 Hearing Loss Collaborators, 2021). Sensorineural hearing loss significantly impacts various dimensions of an individual’s life, including emotional, psychological, social, and economic aspects (Theunissen et al., 2014). Research indicates that SNHL is a multifactorial disease influenced by various mechanisms. Recent molecular investigations have demonstrated that the initiation of SNHL is significantly associated with processes such as apoptosis, genetic mutations, autophagy, oxidative stress, and immune-inflammatory responses (Lasak et al., 2014; Cunningham and Tucci, 2017). SNHL is linked to a variety of etiological factors, with reactive oxygen species (ROS) and inflammatory cytokines playing particularly significant roles in the pathophysiology of this condition (Sagi and Stankovic, 2022).

Numerous studies have established that oxidative stress plays a substantial role in the development of SNHL (Sagi and Stankovic, 2022). The cochlea, essential for auditory functioning, exhibits increased susceptibility to oxidative stress as a result of its elevated metabolic requirements (Tan and Song, 2023). Adverse factors associated with SNHL impair the antioxidant defense mechanisms of cochlear hair cells (HCs) by inducing mitochondrial dysfunction and promoting the accumulation of ROS. This oxidative stress induces apoptosis and inflammation, resulting in irreversible cochlear degeneration and death of HCs (Maniaci et al., 2024). In ARHL, ROS production increases with advancing age, with ROS-induced damage to mitochondrial DNA (mtDNA) leading to reduced antioxidant capacity of the cochlear HCs and impairment of mitochondrial function, thereby facilitating the progression of hearing loss (Fujimoto and Yamasoba, 2014). Exposure to high levels of noise enhances ROS production in the cochlea and diminishes cochlear blood flow, which exacerbates ROS production and contributes to NIHL (Henderson et al., 2006; Maulucci et al., 2014; Shi, 2016). Clinically, ototoxic drugs such as cisplatin, carboplatin, and aminoglycoside antibiotics are established causes of irreversible hearing loss. These ototoxic substances primarily produce ROS via the apoptotic pathway, resulting in damage to HCs within the organ of Corti (Jiang et al., 2017; Sheth et al., 2017). Notably, various studies have demonstrated that antioxidants, including glutathione, cysteine, vitamin E, D-methionine, and methionine, alleviate oxidative damage caused by ROS, reduce mtDNA mutations in animal models, and improve hearing outcomes (Seidman and Babu, 2003; Lynch and Kil, 2005; Heman-Ackah et al., 2010; Oishi and Schacht, 2011; Delhez et al., 2020). The accumulation of ROS in the cochlea triggers the release of inflammatory cytokines, which further exacerbate cochlear damage (Sagi and Stankovic, 2022).

Previous studies have demonstrated that immune and inflammatory responses play significant roles in various forms of SNHL, with anti-inflammatory therapies proving effective in restoring hearing. Research has established an association between systemic inflammation and age-related diseases, revealing inflammatory and immune responses as critical mechanisms in the onset and progression of ARHL (Shi, 2016). Similarly, in NIHL, exposure to noise can trigger an inflammatory response, leading to elevated levels of inflammatory mediators (Mogi et al., 1982). Additionally, the pathophysiology of sudden sensorineural hearing loss is associated with viral infections and immune-mediated mechanisms (Mogi et al., 1985). The immunomodulatory effects of corticosteroids have been extensively investigated and they remain the primary treatment for SNHL (Spear and Schwartz, 2011). A prospective, randomized controlled trial comprising 116 patients with rapidly progressive bilateral SNHL found that 57% of patients under a one-month course of corticosteroid therapy experienced improved hearing outcomes (Zeitoun et al., 2005).

Numerous studies have demonstrated that oxidative stress and inflammation are intricately linked to the progression of various forms of SNHL and the subsequent damage to the inner ear structures, which represent common pathological features (Mathews and Kumar, 2003). However, the synergistic effects of inflammation and oxidative stress on the cochlea remain incompletely understood. In this study, we used the oxidant menadione bisulfite (MD) (Ossola et al., 2000) and endotoxin lipopolysaccharide (LPS) to simultaneously induce oxidative stress and inflammation. We then assessed auditory function, HC integrity, and spiral ganglion cell viability after treatment. Additionally, we investigated the potential cell death pathways.



2 Materials and methods


2.1 Animals

Preliminary experiments were conducted across three independent batches to optimize the drug concentration for inducing SNHL. The three pilot batches collectively comprised 11 experimental cohorts (drug-treated) and 11 matched control cohorts, with three mice allocated to each group, yielding a total sample size of 66 mice. In the definitive experimental phase, twenty-four male C57BL/6 mice (6–7 weeks old, 18–21 g) were housed in a specific pathogen-free (SPF) facility at the Experimental Animal Center of Southern Medical University (Guangzhou, China). Animals were maintained on a 12-h light/dark cycle under controlled temperature (20–26°C) and humidity (40–70%) conditions. Food and water were provided ad libitum. All experimental procedures were approved by the Animal Ethics Committee of Southern Medical University (approval number SMUL202311016).



2.2 Experimental procedure

Preliminary experiments conducted to investigate the effects of varying drug concentrations revealed that the administration of different doses of MD (25, 50, 100, 150, 200, 300, and 400 mg/kg) through continuous intraperitoneal (i.p.) injection over a period of 10 days did not lead to a statistically significant elevation in hearing thresholds.(Osswald et al., 1987; Ossola et al., 2000; Ahmad and Srivastava, 2007; Amiti et al., 2019). The administration of a combination of MD (300 mg/kg) and LPS (2 mg/kg) (Ma et al., 2022) via i.p. injection over a period of five days led to the mortality of all experimental subjects, suggesting that the dosage was excessively high and beyond tolerable limits. A reduction in dosage to MD 100, 200, and 300 mg/kg, in conjunction with LPS administered at a dose of 1 mg/kg every other day over a period of 9 days, resulted in observable changes in threshold shifts within the high-dose group (Figure 1). In order to enhance the model’s efficacy, we established the drug concentrations at MD 300 mg/kg and LPS 1 mg/kg, with both agents being administered intraperitoneally on an alternate-day schedule over a duration of six days.
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FIGURE 1
 The auditory brainstem response (ABR) thresholds shift of preliminary experiments. (A) BR threshold shifts across 8, 16, 24, and 32 kHz in C57BL/6 mice treated with MD 200 mg/kg and LPS 1 mg/kg every other day for 9 days measured at 1-, 7-, and 14-day post-treatment intervals. (B) ABR threshold shifts across 8, 16, 24, and 32 kHz in C57BL/6 mice treated with MD 300 mg/kg and LPS 1 mg/kg every other day for 9 days measured at 1-, 7-, and 14-day post-treatment intervals. Statistical significance was determined by one-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant.


The experimental procedure was comprised of a total of 24 male C57BL/6 mice (Figure 2). Prior to the treatment, baseline ABR testing was conducted on all mice to assess normal hearing, functional auricular reflex, and unobstructed external auditory canals. To induce acute oxidative stress, MD was used, while LPS was used to induce inflammation. After application of toe markings, the mice were randomly assigned into four groups: vehicle, MD + LPS, MD, and LPS, with each group comprising six mice. Mice in the MD + LPS group received alternating i.p. injections of MD (300 mg/kg; MedChemExpress, USA, Cat# HY-B1897A) on days 1, 3, and 5, and LPS (1 mg/kg, MedChemExpress, Cat# HY-D1056C2) on days 2, 4, and 6. Mice in the MD group were administered three i.p. injections of MD on days 1, 3, and 5, while receiving three i.p. injections of normal saline (NS) on days 2, 4, and 6. Conversely, the LPS group received LPS injections (days 2, 4, 6) interspersed with NS administration (days 1, 3, 5). The vehicle group received an equal volume of solvent via i.p. injections once daily for 6 days. Following the 6-day i.p. drug administration protocol, one mouse in the MD + LPS group was dead, likely attributable to i.p. administration intolerance. The remaining four experimental groups showed good condition in intake and activity throughout the study period. Longitudinal body weight measurements for all groups are documented in Supplementary Figure 1.
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FIGURE 2
 Experimental procedure of the administration of MD and LPS treatments in C57BL/6 mice. The baseline ABR of mice was measured before treatment. Mice were administered an intraperitoneal injection of vehicle, MD only, LPS only, or a combination of MD and LPS on alternate days for six days. Subsequently, ABR thresholds were recorded at 1d, 7d and 14d after the administration. After the completion of third ABR assessment, all the mice were sacrificed to evaluate the extent of cochlear damage.




2.3 Auditory brainstem response (ABR)

Auditory function was evaluated through the measurement of ABR utilizing a Tucker-Davis Technologies System 3 (TDT 3, Alachua, FL, USA), following the methodology outlined by Su et al. (2024). The ABR testing was performed on all the 24 mice at baseline and on days 1, 7, and 14 after treatment. Before the commencement of testing, the mice were subjected to anesthesia by i.p. injection of 1% pentobarbital sodium (50 mg/kg) and positioned on a heating pad to maintain their body temperature. Subsequently, subdermal needle electrodes were strategically placed at the vertex of the skull to serve as the active electrode, while a reference electrode was positioned beneath the left ear, and a ground electrode was located in the right ear. The ABR responses were recorded at frequencies of 8, 16, 24, and 32 kHz. The mean response to 1,024 stimuli was documented by systematically reducing the sound intensity in increments of 5 dB as it approached the threshold. The threshold was defined as the lowest intensity at which a positive wave could be detected. The sound intensity was systematically reduced from 80 dB SPL to 5 dB SPL in increments of 5 dB until the characteristic brain wave was no longer detectable. The threshold was determined as the lowest stimulus level where a positive wave was evident. All ABR measurements were conducted by the same experimenter in a standard acoustic chamber to ensure consistency and reliability of the results.



2.4 Tissue preparation

Following terminal ABR assessment on 21 days post-treatment initiation, mice were euthanized via pentobarbital sodium (50 mg/kg, i.p.) and decapitation. For cochlear cryosectioning, temporal bones were meticulously dissected to reveal the cochleae. The cochleae were subsequently preserved in a solution of 4% paraformaldehyde (PFA) (Boster Biology Technology, China, AR0030) in 0.01 M phosphate-buffered saline (PBS) at a temperature of 4°C overnight. Following fixation, the cochleae underwent in a 10% solution of sodium ethylenediaminetetraacetic acid (pH 7.4) for three days, followed by incubation in gradient sucrose solutions (10, 20, and 30%) for 24 h each. The cochleae were then embedded in optimal cutting temperature (OCT) compound and sectioned along the cochlear axis using a cryostat (Thermo, USA). Cryosections were cut to a thickness of 10 μm and subsequently preserved at −80°C for subsequent analysis.



2.5 Immunofluorescence of cochlear cryosections

Immunofluorescence procedures were performed in accordance with the methodologies outlined in our previous study (Xiong et al., 2019). In summary, cochlea sections were subjected to an initial incubation in a 3% Triton X-100 solution (Sigma-Aldrich, USA, T8787) in PBS at room temperature for a duration of 30 min. Additionally, the sections were incubated with a 5% goat serum solution (Solarbio, China, SL038) in PBS for one hour at ambient temperature, subsequently followed by three washes, each lasting five minutes with PBS. Subsequently, in a diluent at 4°C for 48 h, the cochlea samples were subjected to incubation with primary antibodies, including anti-4-HNE (1:200, Abcam, UK, ab48506, mouse), anti-IL-1β (1:50, Abcam, AB254360, rabbit), anti-IL-1R1 (1:100, Proteintech Group, USA, #27348-1-AP, rabbit), anti-pNF-κB (1:100, Cell Signaling Technology, USA, #3033T, rabbit), anti-P-RIPK3 (1:100, Cell Signaling Technology, #91702, rabbit), anti-RIPK3 (1:50, Cell Signaling Technology, #95702, rabbit), anti-MLKL (1:100, Proteintech Group, #66675-1-1g, mouse), anti-GPX4 (1:  100, Abcam, ab125066, rabbit), anti-TNF-α (1:200, Proteintech Group, #17590-1-AP, rabbit), anti-iNOS (1:100, Cell Signaling Technology, #13120, rabbit). After thorough washing with PBS, the sections were incubated with Alexa Fluor 594-conjugated donkey anti-mouse IgG (1:  200, Invitrogen, A21203), Alexa Fluor 594-conjugated donkey anti-rabbit IgG (1:  200, Invitrogen, A21206) and Alexa Fluor 488-conjugated donkey anti-mouse IgG (1:  200, Invitrogen, A21202) at a temperature of 4°C overnight, in a dark environment. After further washes with PBS, the sections underwent counterstaining with DAPI (1:  1000, Solarbio, S2110) for 30 min at room temperature. Subsequently, the cochlear samples were examined using a NIKON Confocal Microscope (Nikon-Eclipse-Ti, Japan). Fluorescence quantification was performed by measuring mean intensity in 20 × 20 μm2 ROIs (3 regions/sample) using ImageJ FIJI (v2.3.0), with cochlear sections oriented using Reissner’s membrane as anatomical landmark in accordance with AIMQ guidelines for reproducible microscopy (Schmied et al., 2024). Relative fluorescence intensity was calculated as [(Experimental group mean fluorescence) / (Vehicle-treated control mean)] × 100%, normalized to DAPI counterstain (Solarbio, S2110).



2.6 Cochlear surface preparations

Randomly selected cochleae (n = 3 per group) were dissected immediately after euthanasia via cervical dislocation under pentobarbital anesthesia (50 mg/kg, i.p.). The temporal bones were rapidly excised and immersed in 4% PFA/PBS (Boster Biology Technology, China, AR0030) for 24 h at 4°C. Following three-day decalcification in 10% ethylenediaminetetraacetic acid (pH 7.4), the specimens underwent meticulous microdissection to remove surrounding osseous and membranous tissues, ultimately exposing intact Corti organs for morphological analysis. Then, we cut the auditory epithelium into three turns (the apex, middle, base). The cochlear tissues were subjected to permeabilization using a 0.3% Triton X-100 for 30 min at room temperature. After blocking with a 5% goat serum solution for one hour at ambient temperature, the specimens were incubated with Myosin VIIa antibody (1:100, Bioss, China, #bs-7761R-FITC, rabbit) at 4°C overnight to visualize hair cells. After 3 washes with PBS, the specimens were stained with Alexa Fluor 594-conjugated donkey anti-rabbit IgG (Invitrogen, A21206) for 1 h in the dark at room temperature. Then the specimens were washed and counterstained with DAPI (1:1000, Solarbio, S2110) as described above in the dark for 30 min at room temperature, and examined using a NIKON Confocal Microscope (Nikon-Eclipse-Ti, Japan).



2.7 Hair cell counts

Subsequent to the completion of the third ABR test, we acquired cochlear and prepared cochlear surface preparations as described above. Images were captured by a scale bar of 50 μm with a NIKON confocal microscope (Nikon-Eclipse-Ti, Japan). Hair cells were counted from the apex to the base in order to determine the rate of loss. Subsequently, the percentage of hair cell loss was calculated utilizing a cytocochleogram as described by Müller’s,as analyzed by two-way ANOVA (Viberg and Canlon, 2004).



2.8 Hematoxylin–Eosin (H&E) staining

The 10-μm cochlear sections as described above were initially washed twice with PBS. The sections were then mounted on slides and subjected to hematoxylin staining for a duration of 10 min, after which they were rinsed in running water for 5 min. The cochlear sections underwent counterstaining with eosin for a duration of three minutes. After counterstaining, the slides were dehydrated: by sequentially immersing in 80, 90, and 95% ethanol for 10 s each, and 100% ethanol for 1 min. The slides were then transferred to a fume hood and immersed in xylene solution I for 5 min to enhance full transparency. Following these steps, the slides were then transferred to xylene solution II for an additional 5 min. The slides were then allowed to air dry for 20 min to eliminate any residual xylene, after which they were sealed using neutral resin. The prepared slides were scanned using an optical microscope (Aperio Versa8, LEICA).



2.9 Statistical analysis

Each group of mice was randomly assigned and each staining experiment was replicated at least three times. Descriptive statistics are expressed as means ± SD and analyzed using SPSS software and GraphPad Prism 8 software. To assess differences between two groups, a two-tailed Student’s t-test was employed for pairwise comparisons, while a one-way analysis of variance (ANOVA), accompanied by Tukey’s post hoc test, was utilized for comparisons among multiple groups. For ABR threshold analysis across the four groups, two-way analysis of variance (ANOVA) with Sidak’s post hoc test was performed. A p-value of less than 0.05 was deemed statistically significant.




3 Results


3.1 The combination of MD and LPS promotes hearing loss in C57BL/6 mice

To assess the impact of MD and LPS on auditory function, ABR threshold was assessed 3 times in the four groups of mice over a period of 14 days following administration (Vehicle, MD+LPS, MD, LPS). The ABR thresholds were assessed at frequencies of 8, 16, 24, and 32 kHz, as shown in Figure 3. Prior to administration, no significant differences in ABR thresholds were observed between the experimental group and the control group. The average ABR thresholds shift in the MD + LPS group (n = 5) were significantly increased on day 1 after the 6 days of i.p. drug administration (35.00 ± 19.69 dB at 8 kHz, 46.00 ± 13.87 dB at 16 kHz, 61.00 ± 14.75 dB at 24 kHz, and 67.00 ± 15.65 dB at 32 kHz) relative to the control group (n = 6), as analyzed by two-way ANOVA. However, one mice did not exhibit significant changes at any frequency compared to the baseline characteristics, indicating individual differences variability and suggesting that some mice might resist the effects of both drugs. On day 7, the ABR thresholds shift in the MD + LPS group remained stable compared to day 1 post-administration (39.00 ± 25.35 dB at 8 kHz, 49.00 ± 21.01 dB at 16 kHz, 60.00 ± 18.37 dB at 24 kHz, and 65.00 ± 17.32 dB at 32 kHz). Although the ABR thresholds shift in the MD + LPS group minimally decreased on day 14, significant differences were still observed compared to pre-administration levels (32.00 ± 24.14 dB at 8 kHz, 36.00 ± 24.08 dB at 16 kHz, 54.00 ± 20.74 dB at 24 kHz, and 74.00 ± 8.94 dB at 32 kHz). Conversely, no notable differences in ABR thresholds shift were detected in the MD group (n = 6), or LPS group (n = 6) on days 1, 7, or 14 post-administration. The average ABR thresholds of mice in four groups both prior and following administration, were presented in Supplementary Tables 1–4. The results of this study suggest the combination of 300 mg/kg MD and 1 mg/kg LPS, administered intraperitoneally every other day for 6 days, resulted in permanent hearing impairment, with the overall hearing threshold shift of mice increasing. However, no significant changes were observed in the MD or LPS groups compared to their baseline thresholds. These results indicated that the combination of MD and LPS promotes hearing loss in mice.
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FIGURE 3
 The combination of MD and LPS promotes hearing loss in C57BL/6 mice. ABR threshold shifts across 8, 16, 24, and 32 kHz in C57BL/6 mice treated with MD, LPS, or MD + LPS combination, measured at 1-, 7-, and 14-day post-treatment intervals. The data are shown as individual points and the means ± SD of each group. Statistical significance was determined by two-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant.




3.2 The combination of MD and LPS induces the loss of HCs and spiral ganglion cells

To investigate the morphological and functional changes in the cochlea on day 14 post-administration, we examined the alterations in the number of cochlear HCs by performing immunolabeling of the HCs marker myosin VII and H-E staining on frozen cochlear sections. The results showed that in the MD + LPS group, a significant reduction in outer hair cells (OHCs) was observed in the apex turn of the cochlear when compared to the control group. Additionally, there was a notable loss of both inner hair cells (IHCs) and OHCs in the middle and basal turns, with the loss of hair cells in the basal turn being especially pronounced. Meanwhile, the structure and organization of HCs showed a significant loss and disorganized arrangement compared to the control group (Figures 4A,C). Conversely, a minimal reduction in HC numbers was observed in the MD and LPS groups, with IHCs and OHCs remaining well-organized and structurally intact observing under a microscope. Additionally, spiral ganglion cells, crucial for auditory signal transmission and the precision of auditory function, were affected. The H-E staining analysis revealed a significant reduction in the density of cochlear spiral ganglion cells in the MD + LPS group compared to the control group (Figures 4B,D). While a minimal reduction in spiral ganglion cell density was observed in the MD and LPS groups, this change was significantly less compared to the MD + LPS group. Furthermore, there were not significant morphological alterations in the cochlear vascular structures or spiral ligament between the experimental and control groups (Figure 4E). These morphological alterations indicate that the combination of MD and LPS contributes to the loss of HCs and spiral ganglion cells, subsequently impairing auditory function.
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FIGURE 4
 The combination of MD and LPS induces the loss of HCs and spiral ganglion cells. (A) Immunolabeling of the HC marker myosin VIIa. Confocal microscopy was employed to capture images of whole mounts of HCs in the cochlea (three mice per subgroup). n = 3 for each condition. Scale bar: 50 μm. (B) Representative H&E staining images of spiral ganglion cells in the cochlea for each group at 14 days post-drug administration (three miceper subgroup). n = 3 for each condition. Scale bar: 50 μm. (C) The numbers of three turns and overall ectopic HCs loss in the four groups of cochlea. n = 3 for each condition. Statistical significance was determined by two-way ANOVA. (D) Relative spiral ganglion cells of cochlea in four groups compared to the control group (%). n = 3 for each condition. Statistical significance was determined by two-way ANOVA. (E) Representative images of H&E staining displaying the vascular lines and spiral ligament of the cochlea (three mice per subgroup). n = 3 for each condition. Scale bar: 50 μm. *p < < 0.05; **p < < 0.01; ***p < < 0.001; ns, not significant.




3.3 Activation of oxidative stress and inflammatory signaling in the cochlea

To investigate whether oxidative stress and inflammatory signaling pathways are activated in the cochlea of mice following treatment with MD and LPS, we conducted immunofluorescence staining to determine oxidative stress and inflammatory markers in cochlear sections from C57BL/6 mice treated with vehicle, MD, LPS, or a combination of MD and LPS. Results of the immunofluorescent analysis demonstrated a significant increase in the levels of the oxidative stress marker 4-HNE and inflammatory markers IL-1, IL-1R1, and p-NF-κB in the MD + LPS group compared to the vehicle controls (Figure 5), indicating the upregulation of oxidative stress and inflammatory signaling pathways. In the MD group, the expression of 4-HNE, IL-1R1, and p-NF-κB was moderately elevated compared to the vehicle controls. Similarly, the expression of 4-HNE and IL-1R1 was increased in the LPS group. In addition, the inflammatory markers inducible nitric oxide synthase (iNOS) and tumor necrosis factor-α (TNF-α) were found to be elevated in both the MD + LPS and LPS groups (Supplementary Figure 2). Furthermore, the introduction of the MD drug in the MD + LPS group exacerbated the inflammatory response. These findings indicate that both oxidative stress and inflammatory pathways are activated following MD and LPS administration.
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FIGURE 5
 Oxidative stress and inflammatory signals are activated in cochlear sections after administration. (A) Representative 4-HNE immunofluorescence staining images in the cochlea. The 10 μm frozen sections of cochlea from the MD + LPS, MD, and LPS groups (three mice per subgroup) show enhanced 4-HNE (red) compared to the control mice. Relative fluorescence intensity of 4-HNE. n = 3 for each condition. (B) Representative IL-1 immunofluorescence staining images in the cochlea. The frozen sections of the cochlea in the MD + LPS group show enhanced IL-1 (red) compared to the other groups. Relative fluorescence intensity of IL-1. n = 3 for each condition. (C) Representative IL-1R1 immunofluorescence staining images in the cochlea. The frozen sections of the cochlea in the MD + LPS and LPS groups show enhanced IL-1R1 (red) compared to the other groups. Relative fluorescence intensity of IL-1R1. n = 3 for each condition. (D) Representative p-NF-kB immunofluorescence staining images in the cochlea. The frozen sections of the cochlea in the MD + LPS and MD groups show enhanced p-NF-kB (red) compared to the other groups. Relative fluorescence intensity of p-NF-kB. n = 3 for each condition. The pictures above were taken from the base turn of the cochlea. Sections were counterstained with DAPI (blue) to highlight the nuclei. Scale bar: 100 μm. Statistical significance was determined by two-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant. DAPI, 4′,6-diamidino-2-phenylindole.




3.4 Activation of necroptosis and ferroptosis pathways in C57BL/6 mice

Previous studies have demonstrated that various cell death pathways are associated with HC loss and SNHL. Necroptosis and ferroptosis are forms of regulated cell death, which have been implicated in SNHL. To investigate the relationship between these cell death pathways and oxidative stress and inflammation, we performed immunofluorescence staining of the relevant markers. Immunofluorescent analysis revealed a significant elevation in the necroptosis markers RIPK3, P-RIPK3, and MLKL in the MD + LPS group compared to vehicle controls, with the most significant increase observed in RIPK3 (Figure 6). The fluorescence intensities of these markers were enhanced in the spiral ligament, vascular structures, cochlear structures, and spiral ganglion. Furthermore, the expression of MLKL was slightly increased in the MD and LPS group. Nonetheless, no substantial differences were observed in the immunofluorescence intensity of these markers between the MD, LPS, and control groups. Immunofluorescence staining of the ferroptosis marker glutathione peroxidase 4 (GPX4) revealed a significant decrease in expression levels in the MD + LPS, MD, and LPS groups compared to the vehicle controls. The most pronounced reduction was observed in the MD + LPS group, indicating that oxidative stress and inflammation trigger ferroptosis. Collectively, these results indicate that the combination of oxidative stress and inflammation is associated with the activation of necroptosis and ferroptosis pathways.
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FIGURE 6
 Necroptosis and ferroptosis signaling pathways are activated in cochlear sections after administration. (A) Representative RIPK3 immunofluorescence staining images in the cochlea. The 10 μm frozen sections of cochlea from the MD + LPS group (three mice per subgroup) show enhanced RIPK3 (red) compared to the vehicle controls. Relative fluorescence intensity of RIPK3. n = 3 for each condition. (B) Representative P-RIPK3 immunofluorescence staining images in the cochlea. The frozen sections of the cochlea in the MD + LPS group show enhanced P-RIPK3 (red) compared to the other groups. Relative fluorescence intensity of P-RIPK3. n = 3 for each condition. (C) Representative MLKL immunofluorescence staining images in the cochlea. The frozen sections of cochlea in the MD + LPS, MD and LPS groups show enhanced MLKL (red) compared to the other groups. Relative fluorescence intensity of MLKL. n = 3 for each condition. (D) Representative GPX4 immunofluorescence staining images in the cochlea. The frozen sections of cochlea in the MD + LPS, MD, and LPS groups show decreased GPX4 (red) compared to the vehicle controls. Relative fluorescence intensity of GPX4. n = 3 for each condition.





4 Discussion

Hearing loss constitutes a major public health concern on a global scale, involving complex molecular pathways. Increasing evidence suggests that oxidative stress and inflammation are involved in processes of various forms of SNHL and are likely to be common pathological features. However, the combined effects of oxidative stress and inflammation on cochlear function remain incompletely understood. In this study, we demonstrate that the combination of oxidative stress and inflammation exacerbates cochlear damage, leading to significant hearing impairment.

In this study, we performed a comparative analysis of hearing function, morphological changes, and immunofluorescent staining among four groups of mice. Our results reveal that the combination of MD and LPS results in substantial and permanent hearing loss. Conversely, neither MD nor LPS alone caused a significant increase in the hearing threshold. This observation aligns with those of the research conducted by Ji-Hyun et al., who developed a systemic LPS injection model that could induce hearing loss in NLRP3 mutant mice, while control mice did not exhibit such effects, validating the relevance of our model (Ma et al., 2022). Notably, throughout this study, no substantial cochlear damage or hearing loss was observed with MD or LPS treatment alone. However, prolonged exposure or extended observation periods could reveal potential effects on hearing. These findings indicate that the combination of oxidative stress and inflammation exacerbates cochlear damage and contributes to hearing loss.

Oxidative stress in the cochlea triggers an inflammatory response, resulting in the stimulation of immune cells (Sagi and Stankovic, 2022). Reactive oxygen species activate inflammatory pathways, including mitogen-activated protein kinase (MAPK) and nuclear factor-κB (NF-κB) signaling cascades, resulting in the production of pro-inflammatory cytokines, adhesion molecules, and chemokines (Tan et al., 2016; Ma et al., 2022). These inflammatory mediators extend the inflammatory response, exacerbating HC loss and hearing impairment (Fujioka et al., 2006; Okano et al., 2008). The findings of this study indicate increased expression of inflammatory mediators such as IL-1, IL-1R1, and p-NF-κB in the MD group, compared to the vehicle controls, indicating that oxidative stress induces inflammation. Additionally, activated immune cells produce increased levels of ROS, thereby amplifying a feedback loop that exacerbates cochlear damage (Reuter et al., 2010; Kalinec et al., 2017; Prasad, 2017). Immunofluorescent analysis revealed upregulation of the oxidative stress marker 4-HNE in the LPS group, compared to the vehicle controls, indicating that inflammation induces oxidative stress. These findings indicate that oxidative stress and inflammation may interact synergistically, establishing a self-perpetuating and detrimental cycle.

Ototoxic drugs, noise exposure, and aging are recognized pathogenic factors contributing to hearing loss, leading to auditory damage and the degeneration of HCs. Unfortunately, cochlear HCs in mammals are non-regenerative (Rai et al., 2021; Gill et al., 2024). Research has demonstrated that various cell death pathways are implicated in HC loss, including necroptosis and ferroptosis (Dixon et al., 2014; Yang et al., 2014; Fulda, 2016; Su et al., 2024). Here, we found that the combination of MD and LPS led to the degeneration of HCs and spiral ganglion cells. Additionally, we detected a significant elevation in markers of necroptosis in the cochlea, alongside a significant decrease in the ferroptosis marker GPX4 and an increase in the expression of 4-HNE after the combined treatment of MD and LPS. Several studies have investigated the mitochondrial stress responses in SH-SY5Y cells, the most commonly used neuronal cell line, when subjected to paraquat exposure. These responses are associated with multiple cell death pathways, including necroptosis, ferroptosis, and autophagy (Hirayama et al., 2018). In a sepsis mouse model, exposure to LPS triggered cardiomyocyte contractile dysfunction, oxygen molecules accumulation, apoptosis, necroptosis, and ferroptosis. These pathological responses were mitigated by the administration of oleanolic acid, a mitophagy inducer, as well as through the inhibition of ACSL4 and ferroptosis (Li et al., 2024). These findings suggest that cochlear damage induced by the combined effects of oxidative stress and inflammation is associated with necroptosis and ferroptosis.

Our study is the first time to utilize MD and LPS to induce oxidative stress and inflammation via i.p. injection. The findings suggest that oxidative stress and inflammation may intensify cochlear damage and play a role in the development of hearing loss. It is important to note that the administration of either MD or LPS in isolation did not produce any significant alterations. This may establish a basis for future investigations into the mechanisms and therapeutic approaches for SNHL. Meanwhile, there are some limitations in our experiment. First of all, the administration of drugs via i.p. injection in the context of MD and LPS may result in adverse effects on various organs and systems, as the substances are absorbed into the bloodstream through the abdominal veins. We conducted an investigation to identify the optimal drug concentration by implementing a series of continuous dosing trials. During this process, we monitored the mice’s weight, dietary intake, and activity levels to mitigate the extent of systemic damage. Secondly, we need to further investigate how MD and LPS drugs adversely affect the cochlear spiral ganglion cells, hair cells, resulting in auditory impairment. Finally, our immunofluorescence analysis revealed the activation of necroptosis and ferroptosis in the MD + LPS group. This finding indicates a potential association between oxidative stress and inflammation with the activation of these cell death pathways. However, the precise mechanisms and signaling pathways involved warrant further investigation.



5 Summary and conclusion

In conclusion, we used a combination of MD and LPS to induce oxidative stress and inflammation in C57BL/6 mice. The combination of these two agents exacerbated cochlear damage, activated oxidative stress and inflammatory pathways, and might be related to the activation of necroptosis and ferroptosis. However, single administration of either drug exhibited no significant changes. Our findings highlight potential mechanisms underlying cochlear damage in SNHL and may offer novel insights for the development of effective prevention and treatment strategies.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by the Animal Ethics Committee of Southern Medical University (approval number SMUL202311016). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

ZS: Conceptualization, Data curation, Funding acquisition, Investigation, Methodology, Writing – original draft, Writing – review & editing. YC: Conceptualization, Data curation, Investigation, Methodology, Writing – original draft, Writing – review & editing. YL: Resources, Writing – review & editing. JCa: Resources, Writing – review & editing. JCu: Resources, Writing – review & editing. HC: Resources, Writing – review & editing. QL: Conceptualization, Data curation, Funding acquisition, Project administration, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by grants from the National Natural Science Foundation of China (82101230 and 82171138), the Natural Science Foundation of Guangdong Province, China (2021A1515010957), the National Natural Science Foundation of China (32371044), and the Basic and Applied Basic Research Foundation of Guangdong Province, China (2022B1515120088).



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Correction note

A correction has been made to this article. Details can be found at: 10.3389/fnins.2025.1640349.



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/fnins.2025.1563428/full#supplementary-material



References

 Ahmad, R., and Srivastava, A. K. (2007). Effect of plasmodium yoelii nigeriensis infection on hepatic and splenic glutathione-S-transferase(s) in Swiss albino and db/+ mice: efficacy of mefloquine and menadione in antimalarial chemotherapy. Parasitology 134, 931–938. doi: 10.1017/s003118200700234x 

 Amiti, Tamizhselvi, R., and Manickam, V. (2019). Menadione (vitamin K3) inhibits hydrogen sulfide and substance P via NF-кB pathway in caerulein-induced acute pancreatitis and associated lung injury in mice. Pancreatology 19, 266–273. doi: 10.1016/j.pan.2019.01.012 

 Cunningham, L. L., and Tucci, D. L. (2017). Hearing loss in adults. N. Engl. J. Med. 377, 2465–2473. doi: 10.1056/NEJMra1616601 

 Delhez, A., Lefebvre, P., Péqueux, C., Malgrange, B., and Delacroix, L. (2020). Auditory function and dysfunction: estrogen makes a difference. Cellular Molecular Life Sci. 77, 619–635. doi: 10.1007/s00018-019-03295-y 

 Dixon, S. J., Patel, D. N., Welsch, M., Skouta, R., Lee, E. D., Hayano, M., et al. (2014). Pharmacological inhibition of cystine-glutamate exchange induces endoplasmic reticulum stress and ferroptosis. eLife 3:e02523. doi: 10.7554/eLife.02523 

 Fujimoto, C., and Yamasoba, T. (2014). Oxidative stresses and mitochondrial dysfunction in age-related hearing loss. Oxidative Med. Cell. Longev. 2014:582849. doi: 10.1155/2014/582849 

 Fujioka, M., Kanzaki, S., Okano, H. J., Masuda, M., Ogawa, K., and Okano, H. (2006). Proinflammatory cytokines expression in noise-induced damaged cochlea. J. Neurosci. Res. 83, 575–583. doi: 10.1002/jnr.20764 

 Fulda, S. (2016). Regulation of necroptosis signaling and cell death by reactive oxygen species. Biol. Chem. 397, 657–660. doi: 10.1515/hsz-2016-0102 

 GBD 2019 Hearing Loss Collaborators (2021). Hearing loss prevalence and years lived with disability, 1990-2019: findings from the global burden of disease study 2019. Lancet 397, 996–1009. doi: 10.1016/S0140-6736(21)00516-X 

 Géléoc, G. S., and Holt, J. R. (2014). Sound strategies for hearing restoration. Science 344:1241062. doi: 10.1126/science.1241062 

 Gill, N. B., Dowker-Key, P. D., Hedrick, M., and Bettaieb, A. (2024). Unveiling the role of oxidative stress in Cochlear hair cell death: prospective phytochemical therapeutics against sensorineural hearing loss. Int. J. Mol. Sci. 25:4272. doi: 10.3390/ijms25084272 

 Heman-Ackah, S. E., Juhn, S. K., Huang, T. C., and Wiedmann, T. S. (2010). A combination antioxidant therapy prevents age-related hearing loss in C57BL/6 mice. Otolaryngol. Head Neck Surg. 143, 429–434. doi: 10.1016/j.otohns.2010.04.266 

 Henderson, D., Bielefeld, E. C., Harris, K. C., and Hu, B. H. (2006). The role of oxidative stress in noise-induced hearing loss. Ear Hear. 27, 1–19. doi: 10.1097/01.aud.0000191942.36672.f3 

 Hirayama, N., Aki, T., Funakoshi, T., Noritake, K., Unuma, K., and Uemura, K. (2018). Necrosis in human neuronal cells exposed to paraquat. J. Toxicol. Sci. 43, 193–202. doi: 10.2131/jts.43.193

 Jiang, M., Karasawa, T., and Steyger, P. S. (2017). Aminoglycoside-induced Cochleotoxicity: a review. Front. Cell. Neurosci. 11:308. doi: 10.3389/fncel.2017.00308 

 Kalinec, G. M., Lomberk, G., Urrutia, R. A., and Kalinec, F. (2017). Resolution of Cochlear inflammation: novel target for preventing or ameliorating drug-, noise- and age-related hearing loss. Front. Cell. Neurosci. 11:192. doi: 10.3389/fncel.2017.00192 

 Lasak, J. M., Allen, P., McVay, T., and Lewis, D. (2014). Hearing loss: diagnosis and management. Prim. Care 41, 19–31. doi: 10.1016/j.pop.2013.10.003 

 Li, F. J., Hu, H., Wu, L., Luo, B., Zhou, Y., Ren, J., et al. (2024). Ablation of mitophagy receptor FUNDC1 accentuates septic cardiomyopathy through ACSL4-dependent regulation of ferroptosis and mitochondrial integrity. Free Radic. Biol. Med. 225, 75–86. doi: 10.1016/j.freeradbiomed.2024.09.039 

 Lynch, E. D., and Kil, J. (2005). Compounds for the prevention and treatment of noise-induced hearing loss. Drug Discov. Today 10, 1291–1298. doi: 10.1016/s1359-6446(05)03561-0 

 Ma, J. H., Lee, E., Yoon, S. H., Min, H., Oh, J. H., Hwang, I., et al. (2022). Therapeutic effect of NLRP3 inhibition on hearing loss induced by systemic inflammation in a CAPS-associated mouse model. EBioMedicine 82:104184. doi: 10.1016/j.ebiom.2022.104184 

 Maniaci, A., la Via, L., Lechien, J. R., Sangiorgio, G., Iannella, G., Magliulo, G., et al. (2024). Hearing loss and oxidative stress: a comprehensive review. Antioxidants 13:842. doi: 10.3390/antiox13070842 

 Mathews, J., and Kumar, B. N. (2003). Autoimmune sensorineural hearing loss. Clin. Otolaryngol. Allied Sci. 28, 479–488. doi: 10.1046/j.0307-7772.2003.00738.x 

 Maulucci, G., Troiani, D., Eramo, S. L. M., Paciello, F., Podda, M. V., Paludetti, G., et al. (2014). Time evolution of noise induced oxidation in outer hair cells: role of NAD(P)H and plasma membrane fluidity. Biochim. Biophys. Acta 1840, 2192–2202. doi: 10.1016/j.bbagen.2014.04.005 

 Mogi, G., Kawauchi, H., Suzuki, M., and Sato, N. (1985). Inner ear immunology. Am. J. Otolaryngol. 6, 142–147. doi: 10.1016/s0196-0709(85)80076-4 

 Mogi, G., Lim, D. J., and Watanabe, N. (1982). Immunologic study on the inner ear. Immunoglobulins in perilymph. Arch. Otolaryngol. 108, 270–275. doi: 10.1001/archotol.1982.00790530006003 

 Nieman, C. L., and Oh, E. S. (2020). Hearing loss. Ann. Intern. Med. 173, ITC81–ITC96. doi: 10.7326/AITC202012010 

 Oishi, N., and Schacht, J. (2011). Emerging treatments for noise-induced hearing loss. Expert Opin. Emerg. Drugs 16, 235–245. doi: 10.1517/14728214.2011.552427 

 Okano, T., Nakagawa, T., Kita, T., Kada, S., Yoshimoto, M., Nakahata, T., et al. (2008). Bone marrow-derived cells expressing Iba1 are constitutively present as resident tissue macrophages in the mouse cochlea. J. Neurosci. Res. 86, 1758–1767. doi: 10.1002/jnr.21625 

 Ossola, J. O., Kristoff, G., and Tomaro, M. L. (2000). Heme oxygenase induction by menadione bisulfite adduct-generated oxidative stress in rat liver. Comparative biochemistry and physiology. Toxicol. Pharmacol. 127, 91–99. doi: 10.1016/s0742-8413(00)00133-x 

 Osswald, H., Herrmann, R., and Youssef, M. (1987). The influence of sodium ascorbate, menadione sodium bisulfite or pyridoxal hydrochloride on the toxic and antineoplastic action of N-methylformamide in P 388 leukemia or M 5076 sarcoma in mice. Toxicology 43, 183–191. doi: 10.1016/0300-483x(87)90008-4 

 Prasad, K. N. (2017). Oxidative stress and pro-inflammatory cytokines may act as one of the signals for regulating microRNAs expression in Alzheimer's disease. Mech. Ageing Dev. 162, 63–71. doi: 10.1016/j.mad.2016.12.003 

 Rai, V., Tu, S., Frank, J. R., and Zuo, J. (2021). Molecular pathways modulating sensory hair cell regeneration in adult mammalian cochleae: Progress and perspectives. Int. J. Mol. Sci. 23:66. doi: 10.3390/ijms23010066 

 Reuter, S., Gupta, S. C., Chaturvedi, M. M., and Aggarwal, B. B. (2010). Oxidative stress, inflammation, and cancer: how are they linked? Free Radic. Biol. Med. 49, 1603–1616. doi: 10.1016/j.freeradbiomed.2010.09.006 

 Sagi, V., and Stankovic, K. M. (2022). Toward personalized diagnosis and therapy for hearing loss: insights from Cochlear implants. Otol. Neurotol. 43, e903–e909. doi: 10.1097/mao.0000000000003624 

 Schmied, C., Nelson, M. S., Avilov, S., Bakker, G. J., Bertocchi, C., Bischof, J., et al. (2024). Community-developed checklists for publishing images and image analyses. Nat. Methods 21, 170–181. doi: 10.1038/s41592-023-01987-9 

 Seidman, M. D., and Babu, S. (2003). Alternative medications and other treatments for tinnitus: facts from fiction. Otolaryngol. Clin. N. Am. 36, 359–381. doi: 10.1016/s0030-6665(02)00167-6 

 Sheth, S., Mukherjea, D., Rybak, L. P., and Ramkumar, V. (2017). Mechanisms of cisplatin-induced ototoxicity and Otoprotection. Front. Cell. Neurosci. 11:338. doi: 10.3389/fncel.2017.00338 

 Shi, X. (2016). Pathophysiology of the cochlear intrastrial fluid-blood barrier (review). Hear. Res. 338, 52–63. doi: 10.1016/j.heares.2016.01.010 

 Spear, S. A., and Schwartz, S. R. (2011). Intratympanic steroids for sudden sensorineural hearing loss: a systematic review. Otolaryngol. Head Neck Surg. 145, 534–543. doi: 10.1177/0194599811419466

 Su, Z., Liu, Y., Zhang, W., Liang, W., Chen, Y., Cao, J., et al. (2024). Endoplasmic reticulum stress-induced necroptosis promotes cochlear inflammation: implications for age-related hearing loss. Exp. Gerontol. 189:112401. doi: 10.1016/j.exger.2024.112401 

 Tan, W. J. T., and Song, L. (2023). Role of mitochondrial dysfunction and oxidative stress in sensorineural hearing loss. Hear. Res. 434:108783. doi: 10.1016/j.heares.2023.108783 

 Tan, W. J., Thorne, P. R., and Vlajkovic, S. M. (2016). Characterisation of cochlear inflammation in mice following acute and chronic noise exposure. Histochem. Cell Biol. 146, 219–230. doi: 10.1007/s00418-016-1436-5 

 Theunissen, S. C., Rieffe, C., Netten, A. P., Briaire, J. J., Soede, W., Schoones, J. W., et al. (2014). Psychopathology and its risk and protective factors in hearing-impaired children and adolescents: a systematic review. JAMA Pediatr. 168, 170–177. doi: 10.1001/jamapediatrics.2013.3974 

 Viberg, A., and Canlon, B. (2004). The guide to plotting a cochleogram. Hear. Res. 197, 1–10. doi: 10.1016/j.heares.2004.04.016 

 Wong, A. C., and Ryan, A. F. (2015). Mechanisms of sensorineural cell damage, death and survival in the cochlea. Front. Aging Neurosci. 7:58. doi: 10.3389/fnagi.2015.00058 

 Xiong, H., Chen, S., Lai, L., Yang, H., Xu, Y., Pang, J., et al. (2019). Modulation of miR-34a/SIRT1 signaling protects cochlear hair cells against oxidative stress and delays age-related hearing loss through coordinated regulation of mitophagy and mitochondrial biogenesis. Neurobiol. Aging. 79, 30–42. doi: 10.1016/j.neurobiolaging.2019.03.013

 Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R., Viswanathan, V. S., et al. (2014). Regulation of ferroptotic cancer cell death by GPX4. Cell 156, 317–331. doi: 10.1016/j.cell.2013.12.010 

 Zeitoun, H., Beckman, J. G., Arts, H. A., Lansford, C. D., Lee, D. S., el-Kashlan, H. K., et al. (2005). Corticosteroid response and supporting cell antibody in autoimmune hearing loss. Arch. Otolaryngol. Head Neck Surg. 131, 665–672. doi: 10.1001/archotol.131.8.665 


Copyright
 © 2025 Su, Chen, Liu, Cao, Cui, Chen 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/fnins-19-1563428-g005.jpg





OPS/images/fnins-19-1563428-g006.jpg





OPS/images/fnins-19-1563428-g003.jpg
nﬁ
IR
et

&

&

&8

e

LR

(105 69) Uas posan

1a

v

&

§§ % 7 ¢ 3§

(1S 89) yis prousanL uEY

(1a5 99 WS PovsonL uaY

pAe]

] ]

(105 89) s pusan gy

via





OPS/images/fnins-19-1563428-g004.jpg
Total

Apex Middle Base Total
= Vehicle 3 MDSLPS 3 MD 3 LPS

Apex Middle Base

2 9329 o
8889

(%) slio0 uoyBues [ends anpeiy
s - -

< Sppp__osen Sody. E)
oAy Ty






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Oxidative stress and inflammation combine to exacerbate cochlear damage and sensorineural hearing loss in C57BL/6 mice



		1 Introduction



		2 Materials and methods



		2.1 Animals



		2.2 Experimental procedure



		2.3 Auditory brainstem response (ABR)



		2.4 Tissue preparation



		2.5 Immunofluorescence of cochlear cryosections



		2.6 Cochlear surface preparations



		2.7 Hair cell counts



		2.8 Hematoxylin–Eosin (H&E) staining



		2.9 Statistical analysis









		3 Results



		3.1 The combination of MD and LPS promotes hearing loss in C57BL/6 mice



		3.2 The combination of MD and LPS induces the loss of HCs and spiral ganglion cells



		3.3 Activation of oxidative stress and inflammatory signaling in the cochlea



		3.4 Activation of necroptosis and ferroptosis pathways in C57BL/6 mice









		4 Discussion



		5 Summary and conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Correction note



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnins-19-1563428-g001.jpg
ABR Threshold Shift (4B SPL)

80

20,

MD 200mg/kg+LPS 1mglkg

- D1
- D7
~+ D14
-+ Vehicle

Frequency (kHz)

ABR Threshold Shift (dB SPL)

2.

MD 300mg/kg+LPS 1mg/kg

- 01
e - 07
s - on
b gY - Vence
Frequency (kHz)
s % 24 %2





OPS/images/fnins-19-1563428-g002.jpg
O NS

: mPS ABR test

. : 7

> P 7 ABRtest  ABR test Mice sacrificed
A . intraperitoneal injection

2 e l 1 l

6-7w 5 C57 ¥
0 1 7 14 21(Day)

Vehicle @
MD+LPS
Lrls) HCs counts
H&E

IF





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

Oxidative stress and inflammation
combine to exacerbate cochlear
damage and sensorineural hearing loss
in C57BL/6 mice












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neuroscience






