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Abstract

Hidden hearing loss (HHL) is characterized by normal audiometric thresholds but

impaired auditory function, particularly in noisy environments. In vivo, we employed

auditory brainstem response (ABR) testing and ribbon synapses counting to assess

changes in mouse hearing function, and observed the morphology of hair cells

through scanning electron microscopy. SRT1720 was administered to the cochlea

via round window injection. In vitro, western blot analysis and RT‐qPCR were used,

and Lenti‐shNrf2 was used to knockdown Nrf2 expression. In addition, various

oxidative stress indicators were detected by immunofluorescence, kit‐based assays,

and flow cytometry. ABR measurement of HHL mouse showed a significant increase

in hearing threshold, as well as a decrease and delay in the I wave amplitude and

latency on the first day after noise exposure. Histological observation showed a

significant loss of ribbon synapses and stereocilia lodging. HHL mice exhibited oxi-

dative stress, which was reduced by pretreatment with SRT1720. Additionally,

SRT1720 could reduce hydrogen peroxide‐induced oxidative stress in HEI‐OC1 cells

through activating the SIRT1/Nrf2 pathway. Subsequent experiments with Nrf2

knockdown confirmed the importance of this pathway. findings highlight oxidative

stress as the primary contributor to HHL, with the SIRT1/Nrf2 signaling pathway

emerging as a promising therapeutic target for alleviating HHL.
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1 | INTRODUCTION

Hidden hearing loss (HHL) is a recently proposed subtype of senso-

rineural hearing loss (SNHL) characterized by maintained audiometric

thresholds, but a significant decrease in auditory perceptual function,

particularly in understanding speech in noisy environments (Kohrman

et al., 2020). This condition is primarily caused by the loss of ribbon

synapses between the inner hair cells and auditory nerve fibers, as

opposed to defects in the central auditory pathways or degeneration

of hair cells seen in other forms of SNHL. Early intervention at this

stage can potentially prevent further progression of hearing impair-

ment (Liu et al., 2024). Therefore, conducting basic research to

identify the pathogenesis of HHL and developing targeted inter-

ventions for this specific type of hearing loss is imperative.

The pathogenesis of HHL remains poorly understood. However,

emerging research has indicated that disturbances in free radical

homeostasis and oxidative stress play significant roles in the onset and

progression of HHL (Tan & Song, 2023). The high metabolic demands of

the cochlea render its tissues, particularly the inner hair, outer hair, and

spiral ganglion cells, more vulnerable to damage caused by mitochondrial

reactive oxygen species (ROS). The accumulation of excessive ROS can

result in oxidative damage to crucial mitochondrial components, such as

mitochondrial DNA, mitochondrial membranes, and respiratory chain

proteins. This leads to mitochondrial dysfunction, where the mitochondria

fail to meet the high metabolic requirements of the cochlea. Conse-

quently, this may contribute to noise‐induced hearing loss (NIHL), tinnitus,

and acoustic hyperesthesia.

While our previous studies have shown the protective effects of

resveratrol on HHL in guinea pigs via the SIRT1/PGC‐1α pathway, the

factors exacerbating HHL in the more commonly used experimental

animal, C57BL/6J mice, remain poorly understood. In addition, for the

future treatment of HHL, understanding the specific molecular pathways

involved is crucial. Therefore, we aimed to establish an in vivo model of

HHL in C57BL/6J mice and an in vitro model of oxidative stress in

hydrogen peroxide (H2O2)‐induced House Ear Institute Organ of Corti

(HEI‐OC1) cells to study the exacerbation of HHL. Subsequently, we

sought to use the SIRT1‐specific agonist SRT1720 to investigate the

molecular mechanisms involved in mitigating the progression of HHL,

both in vivo and in vitro.

2 | MATERIALS AND METHODS

2.1 | Animal groups

Six‐week‐old male C57BL/6 J mice (Schubert et al., 2024) were

purchased from the Laboratory Animal Center of Air Force Medical

University. None of the mice had prior exposure to noise. All mice

underwent a 1‐week acclimatization period and were housed in a

temperature‐controlled room at 22 ± 2°C, with a 12 h light/dark

cycle, and ad libitum access to food and water. ABR testing was

conducted on all mice before the experiment. The mice were ran-

domly assigned to four groups of 6 mice each: a control (CON) group

receiving no treatment; a NE group exposed to 110 dB SPL noise for

2 h while awake; a SRT1720 +NE (SRT +NE) group administered

SRT1720 (HY‐10532, MedChemExpress) at a dose of 10mM, with

10 μL per cochlea via round‐window injection and exposed to noise

after 2 h; and a vehicle (VEHL) group receiving only round‐window

injection of vehicle (6.67% DMSO in PBS), at 10 μL per cochlea. All

procedures performed in this study were approved by the Institu-

tional Animal Care and Use Committee of Xi'an Air Force Medical

University, China (No.20230375).

2.2 | Noise stimulation and procedure

The noise utilized was broadband noise and obtained from a specific type

of military helicopter. The noise consisted of engine and rotor noise and

was played through a loudspeaker (IT‐12, RADIN, CHN) using an ampli-

fier (AV‐502BT, BGL, CHN) for loop playback. NE took place in a

soundproof chamber with mice housed in a mouse cage (10.5 cm×5.5

cm×5.5 cm); the loudspeakers were positioned on both sides of the cage.

The intensity of the noise was measured using A‐weighted sound level

(HCJYET HT8352, CHN) to ensure that the difference in sound pressure

level within the mice's activity area was less than 3dB SPL. Mice in the

NE group and SRT+NE group were exposed to 110dB SPL noise for 2 h

while awake, the CON group were placed in an identical environment but

did not receive any NE (Yihong et al., 2024); ambient background noise

remained below 15dB SPL.

2.3 | ABR measurements

All mice in this experiment were required to undergo ABR testing

prior NE and 1 d after NE. The mice were anesthetized by intra-

peritoneal injection of 1% pentobarbital sodium (0.3mL/100 g)

combined with Xylazine Hydrochloride (0.04mL), and if the animals

did not return to the lying position when placed laterally, the mice

were fully anesthetized. After satisfactory anesthesia, the recording

electrode was placed under the skin at the midpoint between the two

ears of the mouse, while the reference electrode was placed under

the skin behind the test ear, and a ground electrode was inserted into

the base of each mouse's tail. In this study, a short sound stimulus

(Click) and pure tone at 1, 2, 4, and 8 kHz were used for ABR testing,

with stimulus intensity starting from 80 dB SPL and decreasing at

5 dB SPL intervals. The hearing threshold of each mouse was

determined as being at its lowest stimulus intensity for wave III.

Simultaneously, both amplitude and latency of wave I at 80 dB SPL

were recorded. The mice with ABR threshold below 10 dB SPL were

selected as subjects for the experiment.

2.4 | Round‐window injection

For the round‐window injection in adult mice, 6‐week‐old male

C57BL/6J mice were utilized. Before surgery, the mice were
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anesthetized with a combination of 1% pentobarbital sodium

(0.3 mL/100 g) and Xylazine Hydrochloride (0.04mL). Skin dis-

infection was carried out using 75% alcohol, gently removing hair

behind both ears to expose the skin. The mouse was positioned on its

side on a dissecting table, and then the skin was cut along the ear

boundary furrow at the back and bottom of the external auditory

canal, separated subcutaneous tissues, and exposed the otic bulla. A

microdrill was used to create a small hole in the otic bulla for injec-

tions performed through a 10 μL glass micropipette. The wound was

filled with hemostatic sponge and closed using 4‐0 absorbable suture.

Subsequently, mice were transferred to an electric blanket, keeping

their injected ear up while lying on their side for 40min, and then

exposed to the noise after the mice fully recovered from anesthesia.

2.5 | Tissue preparation

Following ABR determination, the selected animals was placed in the

euthanasia box, opened the CO2 gas valve, once the animal loses con-

sciousness, gradually increase the CO2 concentration to 100%. When

observed dystonia and no corneal reflex, the animal was continued to

ventilate for 2min to confirm its death. Afterward, mouse cochlear was

extracted. The basilar membrane was meticulously prepared by delicately

trimming excess bone and tissue. Subsequently, the samples were

immersed in 4% paraformaldehyde at 4°C overnight. Post‐fixation, the

decalcification of the cochlear tissues was carried out using EDTA

(PS0993‐5, PSAITONG, CHN) for a duration of 3 d. The cochlear tissue

was then transferred to PBS to remove any surplus tissue in preparation

for isolating the basilar membrane from apex to base, intended for

immunofluorescence staining.

2.6 | Ribbon synapse counting

The isolated cochlear basilar membranes were examined using a

confocal microscope equipped with a 60× magnification oil immer-

sion lens, and the emission wavelengths of 461 and 618 nm were

utilized. Specific regions were selected for analysis at different

locations (apex, middle, and base) within each basilar membrane. The

quantification of ribbon synapses per inner hair cell was performed

by tallying the total number of spots corresponding to CtBP2 staining

and dividing this figure by the total immunoreactive spots observed

in each field of view to determine the average number of ribbon

synapses for each inner hair cell.

2.7 | Scanning electron microscope

The basilar membrane samples were initially cleaned with PBS to

eliminate surface attachments, mucus, and impurities to achieve a

clean observation surface. The cleaning solution and samples were

gently shaken at a 1:20 volume ratio and then fixed with 3% glu-

taraldehyde. Following fixation, the samples underwent 3 washes

with PBS for 10min each before being fixed with 1% osmic acid for

1 h. Subsequently, they were washed again three times with PBS for

an additional 10min each time. Next, the specimens were dehydrated

using alcohol to replace the water in the tissues. This involved a

concentration gradient of alcohol (30%, 50%, 70%, 80%, 90%, 95%,

and 100%) where the highest concentration was repeated three

times for a duration of 15min each. Following dehydration, the

samples were placed into a critical point dryer to prevent sample

deformation. They were then affixed to a sample base using con-

ductive adhesive and subjected to ion‐sputtering treatment within an

ion‐sputtering instrument. Finally, images of the treated samples

were captured using a scanning electron microscope (JSM‐IT700HR,

JPN). Specific areas of interest were selected for image collection.

2.8 | Cell culture and treatment

The House Ear Institute‐Organ of Corti 1 (HEI‐OC1) cells were cultured

under permissive conditions at 33°C and 10% CO2 in Dulbecco's Mod-

ified Eagle Medium (DMEM; PM150210, Procell, CHN) supplemented

with 10% fetal bovine serum (FBS; 164210‐50, Procell, CHN). The cells

used were in the logarithmic growth phase and were seeded into 96‐well

plates at a density of 1 × 104 cells/well. For in vitro oxidative stress model

establishment, the cells were treated with 50μm of H2O2 for a duration

of 12h. Additionally, SRT1720 was introduced at different concentrations

(0, 1, 2, 4, 8 and 16μm) for a period of 12h. A concentration that did not

significantly affect cell viability and effectively reduced ROS levels was

selected for further experimentation.

2.9 | Cell counting Kit‐8 (CCK‐8) assay

Following cell attachment, the cells were treated with various con-

centrations of SRT1720. Subsequently, 10 μL of CCK‐8 reagent

(CK04, Dojindo, JPN) was added to each well and incubated at 37°C

for 2 h. The absorbance of the samples was then measured at a

wavelength of 450 nm.

2.10 | Transfections (Lenti‐shNrf2)

HEI‐OC1 cells were seeded in 96‐well plates and incubated at 37°C.

The cells were then infected with Lenti‐shNrf2 (Hanbio, CHN) fol-

lowing the manufacturer's instructions. Puromycin was added to es-

tablish stable cell strains.

2.11 | Detection of superoxide dismutase (SOD),
lipid peroxidation malondialdehyde (MDA), total
antioxidant capacity (T‐AOC) and ATP level

The SOD activity, lipid peroxidation MDA, total antioxidant capacity,

and ATP level assays were performed using the following kits: the
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total SOD assay kit with WST‐8 (S0101S, Beyotime, CHN), the lipid

peroxidation MDA assay kit (S0131S, Beyotime, CHN), the total an-

tioxidant capacity assay kit with FRAP method (S0116, Beyotime,

CHN), and the ATP content assay kit (BC0305, Solarbio, CHN). All

procedures were carried out in accordance with the manufacturer's

instructions. The chromaticity of each group was measured using a

microplate reader equipped for colorimetry (BioTek) at 450 nm for

SOD activity assessment, 532 nm for MDA levels determination,

593 nm for T‐AOC evaluation, and 340 nm for ATP detection.

2.12 | Mitochondrial reactive oxygen species
detection

Following the creation of different experimental groups, the Reactive

Oxygen Species Assay Kit (E004‐1‐1, Jiancheng Biotechnology, CHN)

was utilized to measure the level of ROS in these groups. According

to the manufacturer's instructions, cells were stained with 10 μL

DCFH‐DA at 37°C for 20min. The fluorescence intensity of 2′,7′‐

dichlorofluorescein (DCF) was then assessed using flow cytometry at

an excitation wavelength of 488 nm and an emission wavelength of

525 nm.

2.13 | Mitochondrial potential detection (MMP)

To assess the Mitochondrial Membrane Potential (MMP), the MMP

Assay Kit with Rhodamine 123 (C2008S, Beyotime, CHN) was uti-

lized following the manufacturer's instructions. In brief, cells were

incubated with rhodamine 123 at 37°C for 30min. Subsequently,

samples were rinsed twice with cell culture medium at 37°C and the

results were evaluated using flow cytometry at an excitation wave-

length of 507 nm and an emission wavelength of 529 nm.

2.14 | Immunofluorescence staining

Following the preparation of the basilar membrane, the samples were

transferred into a 96‐well plate. TritonX‐100 at a concentration of

10mL/L was applied for 1 h, followed by blocking using ready‐to‐use

goat serum (AR0009 BOSTER, CHN). Subsequently, the samples

were incubated overnight at 4°C with rabbit anti‐CtBP2 antibody

(ab128871, Abcam, UK, 1:100) and mouse anti‐4 Hydroxynonenal (4‐

HNE) antibody (ab48506, Abcam, UK, 1:50) separately. The samples

were then rinsed 3 times with PBS and incubated with secondary

antibodies: cy3‐conjugated affinipure goat anti‐rabbit IgG (SA0009‐2,

Proteintech, USA, 1:200), and Goat polyclonal Secondary antibody to

mouse IgG‐H&L FITC (EK013, ZhuangzhiBiology, CHN, 1:100) for 2 h

at room temperature. After incubation, the samples were washed

three times with PBS before being transferred to glass slides and

covered with a drop of antifade mounting medium containing DAPI

(P0131, Beyotime, CHN). The results were observed under confocal

microscopy (FV3000, Olympus JPN).

For cell samples, cultured cells in a special confocal petri dish

(801002, Wuxi NEST Biotechnology CHN) before experimentation.

Washed cells with PBS as they reached appropriate density, and fixed

them using 4% paraformaldehyde. After fixation for 2 h, TritonX‐100

at a concentration of 10ml/L was used for 1 h, followed by blocking

using ready‐to‐use goat serum. Then, Nrf2 polyclonal antibody

(16396‐1‐AP Proteintech, USA, 1:100) was added, and the samples

were incubated overnight. After adding secondary antibodies and

antifade mounting medium containing DAPI, the images were able to

be observed under confocal microscopy.

2.15 | Reverse transcriptase‐quantitative
polymerase chain reaction (RT‐qPCR) analysis

Total RNA content was extracted using TRIzol reagent (15596018,

Invitrogen, USA), followed by reverse transcription procedures per-

formed with the assistance of MightyScript First Strand cDNA Syn-

thesis Master Mix (B639251, Sangon Biotech, CHN). The primers

were designed and synthesized by Beijing Tsingke Biotech (Beijing,

CHN). Real‐time PCR was conducted using the 2 × SG Fast qPCR

Master Mix (B639271, Sangon, CHN) and CFX Connect Real‐Time

PCR Detection System (BioRad). β‐actin was used as an internal

control to normalize individual gene expression levels. The relative

expression of each target gene was calculated based on the 2−ΔΔCt

method.

The primer sequences are shown in Table 1.

2.16 | Western blot analysis analysis

For western blot analysis analysis, either cochlea was dissected or

cells were harvested and then subjected to grinding. The total protein

was extracted using the RIPA buffer (P0013B, Beyotime, CHN) and

PMSF (ST506, Beyotime, CHN), and the total protein concentration

was measured using the BCA Protein Assay Kit (23250, Thermo

TABLE 1 Primers used in this study.

Gene Primer sequences (5′‐3′)

β‐actin Forward: CCATCATGAAGTGTGACGTTGAC

Reverse: CCACCGATCCACACAGAGTACTT

Superoxide
dismutase (SOD)

Forward: CGATGAAAGCGGTGTGCG

Reverse: TGCACTGGTACAGCCTTGTGT

Catalase (CAT) Forward: CTTCTGGAGTCTTCGTCCCG

Reverse: TGCCCTGGTCGGTCTTGTA

Glutathione
peroxidase (GPX)

Forward: TCAGTTCGGACACCAGGAGA

Reverse: GTAA AGAGCGGGTGAGCCTT

Glutamate cysteine
ligase (GCL)

Forward: CAGTGCGGTGAGACAATGAAG

Reverse: GCCACTCGAGGCACTTTTTC
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Scientific). The cell and tissue lysates were resolved by SDS‐PAGE‐

Sample Loading Buffer 5× (P0015, Beyotime, CHN) and transferred

to a polyvinylidene difluoride (PVDF) membrane (IPVH00010, Merck,

GER). The membranes were blocked in NcmBlot Blocking Buffer

(P30500, Ncm Biotech, CHN) for 30min at room temperature and

incubated with primary antibodies at 4°C overnight. Subsequently,

the membranes were washed with TBST three times for 10min each

time and incubated with secondary antibodies for 2 h at room tem-

perature. They were then washed three times with TBST again. ECL

Chemiluminescent Substrate Reagent Kit (Zhuangzhi Biology, CHN)

was used to observe the bands. The bands were analyzed using the

FUSION FX SPECTRA (Vilber, FR).

The antibodies are shown in Table 2.

2.17 | Statistical analysis

All experimental data were processed and analyzed using GraphPad

Prism 9.5 (GraphPad Software) and IBM SPSS Statistics 27.0 (IBM

Corporation). The data were presented as the mean ± SEM. Mea-

surement data were expressed as mean ± SEM. Comparisons among

multiple groups were conducted using one‐way analysis of variance,

with Dunnett's or LSD‐t test used for comparisons between groups.

Statistical significance was set at p < .05.

3 | RESULTS

3.1 | Auditory function in mice with HHL is
significantly impaired and SRT1720 reverses this
change

Our initial investigations in HHL mice revealed that alterations in

auditory function, such as changes in the auditory threshold, were

most prominent on Day 1 following noise exposure, with partial

recovery by Day 7 and complete recovery by Day 28. However, ABR

I wave amplitude, I wave latency, and ribbon synapses did not fully

recover. Therefore, to assess the therapeutic effects of SRT1720 on

HHL, we chose to conduct relevant auditory measurements on the

first day following noise exposure. First, we measured the click‐

evoked ABR threshold in each group 1 d after noise exposure. The

results show that solvent treatment had no significant effect on the

ABR thresholds of mice (6.667 ± 1.054), noise exposure significantly

elevated the ABR threshold (41.67 ± 2.108, p < .0001), and re‐

treatment with SRT1720 markedly lowered the ABR threshold

(10.83 ± 1.537) to levels not significantly different from the control

group (5.833 ± 0.833) (Figure 1a). Then we compared the ABR

thresholds at 1, 2, 4, and 8 kHz frequencies among different groups,

and found that the thresholds of ABR at various frequencies ex-

hibited the same trend as the click‐evoked ABR threshold (Figure 1b).

Additionally, the ABR I wave amplitude at 80 dB was calculated,

showing that there was no significant difference between the VEHL

group (8.573 ± 0.6234), SRT +NE group (11.23 ± 1.292), and the

CON group (8.523 ± 0.252). However, the ABR I wave amplitude in

the NE group decreased significantly (3.24 ± 0.455, p < .001)

(Figure 1c). The measurement of the latency of the ABR I wave at

80 dB showed no significant difference between the VEHL group

(1.125 ± 0.028), SRT +NE group (l.088 ± 0.037), and the CON group

(1.02 ± 0.021). But the latency in the NE group (1.387 ± 9.069) was

higher than that of the CON group (p < .01). We also displayed the

complete ABR test results of each group more intuitively in Figure 1e

with four different colored curves, which are consistent with our

previous findings. The results indicate that SRT1720 can significantly

alleviate the auditory impairment in HHL mice, suggesting that

SRT1720 has further research value.

3.2 | HHL mice showed ribbon synapse loss and
abnormal stereocilia morphology and SRT1720
treatment had protective effects

In our previous study, we identified ribbon synapse loss as a major

pathological change in HHL (Liu et al., 2022). To confirm the

successful establishment of the HHL model and evaluate the

protective effects of SRT1720, we used 4′,6‐diamidino‐

2‐phenylindole (DAPI) to locate inner hair cells and a CtBP2 pri-

mary antibody to label ribbon synapses (shown as red fluorescent

dots around inner hair cells) and observed changes in the ribbon

synapses through quantitative analysis (Figure 2a–d). The basilar

membrane of each mouse cochlea was divided into the apical,

middle, and basal parts. The average number of ribbon synapses

per IHC in the NE group was 7.833 ± 0.8433 in the apical part,

6.2 ± 0.7895 in the middle part, and 5.22 ± 0.4565 in the basal part.

Each part showed a statistically significant decrease compared

with the control group (p < .01). Round‐window injection of

SRT1720 before noise exposure mitigated ribbon synapse loss

across all three parts (p < .01). No differences were observed in the

number of ribbon synapses per IHC between the CON and VEHL

groups. Therefore, we decided to disregard the effect of solvent

TABLE 2 Antibodies used in this study.

Antibody Brand and Concentration

Rabbit anti‐SIRT1 13161‐1‐AP, Proteintech, USA, 1:1000

Rabbit anti‐p‐SIRT1 AF3473, Affinity Bioscience, AUS, 1:1000

Rabbit anti‐Nrf2 16396‐1‐AP, Proteintech, USA, 1:2000

Rabbit anti‐NQO1 11451‐1‐AP, Proteintech, USA,1:1000

Rabbit anti‐HO‐l 10701‐1‐AP, Proteintech, USA, 1:1000

Rabbit anti‐GAPDH 10494‐1‐AP, Proteintech, USA,1:5000

Mouse anti‐LaminB l 66095‐1‐Ig, Proteintech, USA, 1:20000

Mouse anti‐Beta actin 66009‐1‐Ig, Proteintech, USA, 1:20000

goat anti‐rabbit IgG EK020, Zhuangzhi Biology, CHN, 1:2000

goat anti‐mouse IgG EK010, Zhuangzhi Biology, CHN, 1:2000
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and primarily focus on the changes of the CON, NE, and SRT + NE

groups in the following studies.

Since our previous research (Liu et al., 2022) and literature from

other laboratories (Gilels et al., 2017; Xu et al., 2020) have demon-

strated that NE can cause stereocilia disturbances, we observed the

stereocilia changes in different parts of each group using scanning

electron microscopy. Noise exposure caused substantial changes in

the apical and middle parts, including instances of stereocilia lodging

and loss on some hair cell surfaces. After pretreatment with SRT1720

(SRT +NE group), stereocilia changes in the apical and middle parts of

the basilar membrane were considerably reduced. However, com-

pared with the CON group, some disordered stereocilia were still

evident in the SRT +NE group, primarily concentrated in the apical

part. The stereocilia in the bottom part of each group were relatively

neatly arranged, potentially linked to the use of low‐frequency noise

as a stimulus in this study, given that hair cells in the basal part of the

F IGURE 1 ABR testing for mice exposed to 110 dB military helicopter engine noise. (a) Click ABR threshold. (b) ABR thresholds at 1, 2, 4, and
8 kHz. (c) ABR I wave amplitude. (d) ABR I wave latency in each group of mice. (e) Click‐evoked ABR waveforms of different groups recorded at
80 dB. n = 6, *p < .05, ** p < .01, *** p < .001, **** p < .0001.
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F IGURE 2 Changes of ribbon synapses per IHC and hair cell stereocilia. (a‐c) Statistically analysis of ribbon synapse changes in the apical,
middle, and bottom parts of the basilar membrane in each group. (d) Immunofluorescence images of ribbon synapse density changes in different
turns of basilar membranes of the CON, NE, SRT +NE, and VEHL groups. Scale bar = 25 μm. (e) Morphology of inner and outer hair cell
stereocilia in the apical, middle, and basal part of the basilar membrane in each group. Scale bar = 10 μm; enlarged image scale bar = 1 μm. n = 6,
*p < .05, ** p < .01, *** p < .001, **** p < .0001.
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basilar membrane were mainly responsible for processing high‐

frequency sounds. No hair cell loss was observed in any group, which

suggested that our HHL model is different from other types of

hearing loss (Figure 2e).

3.3 | Oxidative stress exacerbates HHL and
SRT1720 exhibits strong antioxidant effects

Previous study (Liu et al., 2022) has confirmed that oxidative stress

injury is one of the main mechanisms underlying NIHL in guinea pig.

Therefore, to prove that oxidative stress is an important factor in ex-

acerbating HHL in mice and to determine whether SRT1720 can resist

oxidative stress, we measured products of oxidative stress in different

groups. Specifically, immunofluorescence staining revealed a higher

level of 4‐HNE in the stereocilia of the outer hair cells after noise

exposure, whereas it was considerably reduced after SRT1720 treat-

ment (Figure 3a). Additionally, the MDA level increased from

6.427± 1.459 nmol/mg in the CON group to 27.22 ± 6.192 nmol/mg in

the NE group (p < 0.01), whereas the SRT +NE group showed no sig-

nificant difference compared with the CON group (Figure 3b). Besides,

our findings indicated that the SOD activity was significantly lower in

the NE group at 86.2 ± 16.7U/ng compared to 516 ± 45.56U/ng in the

CON group and rose to 930.4 ± 166.9 U/ng in the SRT +NE group

(p < .05) (Figure 3c). Similarly, the T‐AOC levels were lower in the NE

group than in the CON and SRT+NE groups (p < .0001) (Figure 3d). It

can be seen that SRT1720 can alleviate various manifestations of HHL

by mitigating oxidative stress‐related damage. Therefore, we conducted

further in vitro experiments to investigate the specific molecular

mechanism of its reduction of oxidative stress damage.

F IGURE 3 Changes in the products of oxidative stress in the cochlea of mice with HHL. (a) Immunofluorescence images showing changes in
4‐HNE levels in the apical, middle, and basal parts of the basilar membrane in each group. Scale bar = 30 μm. (b) MDA. (c) SOD activity. (d) T‐AOC
level changes in each group. (e) Cell viability in each group pretreated with different concentration gradients SRT1720 and H2O2. (f–m) ROS
fluorescence in different groups via flow cytometry using DCFH‐DA. (n) Relative expression of mRNA levels of SOD, CAT, GPX, and GCL in
different groups. n = 6, *p < .05, **p < .01, *** p < .001, **** p < .0001.
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We used H2O2 to construct an in vitro model of oxidative stress

in HEI‐OC1 cells. We tested different concentrations of SRT1720

(ranging from 1 to 16 μM) and verified their effects on cell viability

using CCK8 (Figure 3e). The results showed that cell viability across

all SRT1720 treated groups decreased to approximately 80% com-

pared to that of the control group, with no significant differences

among the various concentrations. We then measured mitochondrial

ROS, a direct indicator of oxidative stress, and found that when

treated with SRT1720 at a concentration of 8 μM, the reduction in

ROS levels was more pronounced compared to that of lower con-

centrations and ROS levels decreased by approximately half com-

pared to those in the H2O2 group (p < .0001), while no significant

difference was observed compared to that in the 16 μM concentra-

tion; therefore, we chose this concentration for further mechanism

research (Figure 3f–m). As for the expression of various antioxidants

(SOD, CAT, GPX, and GCL) at the gene level, RT‐qPCR results dem-

onstrated higher antioxidant mRNA expression levels in the

SRT1720 +H2O2 group than in the control and H2O2 groups

(p < .0001) (Figure 3n). This further confirmed that SRT1720 allevi-

ated oxidative stress both in vitro and in vivo. Given the influence of

SRT1720 on the activation of SIRT1 by targeting it, our subsequent

experiment focused on modifying the molecular pathway regulating

oxidative stress anchored in SIRT1 and its downstream molecules.

3.4 | SIRT1/Nrf2 pathway may play a key role in
the process of antioxidant stress

P‐SIRT1 expression was assessed through western blot analysis

analysis, as the phosphorylation state reflects SIRT1 activation. The

results showed significantly higher SIRT1 expression in the H2O2

group compared with that in the control group (p < .0001), however,

it was still lower than that in the SRT1720 +H2O2 group (p < .001)

(Figure 4a–c). This suggests that SIRT1 is activated and phosphoryl-

ated after oxidative stress in vitro and that SRT1720 significantly

promotes its phosphorylation. Nrf2 regulates antioxidant gene ex-

pression by translocating to the nucleus to alter the cellular redox

status. Western blot analysis analysis of cytoplasmic proteins and

nucleoproteins revealed a significant increase in nuclear Nrf2 levels in

the SRT1720 +H2O2 group (p < .005) (Figure 4d–f). Confocal

microscopy images also showed clear Nrf2 green fluorescence signals

overlapping with the DAPI‐stained nuclei (Figure 4g). Although the

cytoplasmic Nrf2 content increased in the H2O2 group, no significant

difference was observed in its nuclear expression compared to that in

the control group (p > .05). And confocal microscopy did not reveal

substantial nuclear Nrf2 enrichment. This indicates that SRT1720

inhibits Nrf2 degradation in the cytoplasm and promotes its trans-

location into the nucleus to perform antioxidant‐related biological

functions. This suggests that the process of SIRT1 activation by

SRT1720 may be potentially linked to the translocation of Nrf2 into

the nucleus to perform antioxidant‐related biological functions.

To confirm that Nrf2 plays a key role in SRT1720's anti‐oxidative

stress effect, we transfected lenti‐shNrf2 into HEI‐OC1 cells to

knockdown Nrf2 expression. Western blot verification showed that

while SRT1720 significantly promoted the expression of antioxidant

proteins including NQO1 and HO‐1 (p < .05), knocking down Nrf2

abolished this effect. Even in the Nrf2 knockdown group with

SRT1720 treatment, no increase was observed in the expression

levels of these antioxidant proteins compared to those of the H2O2

group (Figure 4h–l). In addition, we evaluated various oxidative stress

parameters, including SOD activity, MDA levels, T‐AOC, ATP pro-

duction and MMP. The results showed that in the Nrf2 knockdown

group stimulated with SRT1720 +H2O2 treatment, SOD activity was

43.93 ± 15.83 U/ng, whereas T‐AOC was 29.09 ± 0.1801 nmol/mg,

which was significantly lower than those in the control and

SRT1720 +H2O2 groups (p < .01), however, T‐AOC was higher than

that in the H2O2 group (p < .0001) (Figure 4m,n). Correspondingly,

the MDA level in the Nrf2 knockdown group was

3.258 ± 0.6043 nmol/mg, which was significantly higher than that in

the control and SRT1720 +H2O2 groups, indicating that Nrf2

knockdown prevented SRT1720 from exerting its antioxidative stress

effects (Figure 4o). Furthermore, the levels of ATP production and

MMP were measured. The results indicated that when Nrf2 expres-

sion was normal, treatment with SRT1720 restored the decline in

ATP production and MMP induced by H2O2 (p < .0001), whereas this

protective effect was inhibited after Nrf2 knockdown (p < .0001)

(Figure 4p–r).

4 | DISCUSSION

4.1 | Main interpretation

With the progress of social science, technology, and economic

development, the use of a wide range of new equipment has made

the hazard factors to which workers are exposed in their occupa-

tional activities increasingly complex. Long‐term exposure to harmful

noises is a common occupational risk worldwide (Tikka et al., 2017).

Among the different noise frequencies, low‐frequency noise has the

greatest and most serious impact on occupational injuries (Berglund

et al., 1996). Compared with other noise frequencies, low‐frequency

noise is more difficult to protect against, and regular exposure

increases the risk of a variety of injuries in addition to hearing loss,

including respiratory disorders (Verma et al., 2023), depression

(Stansfeld, 1992), and cardiovascular diseases (Munzel et al., 2018).

Military personnel (Moore, 2020), especially those in the air force, are

at heightened risk of hearing loss because of factors such as the loud

noise during takeoff and prolonged exposure to noisy environments

without effective hearing protection devices. This exposure pre-

dominantly leads to low‐frequency noise‐induced hearing loss. A

study from the United Kingdom (Moore, 2021) further supports this,

revealing through retrospective research and analysis that veterans

exposed to noise during their service, even if initially unaffected or

experiencing only mild hearing loss, are more likely to experience

accelerated and more severe hearing loss in the future compared to

other individuals. This phenomenon has also been observed in the
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general population, with approximately 1–10% of individuals ex-

hibiting a normal hearing threshold but significant perceptual

impairment in noisy environments (Hou et al., 2022; Qi et al., 2022).

In addition, some patients with this type of symptom show age‐

related hearing loss in the young adult stage and are more sensitive

to ototoxic drugs (Liberman & Kujawa, 2017). This phenomenon may

be related to the permanent loss of the ribbon synapses between

inner hair cells and type I spiral ganglion neurons (Schaette &

McAlpine, 2011). This distinct type of hearing loss is also called HHL.

In its early stages, HHL may cause mild or even undetectable damage

to the body. However, if left unaddressed, it can lead to severe

consequences in the future, potentially surpassing the impact of

NIHL. Currently, HHL lacks effective clinical diagnostic methods and

treatment approaches, and its underlying pathogenesis remains

unclear. Based on the high incidence of HHL in the population, which

often goes unnoticed but profoundly affects long‐term hearing

health, and guided by the clinical principle of early diagnosis and

intervention, our research group embarked on an extensive investi-

gation into the causative factors of HHL and the molecular mecha-

nisms implicated in its mitigation.

F IGURE 4 SIRT1/Nrf2 changes in response to oxidative stress. (a–c) Comparison of P‐SIRT1 and SIRT1 expression levels in different groups.
P‐SIRT1 was normalized to SIRT1 expression, SIRT1 was normalized to β‐actin expression. (d–f) Comparison of cytoplasmic Nrf2 and nuclear
Nrf2 expression levels in different groups. (g) Nrf2 cytoplasmic nuclear translocation in different groups was detected via immunofluorescence
staining using confocal microscopy. Scale bar = 50 μm. (h–l) Comparison of NQO1, HO‐1, and Nrf2 protein expression levels in different groups.
(m–o) Comparison of SOD activity, MDA, and T‐AOC levels in different groups (p) Comparison of ATP production levels in different groups. (q, r)
Mitochondrial membrane potential (MMP) fluorescence intensity in different groups using Rhodamine 123. n = 6, *p < .05, ** p < .01, *** p < .001,
**** p < .001.
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In this context, we previously successfully established a model of

HHL in C57BL/6 J male mice using noise exposure according to the

clinical definition of HHL (Aedo & Aguilar, 2020; Wei et al., 2020;

Yihong et al., 2024), which manifested as temporary shifts in ABR

thresholds, irreversible ABR I‐wave amplitude and latency reduction,

and permanent decrease in ribbon synapses. Notably, in this study,

we used broadband noise from the engine of a certain type of Chi-

nese Air Force helicopter. We chose this type of noise for research

mainly because of the special characteristics of the object it mainly

affects, which is also one of the highlights of this study.

ABR is an auditory evoked potential induced by acoustic stimu-

lation originating in the inner ear, auditory nerves, and brainstem. It

records the nerve electrical activity on the scalp surface with a short

latency of less than 10ms (Liu et al., 2024). During our previous HHL

modeling process (Liu et al., 2022), we observed that the ABR

threshold increased, ABR I wave amplitude decreased, and I wave

latency delay was most pronounced 1 d after NE. Although the

hearing threshold gradually recovered after 2 weeks, the ABR I wave

amplitude and latency did not recover until 4 weeks later. Recovery

of the ABR threshold indicated that the hair cell bundles were

unaffected. However, an unrecovered ABR I wave amplitude sug-

gests an impairment in the sound‐elicited discharge from the auditory

nerve (Liu et al., 2019). Additionally, delayed ABR I wave latency

reflects a decline in auditory signaling velocity because of the loss of

ribbon synapses between inner hair cells and spiral ganglion cells (Liu

et al., 2019). Our results indicated that, following NE, a decrease in

the ABR I wave amplitude and delayed I wave latency was observed,

consistent with previous findings, suggesting that lesions were

located in the auditory nerve and ribbon synapses (Hou et al., 2022;

Wei et al., 2020). The recoverable hearing threshold further sug-

gested the absence of hair cell loss.

To assess the efficacy of SRT1720 in alleviating HHL, we eval-

uated various parameters, including ABR, ribbon synapse counts,

stereocilia morphology, and detection of oxidative stress‐related

products 1 d after NE. These results showed that pretreatment with

SRT1720 before NE improved the above parameters, indicating that

SRT1720 can play an important protective role in alleviating HHL by

reducing oxidative stress levels. For drug administration purposes,

given that the blood‐labyrinth barrier presence potentially reduces

drug efficacy when administered systemically or orally, we chose the

method of round window injection to direct the drug SRT1720 into

the inner ear and allow it to take effect, this method has been proved

to have no significant impact on hearing (Tan et al., 2019; Tao et al.,

2022). In our in vitro experiments, we used H2O2 as a stimulating

factor to induce oxidative stress in HEI‐OC1 cells. We believe that

conducting these in vitro experiments allowed us to study the role of

SRT1720 in oxidative stress without the interference of other

factors.

The pathogenesis of inner ear diseases is primarily associated

with oxidative stress, chronic inflammation, and glutamate accumu-

lation (Brozoski et al., 2013; Masuda et al., 2006; Verschuur et al.,

2014). Excessive accumulation of ROS due to oxidative stress is a

widely accepted cause of NIHL (Fetoni et al., 2019). While ROS play a

crucial physiological role in regulating protein phosphorylation and

the redox homeostasis of transcription factors and ion channels (Fang

et al., 2022), excessive ROS accumulation can lead to the continuous

oxidation and destruction of proteins, lipids, and DNA (Ohlemiller

et al., 1999). Two sources are often used to detect oxidative stress

levels: markers of oxidative stress damage and antioxidants (Fetoni

et al., 2008; Henderson et al., 2006; Kaya et al., 2015; Lee et al.,

2015; Yamane et al., 1995). To reflect the degree of oxidative stress,

we detected oxidative stress products, including ROS, lipid peroxides

(MDA and 4‐HNE), SOD, and T‐AOC. T‐AOC assessment involved

measuring the reduction product Fe2+ to assess the overall content of

diverse antioxidant enzymes as well as both large‐ and small‐

molecule antioxidants (Park et al., 2020; Wang et al., 2003; Wang

et al., 2024). Additionally, we measured mitochondrial function in-

dicators, such as MMP and ATP production levels, to reflect

the degree of oxidative stress.

SIRT1 is one of the most widely studied NAD+ dependent his-

tone deacetylase proteins in the sirtuin family (Frye, 1999). It plays a

crucial role in various biological functions, such as the regulation of

redox balance, inflammatory response, and energy metabolism.

Moreover, SIRT1 has been studied in the field of hearing loss. Our

previous study demonstrated high SIRT1 expression in the spiral

ganglion, organs of Corti, and stria vascularis (Liu et al., 2022).

Moreover, Xiong et al. (2015) showed that SIRT1 mitigates age‐

related hearing loss by interacting with the p53 and miR‐34a path-

ways. Additionally, Hao et al. (2019) revealed that the miR‐29b/

SIRT1/PGC‐1α pathway can alleviate age‐related hearing loss. Two

earlier studies from our laboratory also indicated a significant pro-

tective role of SIRT1/PGC‐1α in NIHL and HHL models established in

guinea pigs (Chen et al., 2020; Liu et al., 2022). Collectively, these

findings suggest that SIRT1 exerts a protective effect against hearing

loss through its antioxidative stress function. However, the use of the

ginsenosides, Rd and resveratrol, in previous experiments resulted in

the identification of numerous downstream targets, making it difficult

to confirm their specificity for SIRT1 activation (Catalogna et al.,

2019; Hubbard et al., 2013). Therefore, we selected SRT1720, a more

specific SIRT1 agonist in this study to elucidate the crucial role of

SIRT1 in HHL (Cao et al., 2013; Chao et al., 2022; Chauhan et al.,

2011; Ichikawa et al., 2013). Our in vitro and in vivo results confirmed

that SRT1720 effectively reduced the expression of oxidative stress

damage markers, including ROS, MDA, and 4‐HNE, while increasing

the production of protective factors, such as SOD and T‐AOC. Fur-

thermore, it increased MMP levels and ATP production. In addition,

SRT1720 significantly alleviated auditory system damage in HHL

mice, including decreased hearing function, loss of ribbon synapses,

and disorder of stereocilia.

Nrf2 is a crucial transcription factor responsible for maintaining

redox balance within the body (Cuadrado et al., 2018). During oxi-

dative stress, Nrf2 isolates from Keap1, inhibits its degradation,

increases its translocation from cytoplasm to nucleus, and regulates

the expression of its downstream antioxidant and detoxification

genes, including NQO1 and HO‐1 (Jaramillo & Zhang, 2013;

Kansanen et al., 2012; Wang et al., 2004; Wei et al., 2020). Nrf2 is
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expressed throughout the body, including in the brain, retina, and

inner ear. The expression of Nrf2 has been observed in all three turns

(apex, middle, and base) of the organ of Corti; however, Nrf2 was not

found to be significantly expressed in spiral ganglion cells or struc-

tures, such as the stria vascularis or Reissner's membrane (Li et al.,

2021). Honkura et al. (Honkura et al., 2016) demonstrated that fol-

lowing NE, there was a slight increase in Nrf2 expression, and Nrf2

knockout significantly exacerbated noise‐induced oxidative stress

damage. This study also indicated that Nrf2 activation must be per-

formed before NE to ensure sufficient promotion of downstream

antioxidant production to maintain redox homeostasis. This was also

the rationale behind our decision to administer SRT1720 before NE.

Our results suggested that the SIRT1/Nrf2 pathway is an important

molecular mechanism for attenuating the degree of oxidative stress

injury and hearing loss in HHL mice, which has novel implications for

the prevention and treatment of HHL.

4.2 | Limitations

Our study has some limitations. Firstly, the model used in this study

may not fully reflect the clinical presentation of patients with HHL,

such as the most prominent feature of decreased speech recognition

in noisy environments. Therefore, our future experiments will grad-

ually shift focus from peripheral cochlear changes to central nervous

system alterations to enhance clinical relevance. Secondly, our study

exclusively investigated HHL based on the performance of male mice

and did not consider the potential influence of other factors, such as

estrogen, on HHL in female mice. Some studies suggest that estrogen

may have a protective effect against hearing loss induced by NE

(Wang et al., 2023) or following ovariectomy (Kim et al., 2021).

Finally, as our research objects comprised animals and cells, we did

not focus on solving the difficulty in the clinical diagnosis of HHL. We

anticipate collaborating with other scientific researchers to develop

more accurate clinical diagnostic measures for HHL to address this

issue comprehensively.

5 | CONCLUSION

In summary, this study demonstrated that increased oxidative stress

was the main pathogenic factor of impaired auditory function, ribbon

synapse loss, and stereocilia morphology changes in a mouse model

of HHL, and that this damage could be significantly alleviated by

F IGURE 5 Schematic diagram of this study.
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antioxidative stress treatment. Additionally, SIRT1/Nrf2 may be the

most important molecular mechanism for alleviating HHL by reducing

oxidative stress. These findings deepen our understanding of HHL

and offer new therapeutic targets for healthcare professionals and

pharmaceutical researchers.

Schematic diagram of this study is shown in Figure 5.
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