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Utricle is an important vestibular sensory organ for maintaining balance. 
3,3′-iminodipropionitrile (IDPN), a prototype nitrile toxin, has been reported to 
be neurotoxic and vestibulotoxic, and can be used to establish an in vivo damage 
model of vestibular dysfunction. However, the mechanism of utricular HCs damage 
caused by IDPN is unclear. Here, we first studied mice balance behavior and HCs 
damage in IDPN utricle damage model, and found that IDPN injection in vivo can 
cause vestibular dysfunction and HCs damage, which is more pronounced than 
neomycin damage model. Then we used RNA-seq to characterize the transcriptome 
of IDPN damaged utricle in detail to identify genes and pathways that play roles in 
this process. We found 1,165 upregulated genes and 1,043 downregulated genes 
in IDPN damaged utricles, and identified that NF-κB pathway and TNF pathway 
may play important roles in IDPN damage model. Our study provides details 
of transcriptome of IDPN utricle damage model for further study of vestibular 
dysfunction.
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Introduction

Utricle is one of the important vestibular organs detecting linear acceleration through its 
sensory hair cells (HCs) in the upper layer of utricle (Lundberg et al., 2015; Wu et al., 2017). 
There are two main types of utricular HCs in mammalian utricle, type I HCs and type II HCs, 
which are different in location distribution, morphology, synaptic innervation pattern and 
gene expression (Burns et al., 2015; Eatock et al., 1998; Eatock and Songer, 2011). Type I HCs 
are predominantly found in the striolar (S) region, while Type II HCs are mainly seen in the 
extrastriolar (ES) region (Wang et al., 2015; Hoffman et al., 2018). Type I HCs have a distinctive 
long-necked, flask-shaped cell body and the base of their cell body is surrounded by and 
connected with calyx-like afferent nerve terminals. Conversely, type II HCs have various 
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shapes but lack the long-necks like that of type I  HCs, and are 
connected with general button-like afferent nerve terminals (Maroto 
et al., 2021; Eatock et al., 1998). Meanwhile, in adult mice, type II HCs 
preferentially express the calcium-binding protein calretinol 
(Dechesne et al., 1991; Desai et al., 2005). Damage to utricular HCs 
can cause vestibular dysfunction, and behavioral testing is a common 
method for mouse vestibular evaluation, including open field, 
swimming test and footprint test (Sedo-Cabezon et al., 2014; Khan 
et al., 2004; Boadas-Vaello et al., 2017; Wilkerson et al., 2018; Tamura 
et al., 2012).

Similar to cochlear HCs, utricular HCs are easily damaged by 
noise exposure, viral or bacterial infections, aging and ototoxic drugs 
(Smith et al., 2016), which leads to vestibular dysfunction (Golub 
et al., 2012). Clinical treatment of some diseases by ototoxic drugs 
such as aminoglycosides and cisplatin cause damage to utricular HCs, 
which leads to impaired vestibular function (Xie et al., 2011; Ishiyama 
et al., 2007; Callejo et al., 2017). Neomycin, one of aminoglycoside 
drugs, are commonly used to construct ototoxic drug damage model 
of utricular HCs in many research (Yoshida et al., 2015; Xu et al., 2012; 
Nagato et al., 2018). Neomycin can cause HCs loss, degeneration and 
cell–cell connection destruction (Kim et al., 2005; Monzack et al., 
2015; Harris et al., 2003; Burns et al., 2012). It has been reported that 
neomycin may damage HCs by inhibiting K+ currents in type 
I vestibular HCs (Mann et al., 2013). Besides, HCs damage caused by 
neomycin has been relatively well studied, it is closely related with 
apoptosis which is related to Caspase pathway, JNK pathway, and 
NF-κB pathway (Matsui et  al., 2002; Cunningham et  al., 2002; 
Sugahara et al., 2006; Zhao et al., 2022; Kil et al., 1997; Han et al., 
2018). The upstream caspase-8/9 and downstream caspase-3 are 
activated in utricular HCs exposed to neomycin, while only the 
inhibition of caspase-9 significantly protected HCs from damage by 
preventing the activation of downstream caspase-3 (Cunningham 
et al., 2002).

Nitriles, widely used in industry, can cause neurologic, hepatic, 
gastrointestinal, renal, and cardiovascular disorders in human and 
animals (Tanii, 2017). 3,3′-iminodipropionitrile (IDPN), one of nitrile 
compounds, has been shown to be neurotoxic and vestibulotoxic and 
thus cause behavioral abnormalities similar to that of the ECC 
(excitation, circling and chorea) syndrome (Tariq et al., 2007). IDNP 
can cause utricular HCs damage and can be used for an in vivo model 
of vestibular dysfunction (Zeng et  al., 2020; Llorens et  al., 1994; 
Martins-Lopes et al., 2019). According to the different exposure dose 
and time, IDPN can cause the degeneration of the vestibular sensory 
HCs and the loss of vestibular HCs through different ways such as 
necrosis, apoptosis and extrusion (Soler-Martin et al., 2007; Greguske 
et al., 2019; Seoane et al., 2001b). In the early stage of subchronic 
IDPN, calyx junction dismantling and reversible synaptic uncoupling 
occur in the vestibular sensory epithelium, followed by HCs extrusion 
and detachment, which eventually leads to a slowly progressive loss of 
vestibular function (Greguske et al., 2019; Llorens and Rodriguez-
Farre, 1997; Maroto et al., 2023; Seoane et al., 2001a). Acute IDPN 
causes only a slight loss of neurofilaments at the afferent terminals of 
the vestibular calyx surrounding type I HCs, and dose-dependent 
degeneration of HCs, while using highest IDPN intensity, the HCs are 
mainly necrotic, and eventually lead to rapid loss of vestibular 
function (Seoane et al., 2003; Schlecker et al., 2011). The sensitivity of 
different vestibular organs to IDPN is different, and the sensitivity was 
ranked as crista, utricle, saccule from high to low, and the sensitivity 

of the central region of the receptors in the epithelium was higher than 
that in the peripheral region. Type I HCs were found to be more 
sensitive to IDPN than type II HCs, and the loss of HCs precedes the 
degeneration of nerve terminals in the acute phase of IDPN toxicity 
(Llorens and Dememes, 1994). Boadas-Vaello et al. (2017) discovered 
that although there were no variations in the vestibular toxicity of 
IDPN between the sexes and no variations in the systemic toxicity 
among 129S1 and Swiss mice, there were notable strain-dependent 
changes in this regard. However, IDPN at present is mostly used as a 
damage drug to establish utricle damage model for studying the 
relationship of vestibular damage, and the balance behavior 
dysfunction (Schlecker et  al., 2011a; Sedo-Cabezon et  al., 2015; 
Greguske et al., 2019; Llorens and Rodriguez-Farre, 1997; Llorens and 
Dememes, 1994a). The mechanisms and systemic characterization of 
transcriptome of utricle damaged caused by IDPN have not 
been studied.

In this study, we first systemically studied toxic effect of IDPN to 
utricular function and HCs damage, and found that after IDPN 
treatment, mice exhibited a vestibular dysregulation phenotype and 
utricular HCs loss, which is more pronounced than another 
commonly used neomycin utricular damage model. We  further 
performed RNA-seq analysis on the IDPN-damaged utricle to identify 
the genes and pathways involved in regulating HCs damage after 
IDPN-treatment to elucidate the possible mechanism of IDPN 
damage. These data sets can systematically explain the detailed 
regulatory mechanism of utricular HCs after ototoxic drug injury, and 
provide a theoretical basis for drug induced vestibular disease.

Materials and methods

Animal

Experiments were conducted using FVB mice of both sexes. The 
National Institutes of Health’s criteria for the care and use of lab 
animals were followed in all of our animal research, and we  also 
followed the procedures permitted by Southeast University’s animal 
care and use committee.

IDPN and neomycin damage model

The IDPN damage model was constructed by intraperitoneally 
injecting with IDPN solution (6 g/kg body weight, 0.9%w/v NaCl was 
injected as control) into P30 mice for a single time, and the follow-up 
experiment was conducted 7 days later. The neomycin damage model 
was constructed by subcutaneously injecting neomycin (150 mg/kg 
body weight, 0.9%w/v NaCl was injected as control) into P7 mice for 
7 consecutive days, and 14 days after neomycin treatment, the mice 
were used for follow-up experiments.

Swimming test

Mice were placed in a 250 mm × 150 mm cage with 37°C warm 
water. The behavior was recorded by the camera, and the score was 
0 ~ 3 according to the swimming behavior of the mice as previously 
reported (Hardisty-Hughes et al., 2010): normal balanced swimming 
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(score = 0), rolling to one side and hover excessively (score = 1), stay 
afloat (score = 2), rolling underwater (score = 3). Total swimming 
scores in each group were quantified and compared using GraphPad 
Prism 8 software.

Open field test

A mouse open field test chamber with a size of 600 mm 
(Length) × 600 mm (Width) × 300 mm (Height) was used, and a digital 
camera was set up 2 meters above the open field for covering whole field 
of vision inside of the open field. After Haixin soft Visutrack high-end 
animal behavior analysis software setting up, keep environment quiet, 
put the mice into the center of the open field test box, and then observe 
and record the movement trajectory of the mice for 10 min.

Gait test

A few days before the experiment, the mice were trained so that 
they could walk from one side of the channel to the other at a relatively 
constant speed, without obvious pauses or standing. At the beginning 
of the experiment, red and blue printing mud were used to cover the 
back and front paws of mice, respectively. White A3 paper was laid on 
the ground, and a baffle of 100 cm (Length) × 20 cm (Width) was 
placed on both sides, so that mice could pass through the white paper 
at a relatively uniform speed. The walking footprints of mice were 
recorded while the mice walk through the paper.

Immunofluorescence staining

The utricle tissue was dissected from the inner ear of experimental 
mice. Firstly, the utricle was fixed with fixative (4% Paraformaldehyde) 
for 1 h at room temperature, and washed for 3 times with 0.1% 
phosphate buffered saline-Triton (PBST) for 5 min each time. Then 
samples were blocked with blocking solution (0.02% sodium azide, 
0.5% Triton X100, 5% donkey serum and 1% bovine serum albumin 
were mixed in pH 7.4 PBS) for 1 h at 4°C, and. Incubated with anti-
Myo7a (Proteus Bioscience, #25–6,790) primary antibody 1:1,000 
diluted in PBT-1 (1% bovine serum albumin, 0.1% Triton X100, 2.5% 
donkey serum and 0.02% sodium azide in pH 7.4 PBS) at 4°C 
overnight. After that, Donkey anti-rabbit Alexa Fluor 555 fluorescence-
conjugated secondary antibody (Invitrogen, #A-31572) 1:400 diluted 
in PBT-2 (1% bovine serum albumin and 0.1% Triton X100 were 
mixed in pH 7.4 PBS) was used to bind with primary antibody at room 
temperature for 1 h. Finally, after washing for 3 times with 0.1% PBST 
for 5 min each time, samples were mounted with DAKO Fluorescence 
Mounting Medium (DAKO, #S3023). The images were taken with 
Zeiss LSM 700 confocal microscope. ImageJ (NIH) and Photoshop 
CS4 (Adobe System) were used to analyze images.

RNA extraction and Real-time quantitative 
PCR

The utricle tissues were dissected and put into a 1.5 mL RNase-
free EP tube with 1 mL Trizol (Thermo Fisher Scientific, #15596026) 

for full grinding. The tissue was ground and then centrifuged for 
10 min at 14,000 rpm and 4°C. A vigorous mix was performed after 
adding 200 μL of chloroform to 900 μL of supernatant. The mixture 
was placed on ice for 5 min, and centrifuged at 14,000 rpm for 10 min 
at 4 ° C. Then 400 μL of the upper layer solution containing RNA was 
carefully removed into a new 1.5 mL RNase-EP tube, and the same 
volume of isopropyl alcohol was added and mixed. The samples were 
then kept on ice for 10 min, centrifuge at 14,000 rpm at 4°C for 
10 min, and 1 mL 75% (v/v) ethanol was added and mixed after the 
supernatant was discarded. After centrifugation at 4°C for 5 min at 
14,000 rpm, the samples were air-dried for 10 min and then 12 μL 
DEPC water was added to dissolve the RNA samples. The quality 
(OD260/280 > 1.8) and concentration of the extracted RNA (389 μg/
μl in 20 μL DEPC water from 46 utricles) were detected by Ultramicro 
spectrophotometer (Thermo Fisher Scientific, Nanodrop 2000), and 
the extracted mRNA was reverse transcribed into cDNA by using 
reverse transcription kit (Vazyme, R312-01). Real-Time quantitative 
PCR (RT-QPCR) reagent SYBR Green (Vazyme, Q712-02) was used 
for RT-QPCR according to the manufactory’s instructions on a 
Bio-Rad C1000 Touch thermal cycler to quantify the gene expression 
levels. cDNAs from Control and IDPN group were diluted to the same 
concentration. The QPCR reaction system was as follows: 0.4 μL 
primer mixture, 5 μL 2× SYBR Green, 1 μL cDNA, and ddH2O up to 
10 μL. QPCR conditions were an initial denaturing step of 30 s at 95°C 
followed by 40 cycles of 10 s denaturation at 95°C, 30 s annealing at 
60°C, and 20 s extension at 72°C. Sequences of the QPCR primers are 
listed in Supplementary Table S1. The gene expression level was 
analyzed by ΔΔCT method as follows: after obtaining the gene 
expression CT values, these data was normalized to the β-Actin CT 
value (∆CT) in the same samples to eliminate the sample differences. 
Next, the ∆CT values were normalized to the control group data 
(∆∆CT) to compare the group differences. Finally, the 2−ΔΔCT value 
was calculated to quantify the fold difference between the control 
group and IDPN group.

mRNA-sequencing and data analysis

At 7 days after a single intraperitoneal injection of 6 g/kg body 
weight IDPN in P30 mice, the utricles were dissected and the saline 
treated group was used as the control group. The tissue frozen with 
liquid nitrogen was used for further mRNA extraction and deep 
mRNA sequencing by BGI platform. The sequencing data was filtered 
with SOAP nuke, and afterwards clean reads were obtained and stored 
in FASTQ format. The reference genome was GCF_000001635.27_
GRCm39. Bowtie2 (v2.2.5) was applied to align the clean reads to the 
gene set, in which known and novel, coding and noncoding transcripts 
were included. Expression level of gene was calculated by RSEM 
(v1.2.8), according to the gene expression difference in different 
samples. Differential expression analysis was performed using the 
DESeq2 (v1.4.5) with Q value <0.05. And then GO1 and KEGG 
enrichment analysis2 were performed by using Phyper hypergeometric 
examination.3 A value of Q < 0.05 was considered statistically 

1 http://www.geneontology.org/

2 https://www.kegg.jp/

3 https://en.wikipedia.org/wiki/Hypergeometric_distribution
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significant. The subsequent analysis and data mining were performed 
on Dr. Tom Multi-omics Data mining system.4

Statistical analysis

At least three separate experiments were conducted for each 
condition. The data was analyzed by using the GraphPad Prism 8 
software and represented by mean ± standard error (SEM). A 
two-tailed, unpaired student T-test was used to determine statistical 
significance. Values with p < 0.05 were considered statistically significant.

Results

IDPN treatment causes more severe HCs 
damage compare to neomycin

Based on previous studies, we  established the utricle IDPN 
damage model (Figure 1A). A single injection of IDPN can cause 
acute injury to the utricle, leading to loss of sensory HCs. Thus, 
we used the commonly used dose of 6 g/kg bodyweight, administered 
intraperitoneally to P30 mice (Zeng et al., 2020; Martins-Lopes et al., 
2019a). On the 7th day after injection, utricle was dissected, and HCs 
immunostaining were performed to observe the damage of utricular 
HCs. Furthermore, significant loss of HCs in two regions of the utricle 
(the S and ES regions) were observed in IDPN damage model 
(Figure 1C). We also established commonly used neomycin damage 
model by continuously injecting 150 mg/kg neomycin subcutaneously 
from P7 to P14. After 14 days of injection, the utricle of mice was 
dissected (Figure 1B). We found that although there are also HCs loss 
in neomycin damage model, a greater number of HCs were lost in the 
IDPN injury group (Figures 1C,D). Therefore, IDPN treatment causes 
more severe HCs damage compare to neomycin.

IDPN treatment causes more severe 
balance behavioral disorders in mice

In order to further explore the damage effects of the IDPN damage 
model on vestibular function of mice, we tested the general behavior of 
mice by using swimming test, open field test and gait test to analyze the 
damage degree of vestibular function. We first observed that the mice 
showed trunk curling and spontaneous head shaking at day 7 after 
IDPN treatment, while the mice in the neomycin injury model did not 
show obvious behavior (Figure 2A). We then painted the front and rear 
paws of mouse with ink, and the mice were trained to pass through a 
30 cm long white paper smoothly and leave footprints. We observed 
that the mice treated with IDPN could not walk straight and showed 
messy footprints compared to the control group, while the mice treated 
with neomycin showed straight footprints, but the stress on the left and 
right feet was slightly uneven (Figure 2B). We then performed the open 
field test and the movement track of mice within 10 min showed that 
the mice treated with IDPN had an obvious circle track, and the 

4 https://biosys.bgi.com

frequency they went to the center of the open field was significantly 
increased, while the neomycin model had no obvious difference from 
the control group (Figures 2C,E). We further used swimming test to 
score the vestibular function of mice. After IDPN treatment, the score 
was much morehigher, and most of them were rolling under water, 
while the mice treated with neomycin had only one slight higher swing 
score (Figures  2D,F). Thus, according to the results of balance 
behavioral experiments, IDPN treatment cause more severe vestibular 
dysfunction, which was consistent with the above HCs damage results.

RNA-seq and analysis for IDPN treatment

According to the above results, treatment with IDPN seems to have 
more extensive and severe effects on the mouse vestibule. To investigate 
the detail reasons for this phenomenon and the specific mechanism of 
IDPN damage model, RNA-seq was performed to analyze gene 
expression profile of utricles after IDPN treatment. With principal 
component 1, the control group and IDPN group were well separated, 
and three replicates of each groups showed high reproducibility 
(Figure 3A). We measured the expression of each gene by FPKM value. 
After removing FPKM values below 0.1, 639 genes and 512 genes were 
specifically examined in the control and IDPN group, respectively, 
while 15,551 genes are expressed in both groups (Figure 3B).

To characterize the genes with high expression levels in control 
and IDPN groups, we analyzed the most abundantly expressed genes 
in both groups including the expression levels and abundance 
rankings. Figure 3C display the expression levels of the most abundant 
100 genes in the control groups as shown in the red bar. We  also 
compare the expression levels (purple bars) and abundance rankings 
(purple numbers) of the same genes in the IDPN groups. The 
expression levels of the top 100 most abundant genes in the IDPN 
group (purple bars) were compared with the expression levels (red 
bars) of the same genes in the control group and the abundance 
ranking (red numbers). Figure 3D shows the results of this comparison. 
Both figures reveal that most of the expression genes were enriched in 
both groups. Among the highly expressed genes, Cib3 and Cabp2 
(IDPN rank >500) were uniquely expressed in the control group, and 
Lcn2, C1qa, C1qb, C1qc, Tyrobp, Lgals1, Lgals3, Ctss, Anxa1, Fcer1g, 
Ccl8, Sfrp4, Cyba, Tmsb10, Grn and Wfdc17 (Ctr rank >500) were only 
highly expressed in IDPN. Among these genes, Lcn2, C1qa, C1qb and 
C1qc are involved in inflammatory biological processes (Ghosh et al., 
2020; Chen et al., 2021b; So et al., 2023), Tyrobp, Fcer1g, Wfdc17 and 
Lgals1, Lgals3 are involved in immune biological processes (Haure-
Mirande et al., 2022; Yang et al., 2023; Xu et al., 2023; Veglia et al., 2021; 
Shariq et al., 2024), Tmsb10 are involved in biological processes of cell 
proliferation and migration (Zhang et al., 2017b), Lcn2, Anxa1, Cyba 
and Sfrp4 are also involved in biological processes related to inner ear 
(Han et al., 2012; Sena et al., 2022; Huyghe et al., 2015).

Differentially expressed genes (DEGs) after 
IDPN treatment

To identify differentially expressed genes between control and 
IDPN groups, we compared their gene expression levels and screened 
for DEGs [log2(fold change) > 2, Q value<0.05]. These genes are 
depicted in volcano map, including expression up-regulated 1,165 genes 
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and down-regulated 1,043 genes in IDPN group (Figure 4A). Figure 4B 
shows the top  100 up-regulated genes in IDPN group, and these 
upregulated genes have been extensively studied in immune 
inflammatory response, neuronal development, and cell death, 
including ankyrin repeat domain 1 (Ankrd1) (Shen et al., 2015), Tissue 
inhibitors of metalloproteinases1 (Timp1) (Hu et al., 2012; Eisner et al., 

2017), C-C motif chemokine ligand 2(Ccl2) (Chen et al., 2022; Sautter 
et al., 2006), C-C motif chemokine ligand 6 (Ccl6) (Coelho et al., 2007; 
Nakagawa et al., 2019), FOS-like antigen 1 (Fosl1) (Xu et al., 2018a; Vaz 
et al., 2012; Bakiri et al., 2014), etc. Figure 4C shows the top 100 down-
regulated genes in IDPN group, and some of which, such as Siah3 (Abd 
Elghani et al., 2022), olfactomedin4 (Olfm4) (Gong et al., 2021), and 

FIGURE 1

IDPN treatment causes more severe HCs damage than neomycin. (A,B) Schematic diagram of the in vivo IDPN damage model (A) and in vivo 
neomycin damage model (B). (C,D) Images (C) and statistical analysis of HCs number (D) of Striola (S) and Exstriola (ES) region of the utricle treated by 
neomycin and IDPN. Myo7a stained in red is used as HCs marker. Scale bar is 20 μm in (C) *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significant 
difference. The number of mice (N) is shown in parentheses.
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fibroblast growth factor 8 (Fgf8) (Ratzan et  al., 2020) have been 
confirmed to play an essential role in negative regulation of cell death 
and synapse formation. This supports our view that IDPN causes severe 
damage to the utricle by affecting aspects of inner ear development, 
neuronal development, cell death, as well as immune inflammatory 
responses. However, quite a few DEGs have not been previously 
reported in utricle and need to be further investigated in the future.

GO and KEGG analysis of DEGs after IDPN 
treatment

To analyze the possible roles of DEGs and signaling pathways 
involved in IDPN damage, we applied Gene ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment 
analysis of DEGs [log2(fold change) > 2, Q value<0.05]. By GO 

FIGURE 2

Balance behavior tests for IDPN and neomycin treatment groups. (A) Trunk curling tests of IDPN and neomycin treatment groups. IDPN group showed 
significant Trunk curling behavior. (B) Gait test for IDPN and neomycin treatment groups. Red, back paws of mice. Blue, front paws of mice. (C,E) Open 
field test of IDPN and neomycin treatment groups. The frequency of mice went to the center of the open field were evaluated in (E). (D,F) Swimming 
test of IDPN and neomycin treatment groups. Swimming test scores were evaluated in (F). *p < 0.05, **p < 0.01, ***p < 0.001. The number of mice 
(N) is shown in parentheses in (E,F).
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FIGURE 3

Analysis of RNA-seq data of IDPN treated and untreated utricle. (A) Correlation analysis of all replicated data of Control and IDPN groups. (B) Venn 
diagram showing the number of genes expressed in IDPN and Control. (C) The top 100 genes with high expression level in Control group in 

(Continued)
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enrichment analysis, we found that the genes with altered expression 
in the IDPN group are highly enriched within functions including 
regulation of biological process, response to stimulus, protein-
containing complex, catalytic activity and transcription regulator 
activity (Figure 5A). KEGG pathway enrichment analysis revealed that 
DEGs were highly enriched in immune-related signaling pathways, 
tumor necrosis factor (TNF) signaling pathways associated with 
inflammation and apoptosis, and nuclear factor κ-B (NF-κB) signaling 
pathways and in Cell Cycle (Figure 5B). As shown in Figures 5C, 24 
genes and 1 gene in the TNF signaling pathway intercellular are 
significantly up-regulated and down-regulated in IDPN group, 
respectively. In the NF-κB signaling pathway, 23 genes and 2 genes 
were significantly up-regulated and down-regulated in IDPN group, 
respectively (Figure 5D). A total of 28 genes and 1 gene in cell cycle 
pathway were significantly upregulated and downregulated, 
respectively (Figure 5E).

We then performed RT-QPCR (Figure  6A) to confirm the 
RNA-seq results, and found that the expression changes of 15 DEGs 
including Tnfsf14, Cxcl3, Eda2r, Plcg2, Ticam2, Cd40, Tnfrsf11a, Syk, 
Ccl4, Plau, Ly96, Icam1, Cxcl1, Cd14, and Btk in NF-κB pathway, 14 
DEGs including Mlkl, RiPk3, Creb3l1, Tnfrsf1b, Tnf, Ccl2, Ccl12, 
Mmp3, Cxcl10, Cxcl1, Fos, Csf1, and Socs3 in TNF pathway, and 16 
DEGs including Sfn, Wee2, Dbf4, Ccnb1, Tgfb1, Plk1, Mcm6, E2f1, 
Cdk6, Ccne1, Ccnd1, Ccnb2, Ccna2, Bubl1,Cdc20 and Espl1 in cell 
cycle, are consistent with RNA-seq data (Figures 6B–D). And most 
DEGs are upregulated. DEGs in NF-κB, TNF pathways and Cell Cycle 
suggests that these pathways may play an important role in IDPN-
induced HCs damage. It is reported that inflammatory response is 
closely related to hearing loss caused by drugs, noise and age (Kalinec 
et al., 2017). Although NF-κB pathway, TNF pathway and cell cycle 
have not been fully studied in inner ear, they may be pathways that 
modulate HCs damage and need further study.

Discussion

It has been reported that IDPN has neurotoxic and vestibulotoxic 
effect, and can be  used to estabilish an in vivo damage model of 
vestibular dysfunction which shows a significant HCs loss phenotype 
(Schlecker et al., 2011). Here, we also found that IDPN injection in 
vivo showed a significant utricular HCs damage and vestibular 
dysfunction. Moreover, we found that IDPN injection caused much 
more utricular HCs loss and more pronounced vestibular behavioral 
disturbances than another commonly used neomycin damage model 
(Burns et al., 2012). However, the detailed mechanism behind IDPN 
damage is not well understood. Accordingly, we used RNA-seq to 
analyze the detailed gene expression profiles of utricles treated with 
IDPN. Among the highly expressed genes, Myelin protein zero (MPZ) 
is a member of the immunoglobulin gene superfamily with single 
extracellular, transmembrane and cytoplasmic domains(Shy et al., 
2004). In a mouse model of noise-induced hearing loss, the Mpz gene 
was upregulated after noise exposure for 6 h (Maeda et al., 2015). Mpz 

gene were also up-regulated in our sequencing results. We further 
performed GO and KEGG analysis for DEGs to explore the pathways 
and genes that might play a role in the process. Recent studies have 
manifested that several DEGs regulate the cell death of utricular HCs. 
However, a large number of genes that may be potential targets for 
IDPN to damage vestibular hair cells have not been well studied which 
need further study in the future.

DEGs in control and IDPN

We have shown that IDPN can effectively damage utricular HCs, 
and to determine the underlying mechanism behind this phenotype, 
we compared the gene expression levels between the IDPN group and 
the Control group. The roles of some DEGs have been previously 
reported. Among the upregulated DEGs in the IDPN group, some 
genes have been demonstrated to be associated with cell death or 
inner ear damage. Ccl2 plays a key role in ototoxic-induced 
sensorineural deafness and is involved in monocyte migration and 
activation after hearing injury (Chen et al., 2022; Sautter et al., 2006).

Other genes such as Ankrd1, Ccl6 and Fosl1 have been shown to 
promote cell death in other tissues. Ankrd1 acts as a co-activator of 
p53, modulating its transcriptional activity, and overexpression of 
ANKRD1 enhances cardiomyocyte apoptosis mediated by the 
up-regulation of p53 (Shen et al., 2015). CCL6 affects the pathogenesis 
of various inflammatory disorders by controlling the migration of 
macrophages and neutrophils (Coelho et al., 2007; Nakagawa et al., 
2019). It is reported that high expression of CCL6 contributes to the 
H/R-induced apoptosis in H9c2 cells through enhancing the 
expression of IGF2-AS (Li et al., 2020). Fos-related antigen 1 (Fra-1) 
is encoded by the Fosl1 gene, and has been shown to be involved in 
various apoptosis processes (Xu et al., 2018a; Vaz et al., 2012; Bakiri 
et al., 2014).

Among the downregulated DEGs in the IDPN group, some had 
already been reported in the inner ear or were thought to be involved 
in cell death or inflammation. For example, overexpression of Olfm4 
significantly inhibited the pro-inflammatory response of lung 
epithelial cells (Gong et  al., 2021). N-deacetylase and 
N-sulfotransferase 4 (Ndst4) deficiency increased the basal level of 
apoptosis in the colonic epithelium (Jao et  al., 2016). From otic 
placode induction to cellular differentiation in the organ of Corti, Fgf8 
signaling plays roles in numerous steps of inner ear development 
(Ratzan et al., 2020). FGF8 signaling pathway can protect mesodermal 
cells from death, and loss of FGF8 can induce mesodermal cell death 
(Mariani et al., 2017; Montero et al., 2001; Diaz-Hernandez et al., 
2021). Transmembrane channel like 2 (Tmc2) can maintain the 
normal sensory transduction of vestibular HCs, and sensory 
transduction is restricted to the extra-striolar region in absence of 
Tmc2 (Kawashima et al., 2011; Pan et al., 2013). In the cochlea, Tmc2 
can partially compensate for Tmc1, but cannot replace it for a long 
time (Asai et al., 2018; Pan et al., 2013). Xin-actin binding repeat 
containing 2 (XIRP2) is essential for the long-term maintenance of 

descending order. The purple number on the right side of each panel represents the same gene ranking in the IDPN group. (D) The top 100 genes 
highly expressed in IDPN group in descending order. The red numbers on the right side of each panel represent the same gene ranking in Control 
group.

FIGURE 3 (Continued)
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FIGURE 4

Differentially expressed genes (DEGs) in IDPN treated and untreated utricle. (A) Volcano map of transcripts differentially expressed in Control and IDPN 
groups. log2 (Fold change) > 2, Q-value < 0.05. Orange dots represent up-regulated DEGs in IDPN, green dots represent down-regulated DEGs in 

(Continued)
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IDPN, and gray dots represent genes with no significant expression difference between Control and IDPN groups. (B) The top 100 up-regulated DEGs 
in IDPN group in descending order. The numbers on the right side of each panel represent the log2 (FoldChange). (C) The top 100 down-regulated 
highly DEGs in Control group in descending order. The numbers on the right side of each panel represent the log2 (FoldChange).

FIGURE 4 (Continued)

FIGURE 5

GO and KEGG analysis of DEGs in RNA-seq data. (A) GO analysis of the DEGs. BP, Biological process. CC, Cellular component. MF, Molecular function. 
(B) KEGG analysis of the DEGs in IDPN. (C–E) Expression levels of 25 DEGs in the TNF signaling pathway (C), and 25 DEGs in the NF-ΚB signaling 
pathway (D), and 29 DEGs in cell cycle (E). The numbers on the right indicated log2 (fold change) of up-regulated and down-regulated gene 
expression in Control group compared with IDPN group.
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HCs stereocilia. The deletion of Xirp2  in mice causes stereocilia 
degeneration and leads to hearing loss in mice (Scheffer et al., 2015; 
Francis et al., 2015).

Therefore, we  found many DEGs have important roles in cell 
death and inflammation in HCs loss, which is consistent with our 
results and suggest that IDPN induced HCs damage may be involved 

FIGURE 6

Quantification of the expression of signaling pathway genes. (A) The flow diagram for IDPN injection and utricle collection at P7 for Real-time QPCR. 
(B–D) Verification of expression level of DEGs in TNF signal pathway (B), NF-κB signal pathway (C), and cell cycle (D) by Real-time QPCR. *p < 0.05, 
**p < 0.01, ***p < 0.001. n = 3.
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with these HCs death and inflammation induced genes. However, 
there are much more DEGs that have not been reported and may play 
important roles in utricle HCs damage, which need further study in 
the future.

Signaling pathway analysis

According to GO and KEGG enrichment analysis, we found that 
IDPN group contains more DEGs that play roles in regulation of 
biological process, response to stimulus, protein-containing complex, 
catalytic activity and transcription regulator activity. We studied the 
top 20 associated pathways in KEGG enrichment analysis, and IDPN 
injection may probably cause HCs damage through these enriched 
pathways, especially NF-κB signaling pathways and TNF pathways, 
which have been shown to be involved in inner ear inflammation and 
cell death processes and play an important role in inner ear 
dysfunction. It was reported that Siah3/NF-κB signaling pathway is 
activated in the cochlea and participates in the formation of cochlear 
inflammation after noise injury (Zhang et al., 2019a), And it has also 
been shown that expression of NF-κB increased in the utricle after 
cisplatin injury (Kim et  al., 2008). Activation of TNF pathway is 
involved in the regulation cochlear HCs death and cochlear blood flow 
(Zhang et al., 2019b; Sharaf et al., 2016).

At the same time, it was reported that the synergistic effect of TNF 
pathway, NF-κB pathway and inflammatory signaling is associated 
with necroptosis (Chan et al., 2015; Thapa et al., 2013). Necroptosis 
can be  activated by TNF death receptors, and appropriate NF-κB 
response promotes cell survival and reduce TNF cytotoxicity. At the 
same time, death receptors induced necrosis also can effectively 
induce pro-inflammatory transcription factor NF-κB (Papa et  al., 
2004; Kreuz et  al., 2001). Recent studies have pointed out that 
pyroptosis may be activated by the levels of inflammatory factors such 
as TNF through the NF-κB-GSDMD axis (Jin et al., 2022). And it has 
been reported that there may be crosstalk between necroptosis and 
pyroptosis (Duong et  al., 2015; Conos et  al., 2017). Therefore, 
we speculate that IDPN injury may lead to a wider range of death 
pathways, such as necroptosis and pyroptosis, which may provide 
reference for scientific research using IDPN as a model for 
utricle damage.

A pro-inflammatory cytokine, TNF is involved in many biological 
processes, including necrosis, apoptosis, differentiation, and 
proliferation of cells (Liu, 2005; Pasparakis and Vandenabeele, 2015; 
Kalliolias and Ivashkiv, 2016; Huyghe et al., 2023). There are 14 DEGs 
verified in TNF pathway, and 13 DEGs are upregulated in IDPN 
group. These DEGs of the TNF pathway have been reported to 
be involved in the regulation of cell death and inflammation-related 
processes. Ripk3 with Mlkl is often used as a marker of necroptotic 
programmed cell death, and it has been suggested that RIPk3 and 
Mlkl can mediate necroptosis together (Zheng et al., 2014; Pasparakis 
and Vandenabeele, 2015). TNF is a central cytokine in the 
inflammatory response and induces inflammatory gene expression 
and cell death. Tnfrsf1b is the receptor of TNF, and controls local 
homeostatic effects (van Loo and Bertrand, 2023; Lightwood et al., 
2021). MMP3 plays an important role in caspase-12 induced 
apoptosis, and its catalytic activity induces apoptosis (Muto et al., 
2014). Fos is a member of the Fos family, and upregulation of Fos 
induces cell death (Bao et al., 2021; Xiao et al., 2018). Ccl12 is a small 

cytokine that attracts many types of immune cells. CCL12 
overexpression enhances apoptosis, fibrosis and pyroptosis (Jia et al., 
1996; Chen et al., 2023). Necroptosis can further amplify inflammation 
by increasing Ccl2 genetic expression, and inhibition of RIPK3 can 
reduce CCL2-mediated inflammation following intracebral 
hemorrhage (Huang et  al., 2022; Xu et  al., 2018b). CREB3L1 
expression has been reported to be  upregulated by endoplasmic 
reticulum stress, inhibiting cancer cell proliferation and promoting 
apoptosis (Yan et al., 2022). CSF1 can be a pro-inflammatory cytokine, 
and it is associated with a variety of inflammatory diseases (Saleh 
et al., 2018; Collison, 2018). SOCS3 is an established negative feedback 
regulation transcription factor, SOCS3 can promote adipocyte 
apoptosis by increasing inflammation and inhibiting the activity of 
JAK2/STAT3 signaling pathway (Liu et al., 2015).

Some of these DEGs also participate in the cell death process in 
the inner ear. Upregulation of Ripk3, Tnf, and MMP3 is involved in 
noise-induced hearing loss (Zheng et al., 2014; Fuentes-Santamaría 
et al., 2017; Park et al., 2014). Some studies found that the hearing 
threshold increased for a short time after noise and then decreased, 
during which Fos expression increased, which was considered to 
be related to the protection and survival of Corti (Shizuki et al., 2002). 
Some researchers found that CXCL10 may directly promote immune-
mediated apoptosis in the inner ear, leading to age-related deafness. 
The expression of CXCL10 is increased in acute noise induced hearing 
loss, which promotes immune-mediated apoptosis in the ear and 
induces age-related deafness in humans (Dong et al., 2014; Oh et al., 
2019). Dexamethasone systematically down-regulates the higher 
expression of Ccl12 in the noise-exposed cochlea, which may provide 
a basis for drug therapy for acute sensorineural hearing loss (Maeda 
et al., 2018).

It is well known that the death receptor in the TNF superfamily is 
one of the typical signals that activate necroptosis (Thapa et al., 2013a). 
However, cell death is not the only signaling outcome for the death 
receptors, and the signaling stimulation of the death receptor is often 
accompanied by NF-κB activation (Chan et al., 2015a). NF-κB usually 
induces the expression of pro-survival genes, which is mutually 
exclusive with apoptosis or necroptosis. Moreover, under certain 
conditions, TNF signaling can act in conjunction with NF-κB 
signaling to induce apoptosis or necroptosis and inflammation (Chan 
and Lenardo, 2000; Varfolomeev et al., 2007; Petersen et al., 2007).

The NF-κB signaling pathway is a highly conserved evolutionary 
pathway. This signaling pathway plays a key role in regulating immune 
and inflammatory responses, and it broadly influences cell survival, 
apoptosis, differentiation, and proliferation (Xiao and Ghosh, 2005; 
Hayden and Ghosh, 2008; Perkins, 1997). It was demonstrated that 
NF-κB is a key bridge for the expression of inflammatory cytokines 
and other mediators mediating inflammatory responses in many of 
the inflammatory and immune damage associated with the inner ear 
(Fetoni et al., 2019; Sai et al., 2020; Ferreiro and Komives, 2010).

In our data, 15 DEGs in the NF-κB pathway was verified. 
These DEGs have been shown to be involved in inflammation 
and cell death in the inner ear. As a co-receptor of Toll-like 
receptors, CD14 can activate NF-κB and a series of 
pro-inflammatory cytokines, such as TNF-α, IL-1β, thereby 
causing changes in the microenvironment (Li et  al., 2013; Fu 
et al., 2021). CD14-positive inflammatory cells into the cochlea 
were briefly increased in capsaicin-induced transient hearing loss 
(Mukherjea et al., 2011). CD40, a member of the tumor necrosis 
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factor receptor (TNFR) family, can activate NF-κB and play an 
important role in cell survival, cell death, immune response, and 
inflammatory diseases (Jundi et al., 2012; Elgueta et al., 2009). 
Pro-inflammatory chemokine Ccl4, which belongs to CC 
chemokine family, is regulated by NF-κB and plays an 
indispensable role in various inflammatory diseases and tissue 
damage (Ahmad et al., 2019; Son et al., 2007). Ccl4 expression is 
up-regulated in cochlear inflammatory damage induced by noise 
exposure (Tornabene et  al., 2006). ICAM-1 is part of the 
immunoglobulin superfamily, and it is also associated with a 
variety of inflammatory diseases and conditions (Springer, 1990; 
Roebuck and Finnegan, 1999). NF-κB signals can induce 
ICAM-1, which plays a key role in innate and adaptive immune 
responses (Ghosh and Karin, 2002). ICAM1 acts as an adhesion 
molecule that interacts with receptors on the surface of immune 
cells, allowing it to exfiltrate into the cochlea. Upregulated 
expression of ICAM-1 was observed in both noise exposure and 
lipopolysaccharide-induced inner ear inflammation, leading to 
further hearing impairment (Tornabene et al., 2006; Bae et al., 
2021). Cxcl1 expression is up-regulated to participate in the 
inflammatory response (Korbecki et al., 2022). In the inner ear, 
CXCL1 was found to be  expressed in mouse vestibular cells 
(Elkon et al., 2015). In hearing loss induced by noise exposure, 
the expression level of proinflammatory cytokines CXCL1 in the 
inner ear of mice was significantly increased (Landegger et al., 
2019; Maeda et al., 2018). The other genes have been shown to 
have pro-inflammatory or mediating cell death roles in other 
tissue cells. EDA2R could upregulate the NF-κB family members 
including RELA (Verhelst et al., 2015). TNFRSF11A, also known 
as receptor activator of NF-κB (RANK), belongs to the TNFR 
family and has an extracellular domain highly similar to CD40. 
It can activate various signaling pathways such as NF-κB, JNK, 
ERK, p38α, and Akt/PKB (von dem Knesebeck et  al., 2012; 
Darnay et al., 1998). TNFSF14 is a member of the TNF family, 
also known as lymphotoxin-related inducible ligand (LIGHT) or 
CD258, which can induce both typical and atypical pathways of 
NF-κB non-canonical and canonical pathway (Qiu et al., 2014; 
Mauri et al., 1998; Jin et al., 2010). A recent study showed that 
TNFSF14 in combination with IFN-γ induces apoptosis of islet β 
cells via an intrinsic mitochondrial pathway through NF-κB-
mediated regulation of anti-apoptotic or pro-apoptotic Bcl-2 
family member expression (Zheng et al., 2016). Activation of SYK 
triggers a variety of signaling pathways, including the NF-κB 
signaling pathway, and there is growing evidence that SYK is 
involved in inducing cell death and some inflammatory damage 
(Xu et al., 2019; Yin et al., 2016; Chen et al., 2021a; Lee et al., 
2016; Bukong et al., 2016; LaRocca et al., 2015). High expression 
of PLCG2 has also been shown to contribute to pro-inflammatory 
signaling (Zhang et al., 2023; Tsai et al., 2022). The TIR domain 
of TICAM-2 is recruited by Toll-like receptor 4 to initiate the 
activation of NF-κB, which then promotes the release of 
downstream proinflammatory cytokines in inflammatory 
microglia (Zhao et al., 2020). BTK belongs to the TEC tyrosine 
kinase family, and up-regulation of BTK expression can activate 
the NF-κB pathway (Li et  al., 2023). It has been shown that 
treatment with the BTK inhibitor ibrutinib attenuates the 
activation of NF-κB and NLRP3 inflammasome (Purvis et al., 

2020). CXCL3 can be  activated by activation of the NF-κB 
signaling cascade to further promote the expression of 
pro-inflammatory factors (Reyes et al., 2021; Gulati et al., 2018; 
Zhou et  al., 2022). LY96 can activate macrophage-mediated 
NF-κB and STAT3 pathways and also promote the release of 
pro-inflammatory cytokines and adhesive molecules. High 
expression of LY96 has been proven to be  associated with a 
sustained pro-inflammatory immune response (Jin et al., 2020; 
Rajamanickam et al., 2020; Jiang et al., 2023).

In our sequencing results, we found that DEGs were also highly 
enriched in the cell cycle pathway. 16 genes in cell cycle are verified by 
QPCR to be differentially expressed in IDPN group, and most of them 
are upregulated. Among them, upregulation of Sfn, Dbf4, Ccnb1, 
Tgfb1, Plk1, Mcm6, E2f1, Cdk6, Ccne1, Ccnd1, Ccnb2, Ccna2, Bubl1, 
Cdc20 and Espl1are reported to induce cell cycle (Bruno et al., 2022; 
Tachibana et al., 2005; Stoeber et al., 2001; Umate et al., 2011; Rizou 
et al., 2018; Kaplan et al., 2017; Sun et al., 2009; Nasmyth and Haering, 
2009; Uhlmann, 2001; Suski et al., 2021). It seems that the cell cycle 
was upregulated overall, which is not consistent with the HCs death 
phenotype we observed. However, it is reported by several articles that 
damage of HCs could induce the spontaneous HC regeneration to 
some extent (Cox et al., 2014; Bramhall et al., 2014; White et al., 2006; 
Oesterle et al., 2008; Forge et al., 1993; Warchol et al., 1993; Zhang 
et al., 2017a), and in the utricle treated by IDPN, there is not only the 
loss of HCs, but also the proliferation and differentiation of supporting 
cells (Zeng et al., 2020), which may explain the overall upregulation 
of cell cycle observed in this study. However, we do not know much 
about the operation of the specific mechanisms of this proliferative 
capacity. On the other hand, cell cycle reentry of mitotic cells is an 
early manifestation of apoptosis (Freeman et al., 1994; Herrup and 
Busser, 1995; Padmanabhan et al., 1999), and thus cell cycle-related 
genes may also participate in the death process of HCs.

Conclusion

In summary, we  demonstrated that IDPN injection in vivo 
resulted in a more pronounced HCs injury in the utricle and more 
severe vestibular dysfunction than neomycin injection in vivo. 
We characterized the transcriptome changes in IDPN-induced utricle 
injury model, and identified key genes and pathways involved in this 
process. These pathways and genes may be the key regulators of HCs 
injury and vestibular dysfunction, which may be the target genes for 
further study of mechanisms of HCs protection.

Data availability statement

The data presented in the study are deposited in the SRA 
repository, accession number PRJNA1193838.

Ethics statement

The animal study was approved by the Animal Care and Use 
Committee of Southeast University. The study was conducted in 
accordance with the local legislation and institutional requirements.

https://doi.org/10.3389/fnmol.2024.1487364
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Tian et al. 10.3389/fnmol.2024.1487364

Frontiers in Molecular Neuroscience 14 frontiersin.org

Author contributions

MT: Conceptualization, Formal analysis, Investigation, 
Methodology, Validation, Writing  – original draft. JH: 
Conceptualization, Formal analysis, Investigation, Writing  – 
original draft, Writing  – review & editing. HX: Investigation, 
Validation, Writing  – review & editing. PJ: Formal analysis, 
Investigation, Writing  – review & editing. XM: Investigation, 
Writing – review & editing. YL: Investigation, Writing – review & 
editing. XT: Investigation, Writing  – review & editing. YW: 
Investigation, Writing  – review & editing. MD: Investigation, 
Writing – review & editing. WT: Investigation, Writing – review & 
editing. ZY: Investigation, Writing  – review & editing. XS: 
Writing  – review & editing, Investigation. RC: Resources, 
Supervision, Writing – review & editing. SZ: Conceptualization, 
Funding acquisition, Methodology, Project administration, 
Resources, Supervision, Writing – original draft, 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 the National Key R&D Program of China 
(nos. 2022YFA0807000, 2023YFA1801804, 2021YFA1101300, 
2021YFA1101800, and 2020YFA0112503), the Strategic Priority 
Research Program of the Chinese Academy of Science 
(XDA16010303), the National Natural Science Foundation of China 
(nos. 82171149, 82371166, 81970892, 82030029, 81970882, and 

92149304), the Science and Technology Department of Sichuan 
Province (No. 2021YFS0371), the Shenzhen Science and Technology 
Program (JCYJ20230807114700001, JCYJ20190814093401920, and 
JCYJ20210324125608022), Guangdong Basic and Applied Basic 
Research Foundation (2024A1515010548), and the Open Research 
Fund of the State Key Laboratory of Genetic Engineering, Fudan 
University (no. SKLGE-2104).

Conflict of interest

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

Publisher’s note

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

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnmol.2024.1487364/
full#supplementary-material

References
Abd Elghani, F., Safory, H., Hamza, H., Savyon, M., Farhoud, M., Toren-Hershoviz, M., 

et al. (2022). SIAH proteins regulate the degradation and intra‐mitochondrial 
aggregation ofPINK1: implications for mitochondrial pathology in Parkinson's disease. 
Aging Cell 21:E13731. doi: 10.1111/acel.13731

Ahmad, R., Kochumon, S., Chandy, B., Shenouda, S., Koshy, M., Hasan, A., et al. 
(2019). Tnf-alpha drives the Ccl4 expression in human Monocytic cells: involvement of 
the Sapk/Jnk and Nf-Kappab signaling pathways. Cell. Physiol. Biochem. 52, 908–921. 
doi: 10.33594/000000063

Asai, Y., Pan, B., Nist-Lund, C., Galvin, A., Lukashkin, A. N., Lukashkina, V. A., et al. 
(2018). Transgenic Tmc2 expression preserves inner ear hair cells and vestibular 
function in mice lacking Tmc1. Sci. Rep. 8:12124. doi: 10.1038/s41598-018-28958-x

Bae, S. H., Yoo, J. E., Choe, Y. H., Kwak, S. H., Choi, J. Y., Jung, J., et al. (2021). 
Neutrophils infiltrate into the spiral ligament but not the Stria Vascularis in the cochlea 
during lipopolysaccharide-induced inflammation. Theranostics 11, 2522–2533. doi: 
10.7150/thno.49121

Bakiri, L., Macho-Maschler, S., Custic, I., Niemiec, J., Guío-Carrión, A., Hasenfuss, S. C., 
et al. (2014). Fra-1/Ap-1 induces Emt in mammary epithelial cells by modulating Zeb1/2 and 
Tgfβ expression. Cell Death Diff. 22, 336–350. doi: 10.1038/cdd.2014.157

Bao, Y., Qiao, Y., Yu, H., Zhang, Z., Yang, H., Xin, X., et al. (2021). Mirna-27a 
transcription activated by C-Fos regulates myocardial ischemia-reperfusion injury by 
targeting Atad3a. Oxidative Med. Cell. Longev. 2021:2514947. doi: 10.1155/2021/2514947

Boadas-Vaello, P., Sedo-Cabezon, L., Verdu, E., and Llorens, J. (2017). Strain and sex 
differences in the vestibular and systemic toxicity of 3,3 '-Iminodipropionitrile in mice. 
Toxicol. Sci. 156, 109–122. doi: 10.1093/toxsci/kfw238

Bramhall, N. F., Shi, F., Arnold, K., Hochedlinger, K., and Edge, A. S. (2014). Lgr5-
positive supporting cells generate new hair cells in the postnatal cochlea. Stem Cell Rep. 
2, 311–322. doi: 10.1016/j.stemcr.2014.01.008

Bruno, S., Di Rorà, G. L., Napolitano, R., Soverini, S., Martinelli, G., and Simonetti, G. 
(2022). Cdc20  in and out of mitosis: A prognostic factor and therapeutic target in 
hematological malignancies. J. Exp. Clin. Cancer Res. 41:159. doi: 10.1186/
s13046-022-02363-9

Bukong, T. N., Iracheta-Vellve, A., Saha, B., Ambade, A., Satishchandran, A., 
Gyongyosi, B., et al. (2016). Inhibition of spleen tyrosine kinase activation ameliorates 
inflammation, cell death, and steatosis in alcoholic liver disease. Hepatology 64, 
1057–1071. doi: 10.1002/hep.28680

Burns, J. C., Cox, B. C., Thiede, B. R., Zuo, J., and Corwin, J. T. (2012). In vivo 
proliferative regeneration of balance hair cells in newborn mice. J. Neurosci. 32, 
6570–6577. doi: 10.1523/JNEUROSCI.6274-11.2012

Burns, J. C., Kelly, M. C., Hoa, M., Morell, R. J., and Kelley, M. W. (2015). Single-cell 
RNA-Seq resolves cellular complexity in sensory organs from the neonatal inner ear. 
Nat. Commun. 6:8557. doi: 10.1038/ncomms9557

Callejo, A., Durochat, A., Bressieux, S., Saleur, A., Chabbert, C., Domenech Juan, I., 
et al. (2017). Dose-dependent Cochlear and vestibular toxicity of trans-tympanic 
cisplatin in the rat. Neurotoxicology 60, 1–9. doi: 10.1016/j.neuro.2017.02.007

Chan, F. K., and Lenardo, M. J. (2000). A crucial role for P80 Tnf-R2 in amplifying 
P60 Tnf-R1 apoptosis signals in T lymphocytes. Eur. J. Immunol. 30, 652–660. doi: 
10.1002/1521-4141(200002)30:2<652::AID-IMMU652>3.0.CO;2-L

Chan, F. K., Luz, N. F., and Moriwaki, K. (2015). Programmed necrosis in the cross 
talk of cell death and inflammation. Annu. Rev. Immunol. 33, 79–106. doi: 10.1146/
annurev-immunol-032414-112248

Chen, P., Hao, J. J., Li, M. W., Bai, J., Guo, Y. T., Liu, Z., et al. (2022). Integrative 
functional transcriptomic analyses implicate shared molecular circuits in sensorineural 
hearing loss. Front. Cell. Neurosci. 16:857344. doi: 10.3389/fncel.2022.857344

Chen, H., Hong, Y. H., Woo, B. Y., Hong, Y. D., Manilack, P., Souladeth, P., et al. 
(2021a). Cocculus Hirsutus ameliorates gastric and lung injuries by suppressing Src/Syk. 
Phytomedicine 93:153778. doi: 10.1016/j.phymed.2021.153778

Chen, L. H., Liu, J. F., Lu, Y., He, X. Y., Zhang, C., and Zhou, H. H. (2021b). 
Complement C1q (C1qa, C1qb, and C1qc) May be A potential prognostic factor and an 
index of tumor microenvironment remodeling in osteosarcoma. Front. Oncol. 
11:642144. doi: 10.3389/fonc.2021.642144

Chen, J. Y., Ruan, H. J., Chen, S. Y., Wang, X. Q., Wen, J. M., and Wang, Z. X. (2023). 
Mir-144-5p/Ccl12 signaling Axis modulates ischemic preconditioning-mediated cardio-

https://doi.org/10.3389/fnmol.2024.1487364
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnmol.2024.1487364/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2024.1487364/full#supplementary-material
https://doi.org/10.1111/acel.13731
https://doi.org/10.33594/000000063
https://doi.org/10.1038/s41598-018-28958-x
https://doi.org/10.7150/thno.49121
https://doi.org/10.1038/cdd.2014.157
https://doi.org/10.1155/2021/2514947
https://doi.org/10.1093/toxsci/kfw238
https://doi.org/10.1016/j.stemcr.2014.01.008
https://doi.org/10.1186/s13046-022-02363-9
https://doi.org/10.1186/s13046-022-02363-9
https://doi.org/10.1002/hep.28680
https://doi.org/10.1523/JNEUROSCI.6274-11.2012
https://doi.org/10.1038/ncomms9557
https://doi.org/10.1016/j.neuro.2017.02.007
https://doi.org/10.1002/1521-4141(200002)30:2<652::AID-IMMU652>3.0.CO;2-L
https://doi.org/10.1146/annurev-immunol-032414-112248
https://doi.org/10.1146/annurev-immunol-032414-112248
https://doi.org/10.3389/fncel.2022.857344
https://doi.org/10.1016/j.phymed.2021.153778
https://doi.org/10.3389/fonc.2021.642144


Tian et al. 10.3389/fnmol.2024.1487364

Frontiers in Molecular Neuroscience 15 frontiersin.org

protection by reducing cell viability, enhancing cell apoptosis, fibrosis, and Pyroptosis. 
Appl. Biochem. Biotechnol. 195, 1999–2014. doi: 10.1007/s12010-022-04208-9

Coelho, A. L., Schaller, M. A., Benjamim, C. F., Orlofsky, A. Z., Hogaboam, C. M., and 
Kunkel, S. L. (2007). The chemokine Ccl6 promotes innate immunity via immune cell 
activation and recruitment. J. Immunol. 179, 5474–5482. doi: 10.4049/
jimmunol.179.8.5474

Collison, J. (2018). Csf1 drives pain in arthritis. Nat. Rev. Rheumatol. 14:562. doi: 
10.1038/s41584-018-0087-4

Conos, S. A., Chen, K. W. W., De Nardo, D., Hara, H., Whitehead, L., Nunez, G., et al. 
(2017). Active Mlkl triggers the Nlrp3 Inflammasome in A cell-intrinsic manner. Proc. 
Natl. Acad. Sci. U. S. A. 114, E961–E969. doi: 10.1073/pnas.1613305114

Cox, B. C., Chai, R., Lenoir, A., Liu, Z., Zhang, L., Nguyen, D. H., et al. (2014). 
Spontaneous hair cell regeneration in the neonatal mouse cochlea in vivo. Development 
141, 816–829. doi: 10.1242/dev.103036

Cunningham, L. L., Cheng, A. G., and Rubel, E. W. (2002). Caspase activation in hair 
cells of the mouse utricle exposed to neomycin. J. Neurosci. 22, 8532–8540. doi: 10.1523/
JNEUROSCI.22-19-08532.2002

Darnay, B. G., Haridas, V., Ni, J., Moore, P. A., and Aggarwal, B. B. (1998). 
Characterization of the intracellular domain of receptor activator of Nf-Kappab (rank). 
Interaction with tumor necrosis factor receptor-associated factors and activation of Nf-
Kappab and C-Jun N-terminal kinase. J. Biol. Chem. 273, 20551–20555. doi: 10.1074/
jbc.273.32.20551

Dechesne, C. J., Winsky, L., Kim, H. N., Goping, G., Vu, T. D., Wenthold, R. J., et al. 
(1991). Identification and ultrastructural-localization of A Calretinin-like calcium-
binding protein (Protein-10) in the Guinea-pig and rat inner-ear. Brain Res. 560, 
139–148. doi: 10.1016/0006-8993(91)91224-O

Desai, S. S., Zeh, C., and Lysakowski, A. (2005). Comparative morphology of rodent 
vestibular periphery. I. Saccular and Utricular maculae. J. Neurophysiol. 93, 251–266. 
doi: 10.1152/jn.00746.2003

Diaz-Hernandez, M. E., Galvan-Hernandez, C. I., Marin-Llera, J. C., Camargo-Sosa, K., 
Bustamante, M., Wischin, S., et al. (2021). Activation of the Wnt-bmp-Fgf regulatory 
network induces the onset of cell death in anterior mesodermal cells to establish the 
Anz. Front. Cell Dev. Biol. 9:703836.

Dong, Y., Li, M., Liu, P., Song, H., Zhao, Y., and Shi, J. (2014). Genes involved in 
immunity and apoptosis are associated with human Presbycusis based on microarray 
analysis. Acta Otolaryngol. 134, 601–608. doi: 10.3109/00016489.2014.880795

Duong, B. H., Onizawa, M., Oses-Prieto, J. A., Advincula, R., Burlingame, A., 
Malynn, B. A., et al. (2015). A20 restricts ubiquitination of pro-interleukin-1β protein 
complexes and suppresses Nlrp3 Inflammasome activity. Immunity 42, 55–67. doi: 
10.1016/j.immuni.2014.12.031

Eatock, R. A., Rusch, A., Lysakowski, A., and Saeki, M. (1998). Hair cells in 
mammalian utricles. Otolaryngol. Head Neck Surg. 119, 172–181. doi: 10.1016/
S0194-5998(98)70052-X

Eatock, R. A., and Songer, J. E. (2011). Vestibular hair cells and afferents: two channels 
for head motion signals. Annu. Rev. Neurosci. 34, 501–534. doi: 10.1146/annurev-
neuro-061010-113710

Eisner, L., Vambutas, A., and Pathak, S. (2017). The balance of tissue inhibitor of 
Metalloproteinase-1 and matrix Metalloproteinase-9  in the autoimmune inner ear 
disease patients. J. Interf. Cytokine Res. 37, 354–361. doi: 10.1089/jir.2017.0053

Elgueta, R., Benson, M. J., De Vries, V. C., Wasiuk, A., Guo, Y., and Noelle, R. J. (2009). 
Molecular mechanism and function of Cd40/Cd40l engagement in the immune system. 
Immunol. Rev. 229, 152–172. doi: 10.1111/j.1600-065X.2009.00782.x

Elkon, R., Milon, B., Morrison, L., Shah, M., Vijayakumar, S., Racherla, M., et al. 
(2015). Rfx transcription factors are essential for hearing in mice. Nat. Commun. 6:8549. 
doi: 10.1038/ncomms9549

Ferreiro, D. U., and Komives, E. A. (2010). Molecular mechanisms of system control 
of Nf-Kappab signaling by Ikappabalpha. Biochemistry 49, 1560–1567. doi: 10.1021/
bi901948j

Fetoni, A. R., Paciello, F., Rolesi, R., Paludetti, G., and Troiani, D. (2019). Targeting 
dysregulation of redox homeostasis in noise-induced hearing loss: oxidative stress and Ros 
signaling. Free Radic. Biol. Med. 135, 46–59. doi: 10.1016/j.freeradbiomed.2019.02.022

Forge, A., Li, L., Corwin, J. T., and Nevill, G. (1993). Ultrastructural evidence for hair 
cell regeneration in the mammalian inner ear. Science 259, 1616–1619. doi: 10.1126/
science.8456284

Francis, S. P., Krey, J. F., Krystofiak, E. S., Cui, R. J., Nanda, S., Xu, W. H., et al. (2015). 
A short splice form of Xin-actin binding repeat containing 2 (Xirp2) lacking the Xin 
repeats is required for maintenance of Stereocilia morphology and hearing function. J. 
Neurosci. 35, 1999–2014. doi: 10.1523/JNEUROSCI.3449-14.2015

Freeman, R. S., Estus, S., and Johnson, E. M. Jr. (1994). Analysis of cell cycle-related 
gene expression in Postmitotic neurons: selective induction of cyclin D1 during 
programmed cell death. Neuron 12, 343–355. doi: 10.1016/0896-6273(94)90276-3

Fu, Y. J., Xu, B., Huang, S. W., Luo, X., Deng, X. L., Luo, S., et al. (2021). Baicalin 
prevents Lps-induced activation of Tlr4/Nf-Kappab P65 pathway and inflammation in 
mice via inhibiting the expression of Cd14. Acta Pharmacol. Sin. 42, 88–96. doi: 10.1038/
s41401-020-0411-9

Fuentes-Santamaría, V., Alvarado, J. C., Melgar-Rojas, P., Gabaldón-Ull, M. C., 
Miller, J. M., and Juiz, J. M. (2017). The role of glia in the peripheral and central auditory 
system following noise overexposure: contribution of Tnf-Α and Il-1β to the 
pathogenesis of hearing loss. Front. Neuroanat. 11:9. doi: 10.3389/fnana.2017.00009

Ghosh, S., and Karin, M. (2002). Missing pieces in the Nf-Kappab puzzle. Cell 109, 
S81–S96. doi: 10.1016/S0092-8674(02)00703-1

Ghosh, S., Stepicheva, N., Yazdankhah, M., Shang, P., Watson, A. M., Hose, S., et al. 
(2020). The role of Lipocalin-2 in age-related macular degeneration (Amd). Cell. Mol. 
Life Sci. 77, 835–851. doi: 10.1007/s00018-019-03423-8

Golub, J. S., Tong, L., Ngyuen, T. B., Hume, C. R., Palmiter, R. D., Rubel, E. W., et al. 
(2012). Hair cell replacement in adult mouse utricles after targeted ablation of hair cells 
with diphtheria toxin. J. Neurosci. 32, 15093–15105. doi: 10.1523/
JNEUROSCI.1709-12.2012

Gong, F., Li, R., Zheng, X., Chen, W., Zheng, Y., Yang, Z., et al. (2021). Olfm4 regulates 
lung epithelial cell function in Sepsis-associated Ards/Ali via Ldha-mediated Nf-Kappab 
signaling. J. Inflamm. Res. 14, 7035–7051. doi: 10.2147/JIR.S335915

Greguske, E. A., Carreres-Pons, M., Cutillas, B., Boadas-Vaello, P., and Llorens, J. 
(2019). Calyx junction dismantlement and synaptic uncoupling precede hair cell 
extrusion in the vestibular sensory epithelium during sub-chronic 
3,3'-Iminodipropionitrile ototoxicity in the mouse. Arch. Toxicol. 93, 417–434. doi: 
10.1007/s00204-018-2339-0

Gulati, K., Gangele, K., Agarwal, N., Jamsandekar, M., Kumar, D., and Poluri, K. M. 
(2018). Molecular cloning and biophysical characterization of Cxcl3 chemokine. Int. J. 
Biol. Macromol. 107, 575–584. doi: 10.1016/j.ijbiomac.2017.09.032

Han, Y., Hong, L., Zhong, C., Chen, Y., Wang, Y., Mao, X., et al. (2012). Identification 
of new altered genes in rat cochleae with noise-induced hearing loss. Gene 499, 318–322. 
doi: 10.1016/j.gene.2012.02.042

Han, J. H., Wu, H. W., Hu, H. Y., Yang, W. Q., Dong, H. S., Liu, Y. C., et al. (2018). 
Characterization of the transcriptome of hair cell regeneration in the neonatal mouse 
utricle. Cell. Physiol. Biochem. 51, 1437–1447. doi: 10.1159/000495592

Hardisty-Hughes, R. E., Parker, A., and Brown, S. D. (2010). A hearing and vestibular 
phenotyping pipeline to identify mouse mutants with hearing impairment. Nat. Protoc. 
5, 177–190. doi: 10.1038/nprot.2009.204

Harris, J. A., Cheng, A. G., Cunningham, L. L., Macdonald, G., Raible, D. W., and 
Rubel, E. W. (2003). Neomycin-induced hair cell death and rapid regeneration in the 
lateral line of zebrafish (Danio Rerio). JARO 4, 219–234. doi: 10.1007/s10162-002-3022-x

Haure-Mirande, J. V., Audrain, M., Ehrlich, M. E., and Gandy, S. (2022). Microglial 
Tyrobp/Dap12 in Alzheimer's disease: transduction of physiological and pathological 
signals across Trem2. Mol. Neurodegener. 17:55. doi: 10.1186/s13024-022-00552-w

Hayden, M. S., and Ghosh, S. (2008). Shared principles in Nf-Kappab signaling. Cell 
132, 344–362. doi: 10.1016/j.cell.2008.01.020

Herrup, K., and Busser, J. C. (1995). The induction of multiple cell cycle events 
precedes target-related neuronal death. Development 121, 2385–2395. doi: 10.1242/
dev.121.8.2385

Hoffman, L. F., Choy, K. R., Sultemeier, D. R., and Simmons, D. D. (2018). 
Oncomodulin expression reveals new insights into the cellular organization of the 
murine utricle Striola. JARO 19, 33–51. doi: 10.1007/s10162-017-0652-6

Hu, B. H., Cai, Q. F., Hu, Z. H., Patel, M., Bard, J., Jamison, J., et al. (2012). 
Metalloproteinases and their associated genes contribute to the functional integrity and 
noise-induced damage in the Cochlear sensory epithelium. J. Neurosci. 32, 14927–14941. 
doi: 10.1523/JNEUROSCI.1588-12.2012

Huang, S., Hu, W., Rao, D., Wu, X., Bai, Q., Wang, J., et al. (2022). Ripk3-dependent 
necroptosis activates Mcp-1-mediated inflammation in mice after intracerebral 
hemorrhage. J. Stroke Cerebrovasc. Dis. 31:106213. doi: 10.1016/j.
jstrokecerebrovasdis.2021.106213

Huyghe, J., Priem, D., and Bertrand, M. J. M. (2023). Cell death checkpoints in the Tnf 
pathway. Trends Immunol. 44, 628–643. doi: 10.1016/j.it.2023.05.007

Huyghe, A., Van Den Ackerveken, P., Sacheli, R., Prévot, P. P., Thelen, N., Renauld, J., 
et al. (2015). Microrna-124 regulates cell specification in the cochlea through 
modulation of Sfrp4/5. Cell Rep. 13, 31–42. doi: 10.1016/j.celrep.2015.08.054

Ishiyama, G., Lopez, I., Baloh, R. W., and Ishiyama, A. (2007). Histopathology of the 
vestibular end organs after Intratympanic gentamicin failure for Meniere's disease. Acta 
Otolaryngol. 127, 34–40. doi: 10.1080/00016480600672600

Jao, T. M., Li, Y. L., Lin, S. W., Tzeng, S. T., Yu, I. S., Yen, S. J., et al. (2016). Alteration 
of colonic epithelial cell differentiation in mice deficient for Glucosaminyl 
N-deacetylase/N-sulfotransferase 4. Oncotarget 7, 84938–84950. doi: 10.18632/
oncotarget.12915

Jia, G. Q., Gonzalo, J. A., Lloyd, C., Kremer, L., Lu, L., Martinez, A. C., et al. (1996). 
Distinct expression and function of the novel mouse chemokine monocyte chemotactic 
Protein-5 in lung allergic inflammation. J. Exp. Med. 184, 1939–1951. doi: 10.1084/
jem.184.5.1939

Jiang, S., Dong, Y., Wang, J., Zhang, X., Liu, W., Wei, Y., et al. (2023). Identification of 
immunogenic cell death-related signature on prognosis and immunotherapy in kidney 
renal clear cell carcinoma. Front. Immunol. 14:1207061. doi: 10.3389/
fimmu.2023.1207061

https://doi.org/10.3389/fnmol.2024.1487364
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s12010-022-04208-9
https://doi.org/10.4049/jimmunol.179.8.5474
https://doi.org/10.4049/jimmunol.179.8.5474
https://doi.org/10.1038/s41584-018-0087-4
https://doi.org/10.1073/pnas.1613305114
https://doi.org/10.1242/dev.103036
https://doi.org/10.1523/JNEUROSCI.22-19-08532.2002
https://doi.org/10.1523/JNEUROSCI.22-19-08532.2002
https://doi.org/10.1074/jbc.273.32.20551
https://doi.org/10.1074/jbc.273.32.20551
https://doi.org/10.1016/0006-8993(91)91224-O
https://doi.org/10.1152/jn.00746.2003
https://doi.org/10.3109/00016489.2014.880795
https://doi.org/10.1016/j.immuni.2014.12.031
https://doi.org/10.1016/S0194-5998(98)70052-X
https://doi.org/10.1016/S0194-5998(98)70052-X
https://doi.org/10.1146/annurev-neuro-061010-113710
https://doi.org/10.1146/annurev-neuro-061010-113710
https://doi.org/10.1089/jir.2017.0053
https://doi.org/10.1111/j.1600-065X.2009.00782.x
https://doi.org/10.1038/ncomms9549
https://doi.org/10.1021/bi901948j
https://doi.org/10.1021/bi901948j
https://doi.org/10.1016/j.freeradbiomed.2019.02.022
https://doi.org/10.1126/science.8456284
https://doi.org/10.1126/science.8456284
https://doi.org/10.1523/JNEUROSCI.3449-14.2015
https://doi.org/10.1016/0896-6273(94)90276-3
https://doi.org/10.1038/s41401-020-0411-9
https://doi.org/10.1038/s41401-020-0411-9
https://doi.org/10.3389/fnana.2017.00009
https://doi.org/10.1016/S0092-8674(02)00703-1
https://doi.org/10.1007/s00018-019-03423-8
https://doi.org/10.1523/JNEUROSCI.1709-12.2012
https://doi.org/10.1523/JNEUROSCI.1709-12.2012
https://doi.org/10.2147/JIR.S335915
https://doi.org/10.1007/s00204-018-2339-0
https://doi.org/10.1016/j.ijbiomac.2017.09.032
https://doi.org/10.1016/j.gene.2012.02.042
https://doi.org/10.1159/000495592
https://doi.org/10.1038/nprot.2009.204
https://doi.org/10.1007/s10162-002-3022-x
https://doi.org/10.1186/s13024-022-00552-w
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1242/dev.121.8.2385
https://doi.org/10.1242/dev.121.8.2385
https://doi.org/10.1007/s10162-017-0652-6
https://doi.org/10.1523/JNEUROSCI.1588-12.2012
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.106213
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.106213
https://doi.org/10.1016/j.it.2023.05.007
https://doi.org/10.1016/j.celrep.2015.08.054
https://doi.org/10.1080/00016480600672600
https://doi.org/10.18632/oncotarget.12915
https://doi.org/10.18632/oncotarget.12915
https://doi.org/10.1084/jem.184.5.1939
https://doi.org/10.1084/jem.184.5.1939
https://doi.org/10.3389/fimmu.2023.1207061
https://doi.org/10.3389/fimmu.2023.1207061


Tian et al. 10.3389/fnmol.2024.1487364

Frontiers in Molecular Neuroscience 16 frontiersin.org

Jin, W., Fang, Q., Jiang, D., Li, T., Wei, B., Sun, J., et al. (2020). Structural characteristics 
and anti-complement activities of polysaccharides from Sargassum hemiphyllum. 
Glycoconj. J. 37, 553–563. doi: 10.1007/s10719-020-09928-w

Jin, H. R., Jin, X., and Lee, J. J. (2010). Zinc-finger protein 91 plays A key role in Light-
induced activation of non-canonical Nf-Kappab pathway. Biochem. Biophys. Res. 
Commun. 400, 581–586. doi: 10.1016/j.bbrc.2010.08.107

Jin, H. F., Xie, W. Q., He, M., Li, H. Z., Xiao, W. F., and Li, Y. S. (2022). Pyroptosis and 
sarcopenia: frontier perspective of disease mechanism. Cells 11:1078. doi: 10.3390/
cells11071078

Jundi, M., Nadiri, A., Al-Zoobi, L., Hassan, G. S., and Mourad, W. (2012). Cd40-
mediated cell death requires Traf6 recruitment. Immunobiology 217, 375–383. doi: 
10.1016/j.imbio.2011.07.007

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

Kalliolias, G. D., and Ivashkiv, L. B. (2016). Tnf biology, pathogenic mechanisms and 
emerging therapeutic strategies. Nat. Rev. Rheumatol. 12, 49–62. doi: 10.1038/
nrrheum.2015.169

Kaplan, A., Bueno, M., and Fournier, A. E. (2017). Extracellular functions of 14-3-3 
adaptor proteins. Cell. Signal. 31, 26–30. doi: 10.1016/j.cellsig.2016.12.007

Kawashima, Y., Geleoc, G. S., Kurima, K., Labay, V., Lelli, A., Asai, Y., et al. (2011). 
Mechanotransduction in mouse inner ear hair cells requires Transmembrane Channel-
like genes. J. Clin. Invest. 121, 4796–4809. doi: 10.1172/JCI60405

Khan, Z., Carey, J., Park, H. J., Lehar, M., Lasker, D., and Jinnah, H. A. (2004). 
Abnormal motor behavior and vestibular dysfunction in the stargazer mouse mutant. 
Neuroscience 127, 785–796. doi: 10.1016/j.neuroscience.2004.05.052

Kil, J., Warchol, M. E., and Corwin, J. T. (1997). Cell death, cell proliferation, and 
estimates of hair cell life spans in the vestibular organs of chicks. Hear. Res. 114, 117–126. 
doi: 10.1016/S0378-5955(97)00166-4

Kim, T. S., Nakagawa, T., Kitajiri, S., Endo, T., Takebayashi, S., Iguchi, F., et al. (2005). 
Disruption and restoration of cell-cell junctions in mouse vestibular epithelia following 
aminoglycoside treatment. Hear. Res. 205, 201–209. doi: 10.1016/j.heares.2005.03.017

Kim, H. J., So, H. S., Lee, J. H., Park, C., Lee, J. B., Youn, M. J., et al. (2008). Role of 
Proinflammatory cytokines in cisplatin-induced vestibular hair cell damage. Head 
Neck-J. Sci. Specialties Head Neck 30, 1445–1456. doi: 10.1002/hed.20892

Korbecki, J., Barczak, K., Gutowska, I., Chlubek, D., and Baranowska-Bosiacka, I. 
(2022). Cxcl1: gene, promoter, regulation of expression, mRNA stability, regulation of 
activity in the intercellular space. Int. J. Mol. Sci. 23:792. doi: 10.3390/ijms23020792

Kreuz, S., Siegmund, D., Scheurich, P., and Wajant, H. (2001). Nf-Kappab inducers 
upregulate Cflip, A Cycloheximide-sensitive inhibitor of death receptor signaling. Mol. 
Cell. Biol. 21, 3964–3973. doi: 10.1128/MCB.21.12.3964-3973.2001

Landegger, L. D., Vasilijic, S., Fujita, T., Soares, V. Y., Seist, R., Xu, L., et al. (2019). 
Cytokine levels in inner ear fluid of Young and aged mice as molecular biomarkers of 
noise-induced hearing loss. Front. Neurol. 10:977. doi: 10.3389/fneur.2019.00977

Larocca, T. J., Stivison, E. A., Mal-Sarkar, T., Hooven, T. A., Hod, E. A., Spitalnik, S. L., 
et al. (2015). Cd59 signaling and membrane pores drive Syk-dependent erythrocyte 
necroptosis. Cell Death Dis. 6:E1773. doi: 10.1038/cddis.2015.135

Lee, C. K., Yang, Y., Chen, C., and Liu, J. (2016). Syk-mediated tyrosine 
phosphorylation of mule promotes Tnf-induced Jnk activation and cell death. Oncogene 
35, 1988–1995. doi: 10.1038/onc.2015.275

Li, X. F., Aishan, B., Yang, Y., Xie, Y., Lati, D., and Tuerxun, P. (2020). Chemokine (C-C 
motif) ligand 6 aggravates hypoxia Reoxygenation-induced apoptosis in H9c2 cells 
through enhancing the expression of insulin-like growth factor 2-antisense. J. 
Cardiovasc. Pharmacol. 76, 549–555. doi: 10.1097/FJC.0000000000000905

Li, K., Dan, Z., Hu, X., Ouzhu, M., Ciren, Y., Wang, Z., et al. (2013). Cd14 
overexpression upregulates Tnf-Α-mediated inflammatory responses and suppresses the 
malignancy of gastric carcinoma cells. Mol. Cell. Biochem. 376, 137–143. doi: 10.1007/
s11010-013-1559-0

Li, M., Tang, Z., Shu, R., Wu, H., Wang, Y., Chen, Z., et al. (2023). Polymorphonuclear 
myeloid-derived suppressor cells play A Proinflammatory role via Tnf-Α(+) B cells 
through Baff/Btk/Nf-Κb Signalling pathway in the pathogenesis of collagen-induced 
arthritis mice. Immunology 170, 286–300. doi: 10.1111/imm.13668

Lightwood, D. J., Munro, R. J., Porter, J., Mcmillan, D., Carrington, B., Turner, A., et al. 
(2021). A conformation-selective monoclonal antibody against A small molecule-
stabilised signalling-deficient form of Tnf. Nat. Commun. 12:583. doi: 10.1038/
s41467-020-20825-6

Liu, Z. G. (2005). Molecular mechanism of Tnf signaling and beyond. Cell Res. 15, 
24–27. doi: 10.1038/sj.cr.7290259

Liu, Z., Gan, L., Zhou, Z., Jin, W., and Sun, C. (2015). Socs3 promotes inflammation 
and apoptosis via inhibiting Jak2/Stat3 signaling pathway in 3t3-L1 adipocyte. 
Immunobiology 220, 947–953. doi: 10.1016/j.imbio.2015.02.004

Llorens, J., and Dememes, D. (1994). Hair cell degeneration resulting from 
3,3'-Iminodipropionitrile toxicity in the rat vestibular epithelia. Hear. Res. 76, 78–86. 
doi: 10.1016/0378-5955(94)90090-6

Llorens, J., Demêmes, D., and Sans, A. (1994). The toxicity of Idpn on the vestibular 
system of the rat: new insights on its effects on behavior and Neurofilament transport. 
Neurotoxicology 15, 643–647

Llorens, J., and Rodriguez-Farre, E. (1997). Comparison of behavioral, vestibular, and 
axonal effects of subchronic Idpn in the rat. Neurotoxicol. Teratol. 19, 117–127. doi: 
10.1016/S0892-0362(96)00216-4

Lundberg, Y. W., Xu, Y. F., Thiessen, K. D., and Kramer, K. L. (2015). Mechanisms 
of Otoconia and otolith development. Dev. Dyn. 244, 239–253. doi: 10.1002/
dvdy.24195

Maeda, Y., Fukushima, K., Kariya, S., Orita, Y., and Nishizaki, K. (2015). 
Dexamethasone regulates Cochlear expression of deafness-associated proteins myelin 
protein zero and heat shock protein 70, as revealed by Itraq proteomics. Otol. Neurotol. 
36, 1255–1265. doi: 10.1097/MAO.0000000000000748

Maeda, Y., Kariya, S., Omichi, R., Noda, Y., Sugaya, A., Fujimoto, S., et al. (2018). 
Targeted PCR array analysis of genes in innate immunity and glucocorticoid signaling 
pathways in mice cochleae following acoustic trauma. Otol. Neurotol. 39, E593–E600. 
doi: 10.1097/MAO.0000000000001874

Mann, S. E., Johnson, M., Meredith, F. L., and Rennie, K. J. (2013). Inhibition of K+ 
currents in type I vestibular hair cells by gentamicin and neomycin. Audiol. Neurootol. 
18, 317–326. doi: 10.1159/000354056

Mariani, F. V., Fernandez-Teran, M., and Ros, M. A. (2017). Ectoderm-mesoderm 
crosstalk in the embryonic limb: the role of fibroblast growth factor signaling. Dev. Dyn. 
246, 208–216. doi: 10.1002/dvdy.24480

Maroto, A. F., Barrallo-Gimeno, A., and Llorens, J. (2021). Relationship between 
vestibular hair cell loss and deficits in two anti-gravity reflexes in the rat. Hear. Res. 
410:108336. doi: 10.1016/j.heares.2021.108336

Maroto, A. F., Borrajo, M., Prades, S., Callejo, A., Amilibia, E., Perez-Grau, M., et al. 
(2023). The vestibular Calyceal junction is dismantled following subchronic 
streptomycin in rats and sensory epithelium stress in humans. Arch. Toxicol. 97, 
1943–1961. doi: 10.1007/s00204-023-03518-z

Martins-Lopes, V., Bellmunt, A., Greguske, E. A., Maroto, A. F., Boadas-Vaello, P., and 
Llorens, J. (2019). Quantitative assessment of anti-gravity reflexes to evaluate vestibular 
dysfunction in rats. JARO 20, 553–563. doi: 10.1007/s10162-019-00730-6

Matsui, J. I., Ogilvie, J. M., and Warchol, M. E. (2002). Inhibition of caspases prevents 
ototoxic and ongoing hair cell death. J. Neurosci. 22, 1218–1227. doi: 10.1523/
JNEUROSCI.22-04-01218.2002

Mauri, D. N., Ebner, R., Montgomery, R. I., Kochel, K. D., Cheung, T. C., Yu, G. L., 
et al. (1998). Light, A new member of the Tnf superfamily, and Lymphotoxin alpha are 
ligands for herpesvirus entry mediator. Immunity 8, 21–30. doi: 10.1016/
S1074-7613(00)80455-0

Montero, J. A., Ganan, Y., Macias, D., Rodriguez-Leon, J., Sanz-Ezquerro, J. J., 
Merino, R., et al. (2001). Role of Fgfs in the control of programmed cell death during 
limb development. Development 128, 2075–2084. doi: 10.1242/dev.128.11.2075

Monzack, E. L., May, L. A., Roy, S., Gale, J. E., and Cunningham, L. L. (2015). Live 
imaging the phagocytic activity of inner ear supporting cells in response to hair cell 
death. Cell Death Differ. 22, 1995–2005. doi: 10.1038/cdd.2015.48

Mukherjea, D., Jajoo, S., Sheehan, K., Kaur, T., Sheth, S., Bunch, J., et al. (2011). Nox3 
Nadph oxidase couples transient receptor potential Vanilloid 1 to signal transducer and 
activator of transcription 1-mediated inflammation and hearing loss. Antioxid. Redox 
Signal. 14, 999–1010. doi: 10.1089/ars.2010.3497

Muto, T., Kokubu, T., Mifune, Y., Inui, A., Harada, Y., and Yoshifumi, T. (2014). 
Temporary inductions of matrix Metalloprotease-3 (Mmp-3) expression and cell 
apoptosis are associated with tendon degeneration or rupture after corticosteroid 
injection. J. Orthop. Res. 32, 1297–1304. doi: 10.1002/jor.22681

Nagato, S., Sugahara, K., Hirose, Y., Takemoto, Y., Hashimoto, M., Fujii, H., et al. 
(2018). Oral administration of Geranylgeranylacetone to protect vestibular hair cells. 
Auris Nasus Larynx 45, 412–416. doi: 10.1016/j.anl.2017.07.006

Nakagawa, S., Izumi, Y., Takada-Takatori, Y., Akaike, A., and Kume, T. (2019). 
Increased Ccl6 expression in astrocytes and neuronal protection from neuron-astrocyte 
interactions. Biochem. Biophys. Res. Commun. 519, 777–782. doi: 10.1016/j.
bbrc.2019.09.030

Nasmyth, K., and Haering, C. H. (2009). Cohesin: its roles and mechanisms. Annu. 
Rev. Genet. 43, 525–558. doi: 10.1146/annurev-genet-102108-134233

Oesterle, E. C., Campbell, S., Taylor, R. R., Forge, A., and Hume, C. R. (2008). Sox2 
and Jagged1 expression in Normal and drug-damaged adult mouse inner ear. J. Assoc. 
Res. Otolaryngol. 9, 65–89. doi: 10.1007/s10162-007-0106-7

Oh, E. H., Shin, J. H., Kim, H. S., Cho, J. W., Choi, S. Y., Choi, K. D., et al. (2019). Rare 
variants of putative candidate genes associated with sporadic Meniere's disease in east 
Asian population. Front. Neurol. 10:1424. doi: 10.3389/fneur.2019.01424

Padmanabhan, J., Park, D. S., Greene, L. A., and Shelanski, M. L. (1999). Role of cell 
cycle regulatory proteins in cerebellar granule neuron apoptosis. J. Neurosci. 19, 
8747–8756. doi: 10.1523/JNEUROSCI.19-20-08747.1999

Pan, B., Geleoc, G. S., Asai, Y., Horwitz, G. C., Kurima, K., Ishikawa, K., et al. 
(2013). Tmc1 and Tmc2 are components of the Mechanotransduction Channel in hair 
cells of the mammalian inner ear. Neuron 79, 504–515. doi: 10.1016/j.
neuron.2013.06.019

https://doi.org/10.3389/fnmol.2024.1487364
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s10719-020-09928-w
https://doi.org/10.1016/j.bbrc.2010.08.107
https://doi.org/10.3390/cells11071078
https://doi.org/10.3390/cells11071078
https://doi.org/10.1016/j.imbio.2011.07.007
https://doi.org/10.3389/fncel.2017.00192
https://doi.org/10.3389/fncel.2017.00192
https://doi.org/10.1038/nrrheum.2015.169
https://doi.org/10.1038/nrrheum.2015.169
https://doi.org/10.1016/j.cellsig.2016.12.007
https://doi.org/10.1172/JCI60405
https://doi.org/10.1016/j.neuroscience.2004.05.052
https://doi.org/10.1016/S0378-5955(97)00166-4
https://doi.org/10.1016/j.heares.2005.03.017
https://doi.org/10.1002/hed.20892
https://doi.org/10.3390/ijms23020792
https://doi.org/10.1128/MCB.21.12.3964-3973.2001
https://doi.org/10.3389/fneur.2019.00977
https://doi.org/10.1038/cddis.2015.135
https://doi.org/10.1038/onc.2015.275
https://doi.org/10.1097/FJC.0000000000000905
https://doi.org/10.1007/s11010-013-1559-0
https://doi.org/10.1007/s11010-013-1559-0
https://doi.org/10.1111/imm.13668
https://doi.org/10.1038/s41467-020-20825-6
https://doi.org/10.1038/s41467-020-20825-6
https://doi.org/10.1038/sj.cr.7290259
https://doi.org/10.1016/j.imbio.2015.02.004
https://doi.org/10.1016/0378-5955(94)90090-6
https://doi.org/10.1016/S0892-0362(96)00216-4
https://doi.org/10.1002/dvdy.24195
https://doi.org/10.1002/dvdy.24195
https://doi.org/10.1097/MAO.0000000000000748
https://doi.org/10.1097/MAO.0000000000001874
https://doi.org/10.1159/000354056
https://doi.org/10.1002/dvdy.24480
https://doi.org/10.1016/j.heares.2021.108336
https://doi.org/10.1007/s00204-023-03518-z
https://doi.org/10.1007/s10162-019-00730-6
https://doi.org/10.1523/JNEUROSCI.22-04-01218.2002
https://doi.org/10.1523/JNEUROSCI.22-04-01218.2002
https://doi.org/10.1016/S1074-7613(00)80455-0
https://doi.org/10.1016/S1074-7613(00)80455-0
https://doi.org/10.1242/dev.128.11.2075
https://doi.org/10.1038/cdd.2015.48
https://doi.org/10.1089/ars.2010.3497
https://doi.org/10.1002/jor.22681
https://doi.org/10.1016/j.anl.2017.07.006
https://doi.org/10.1016/j.bbrc.2019.09.030
https://doi.org/10.1016/j.bbrc.2019.09.030
https://doi.org/10.1146/annurev-genet-102108-134233
https://doi.org/10.1007/s10162-007-0106-7
https://doi.org/10.3389/fneur.2019.01424
https://doi.org/10.1523/JNEUROSCI.19-20-08747.1999
https://doi.org/10.1016/j.neuron.2013.06.019
https://doi.org/10.1016/j.neuron.2013.06.019


Tian et al. 10.3389/fnmol.2024.1487364

Frontiers in Molecular Neuroscience 17 frontiersin.org

Papa, S., Zazzeroni, F., Bubici, C., Jayawardena, S., Alvarez, K., Matsuda, S., et al. 
(2004). Gadd45 Beta mediates the Nf-kappa B suppression of Jnk Signalling by targeting 
Mkk7/Jnkk2. Nat. Cell Biol. 6:146. doi: 10.1038/ncb1093

Park, J. S., Kang, S. J., Seo, M. K., Jou, I., Woo, H. G., and Park, S. M. (2014). Role of 
Cysteinyl leukotriene signaling in A mouse model of noise-induced Cochlear injury. 
Proc. Natl. Acad. Sci. USA 111, 9911–9916. doi: 10.1073/pnas.1402261111

Pasparakis, M., and Vandenabeele, P. (2015). Necroptosis and its role in inflammation. 
Nature 517, 311–320. doi: 10.1038/nature14191

Perkins, N. D. (1997). Achieving transcriptional specificity with Nf-kappa B. Int. J. 
Biochem. Cell Biol. 29, 1433–1448. doi: 10.1016/S1357-2725(97)00088-5

Petersen, S. L., Wang, L., Yalcin-Chin, A., Li, L., Peyton, M., Minna, J., et al. (2007). 
Autocrine Tnfalpha signaling renders human Cancer cells susceptible to Smac-
mimetic-induced apoptosis. Cancer Cell 12, 445–456. doi: 10.1016/j.ccr.2007.08.029

Purvis, G. S. D., Collino, M., Aranda-Tavio, H., Chiazza, F., O'riordan, C. E., 
Zeboudj, L., et al. (2020). Inhibition of Bruton's Tk regulates macrophage Nf-Kappab 
and Nlrp3 Inflammasome activation in metabolic inflammation. Br. J. Pharmacol. 177, 
4416–4432. doi: 10.1111/bph.15182

Qiu, H. N., Wong, C. K., Dong, J., Lam, C. W., and Cai, Z. (2014). Effect of tumor 
necrosis factor family member Light (Tnfsf14) on the activation of basophils and 
eosinophils interacting with bronchial epithelial cells. Mediat. Inflamm. 2014:136463. 
doi: 10.1155/2014/136463

Rajamanickam, V., Yan, T., Xu, S., Hui, J., Xu, X., Ren, L., et al. (2020). Selective 
targeting of the Tlr4 co-receptor, Md2, prevents Colon Cancer growth and lung 
metastasis. Int. J. Biol. Sci. 16, 1288–1301. doi: 10.7150/ijbs.39098

Ratzan, E. M., Moon, A. M., and Deans, M. R. (2020). Fgf8 genetic labeling reveals the 
early specification of vestibular hair cell type in mouse utricle. Development 147:dev192849.

Reyes, N., Figueroa, S., Tiwari, R., and Geliebter, J. (2021). Cxcl3 signaling in the 
tumor microenvironment. Adv. Exp. Med. Biol. 1302, 15–24. doi: 
10.1007/978-3-030-62658-7_2

Rizou, M., Frangou, E. A., Marineli, F., Prakoura, N., Zoidakis, J., Gakiopoulou, H., 
et al. (2018). The family of 14-3-3 proteins and specifically 14-3-3sigma are up-regulated 
during the development of renal pathologies. J. Cell. Mol. Med. 22, 4139–4149. doi: 
10.1111/jcmm.13691

Roebuck, K. A., and Finnegan, A. (1999). Regulation of intercellular adhesion 
Molecule-1 (Cd54) gene expression. J. Leukoc. Biol. 66, 876–888. doi: 10.1002/
jlb.66.6.876

Sai, N., Shi, X., Zhang, Y., Jiang, Q. Q., Ji, F., Yuan, S. L., et al. (2020). Involvement of 
cholesterol metabolic pathways in recovery from noise-induced hearing loss. Neural 
Plast. 2020:6235948. doi: 10.1155/2020/6235948

Saleh, R., Lee, M. C., Khiew, S. H., Louis, C., Fleetwood, A. J., Achuthan, A., et al. 
(2018). Csf-1  in inflammatory and arthritic pain development. J. Immunol. 201, 
2042–2053. doi: 10.4049/jimmunol.1800665

Sautter, N. B., Shick, E. H., Ransohoff, R. M., Charo, I. F., and Hirose, K. (2006). Cc 
chemokine receptor 2 is protective against noise-induced hair cell death: studies in 
Cx3cr1+/Gfp mice. J. Assoc. Res. Otolaryngol. 7, 361–372. doi: 10.1007/
s10162-006-0051-x

Scheffer, D. I., Zhang, D. S., Shen, J., Indzhykulian, A., Karavitaki, K. D., Xu, Y. J., et al. 
(2015). Xirp2, an actin-binding protein essential for inner ear hair-cell Stereocilia. Cell 
Rep. 10, 1811–1818. doi: 10.1016/j.celrep.2015.02.042

Schlecker, C., Praetorius, M., Brough, D. E., Presler, R. G., Hsu, C., Plinkert, P. K., et al. 
(2011). Selective atonal gene delivery improves balance function in A mouse model of 
vestibular disease. Gene Ther. 18, 884–890. doi: 10.1038/gt.2011.33

Sedo-Cabezon, L., Boadas-Vaello, P., Soler-Martin, C., and Llorens, J. (2014). 
Vestibular damage in chronic ototoxicity: A Mini-review. Neurotoxicology 43, 21–27. 
doi: 10.1016/j.neuro.2013.11.009

Sedo-Cabezon, L., Jedynak, P., Boadas-Vaello, P., and Llorens, J. (2015). Transient 
alteration of the vestibular Calyceal junction and synapse in response to chronic ototoxic 
insult in rats. Dis. Model. Mech. 8, 1323–1337. doi: 10.1242/dmm.021436

Sena, L. S., Sasso, G. R. S., Sanches, J. M., Franco, P. C., Azevedo, M. F., Oliani, S. M., 
et al. (2022). Pharmacological treatment with Annexin A1-derived peptide protects 
against cisplatin-induced hearing loss. Toxicol. Lett. 363, 27–35. doi: 10.1016/j.
toxlet.2022.05.001

Seoane, A., Dememes, D., and Llorens, J. (2001a). Pathology of the rat vestibular 
sensory epithelia during subchronic 3,3'-Iminodipropionitrile exposure: hair cells May 
not be the primary target of toxicity. Acta Neuropathol. 102, 339–348. doi: 10.1007/
s004010100387

Seoane, A., Dememes, D., and Llorens, J. (2001b). Relationship between insult 
intensity and mode of hair cell loss in the vestibular system of rats exposed to 3,3 
'-Iminodipropionitrile. J. Comp. Neurol. 439, 385–399. doi: 10.1002/cne.1357

Seoane, A., Dememes, D., and Llorens, J. (2003). Distal effects in A model of proximal 
Axonopathy: 3,3'-Iminodipropionitrile causes specific loss of Neurofilaments in rat 
vestibular afferent endings. Acta Neuropathol. 106, 458–470. doi: 10.1007/
s00401-003-0744-8

Sharaf, K., Ihler, F., Bertlich, M., Reichel, C. A., Berghaus, A., and Canis, M. (2016). 
Tumor necrosis factor-induced decrease of Cochlear blood flow can be reversed by 

Etanercept or Jte-013. Otol. Neurotol. 37, E203–E208. doi: 10.1097/
MAO.0000000000001095

Shariq, M., Khan, M. F., Raj, R., Ahsan, N., and Kumar, P. (2024). Prkaa2, Mtor, and 
Tfeb in the regulation of lysosomal damage response and autophagy. J. Mol. Med. (Berl) 
102, 287–311. doi: 10.1007/s00109-023-02411-7

Shen, L., Chen, C., Wei, X., Li, X. X., Luo, G. J., Zhang, J. W., et al. (2015). 
Overexpression of Ankyrin repeat domain 1 enhances cardiomyocyte apoptosis by 
promoting P53 activation and mitochondrial dysfunction in rodents. Clin. Sci. 128, 
665–678. doi: 10.1042/CS20140586

Shizuki, K., Ogawa, K., Matsunobu, T., Kanzaki, J., and Ogita, K. (2002). Expression 
of C-Fos after noise-induced temporary threshold shift in the Guinea pig cochlea. 
Neurosci. Lett. 320, 73–76. doi: 10.1016/S0304-3940(02)00059-9

Shy, M. E., Jáni, A., Krajewski, K., Grandis, M., Lewis, R. A., Li, J., et al. (2004). 
Phenotypic clustering in Mpz mutations. Brain 127, 371–384. doi: 10.1093/
brain/awh048

Smith, M. E., Groves, A. K., and Coffin, A. B. (2016). Editorial: sensory hair cell death 
and regeneration. Front. Cell. Neurosci. 10:208. doi: 10.3389/fncel.2016.00208

So, E. C., Zhou, H., Greenwell, A., Burch, E. E., Ji, Y., Mérigeon, E. Y., et al. (2023). 
Complement component C1q is an immunological rheostat that regulates fc:fc[formula: 
see text]R interactions. Immunogenetics 75, 369–383. doi: 10.1007/s00251-023-01311-x

Soler-Martin, C., Diez-Padrisa, N., Boadas-Vaello, P., and Llorens, J. (2007). Behavioral 
disturbances and hair cell loss in the inner ear following nitrile exposure in mice, Guinea 
pigs, and frogs. Toxicol. Sci. 96, 123–132

Son, G., Iimuro, Y., Seki, E., Hirano, T., Kaneda, Y., and Fujimoto, J. (2007). Selective 
inactivation of Nf-Kappab in the liver using Nf-Kappab decoy suppresses Ccl4-induced 
liver injury and fibrosis. Am. J. Physiol. Gastrointest. Liver Physiol. 293, G631–G639. doi: 
10.1152/ajpgi.00185.2007

Springer, T. A. (1990). Adhesion receptors of the immune system. Nature 346, 
425–434. doi: 10.1038/346425a0

Stoeber, K., Tlsty, T. D., Happerfield, L., Thomas, G. A., Romanov, S., Bobrow, L., et al. 
(2001). Dna replication licensing and human cell proliferation. J. Cell Sci. 114, 
2027–2041. doi: 10.1242/jcs.114.11.2027

Sugahara, K., Rubel, E. W., and Cunningham, L. L. (2006). Jnk signaling in neomycin-
induced vestibular hair cell death. Hear. Res. 221, 128–135. doi: 10.1016/j.
heares.2006.08.009

Sun, Y., Kucej, M., Fan, H. Y., Yu, H., Sun, Q. Y., and Zou, H. (2009). Separase is 
recruited to mitotic chromosomes to dissolve sister chromatid cohesion in A Dna-
dependent manner. Cell 137, 123–132. doi: 10.1016/j.cell.2009.01.040

Suski, J. M., Braun, M., Strmiska, V., and Sicinski, P. (2021). Targeting cell-cycle 
machinery in Cancer. Cancer Cell 39, 759–778. doi: 10.1016/j.ccell.2021.03.010

Tachibana, K. E., Gonzalez, M. A., and Coleman, N. (2005). Cell-cycle-dependent 
regulation of DNA replication and its relevance to Cancer pathology. J. Pathol. 205, 
123–129. doi: 10.1002/path.1708

Tamura, H., Ohgami, N., Yajima, I., Iida, M., Ohgami, K., Fujii, N., et al. (2012). 
Chronic exposure to low frequency noise at moderate levels causes impaired balance in 
mice. PLoS One 7:9807. doi: 10.1371/journal.pone.0039807

Tanii, H. (2017). Allyl nitrile: toxicity and health effects. J. Occup. Health 59, 104–111. 
doi: 10.1539/joh.16-0147-RA

Tariq, M., Khan, H. A., Siddiquei, M. M., Al Moutaery, K., and Al Deeb, S. (2007). 
Protective effect of hydrocortisone on Iminodipropionitrile-induced neurotoxicity in 
rats. Basic Clin. Pharmacol. Toxicol. 100, 176–181. doi: 10.1111/j.1742-7843.2006.00037.x

Thapa, R. J., Nogusa, S., Chen, P., Maki, J. L., Lerro, A., Andrake, M., et al. (2013). 
Interferon-induced Rip1/Rip3-mediated necrosis requires Pkr and is licensed by Fadd 
and caspases. Proc. Natl. Acad. Sci. USA 110, E3109–E3118. doi: 10.1073/
pnas.1301218110

Tornabene, S. V., Sato, K., Pham, L., Billings, P., and Keithley, E. M. (2006). Immune 
cell recruitment following acoustic trauma. Hear. Res. 222, 115–124. doi: 10.1016/j.
heares.2006.09.004

Tsai, A. P., Dong, C., Lin, P. B., Messenger, E. J., Casali, B. T., Moutinho, M., et al. 
(2022). Plcg2 is associated with the inflammatory response and is induced by amyloid 
plaques in Alzheimer's disease. Genome Med. 14:17. doi: 10.1186/s13073-022-01022-0

Uhlmann, F. (2001). Secured cutting: controlling Separase at the metaphase to 
anaphase transition. EMBO Rep. 2, 487–492. doi: 10.1093/embo-reports/kve113

Umate, P., Tuteja, N., and Tuteja, R. (2011). Genome-wide comprehensive analysis of 
human helicases. Commun. Integr. Biol. 4, 118–137. doi: 10.4161/cib.13844

Van Loo, G., and Bertrand, M. J. M. (2023). Death by Tnf: A road to inflammation. 
Nat. Rev. Immunol. 23, 289–303. doi: 10.1038/s41577-022-00792-3

Varfolomeev, E., Blankenship, J. W., Wayson, S. M., Fedorova, A. V., Kayagaki, N., 
Garg, P., et al. (2007). Iap antagonists induce autoubiquitination of C-Iaps, Nf-Kappab 
activation, and Tnfalpha-dependent apoptosis. Cell 131, 669–681. doi: 10.1016/j.
cell.2007.10.030

Vaz, M., Machireddy, N., Irving, A., Potteti, H. R., Chevalier, K., Kalvakolanu, D., et al. 
(2012). Oxidant-induced cell death and Nrf2-dependent Antioxidative response are 
controlled by Fra-1/Ap-1. Mol. Cell. Biol. 32, 1694–1709. doi: 10.1128/MCB.06390-11

https://doi.org/10.3389/fnmol.2024.1487364
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/ncb1093
https://doi.org/10.1073/pnas.1402261111
https://doi.org/10.1038/nature14191
https://doi.org/10.1016/S1357-2725(97)00088-5
https://doi.org/10.1016/j.ccr.2007.08.029
https://doi.org/10.1111/bph.15182
https://doi.org/10.1155/2014/136463
https://doi.org/10.7150/ijbs.39098
https://doi.org/10.1007/978-3-030-62658-7_2
https://doi.org/10.1111/jcmm.13691
https://doi.org/10.1002/jlb.66.6.876
https://doi.org/10.1002/jlb.66.6.876
https://doi.org/10.1155/2020/6235948
https://doi.org/10.4049/jimmunol.1800665
https://doi.org/10.1007/s10162-006-0051-x
https://doi.org/10.1007/s10162-006-0051-x
https://doi.org/10.1016/j.celrep.2015.02.042
https://doi.org/10.1038/gt.2011.33
https://doi.org/10.1016/j.neuro.2013.11.009
https://doi.org/10.1242/dmm.021436
https://doi.org/10.1016/j.toxlet.2022.05.001
https://doi.org/10.1016/j.toxlet.2022.05.001
https://doi.org/10.1007/s004010100387
https://doi.org/10.1007/s004010100387
https://doi.org/10.1002/cne.1357
https://doi.org/10.1007/s00401-003-0744-8
https://doi.org/10.1007/s00401-003-0744-8
https://doi.org/10.1097/MAO.0000000000001095
https://doi.org/10.1097/MAO.0000000000001095
https://doi.org/10.1007/s00109-023-02411-7
https://doi.org/10.1042/CS20140586
https://doi.org/10.1016/S0304-3940(02)00059-9
https://doi.org/10.1093/brain/awh048
https://doi.org/10.1093/brain/awh048
https://doi.org/10.3389/fncel.2016.00208
https://doi.org/10.1007/s00251-023-01311-x
https://doi.org/10.1152/ajpgi.00185.2007
https://doi.org/10.1038/346425a0
https://doi.org/10.1242/jcs.114.11.2027
https://doi.org/10.1016/j.heares.2006.08.009
https://doi.org/10.1016/j.heares.2006.08.009
https://doi.org/10.1016/j.cell.2009.01.040
https://doi.org/10.1016/j.ccell.2021.03.010
https://doi.org/10.1002/path.1708
https://doi.org/10.1371/journal.pone.0039807
https://doi.org/10.1539/joh.16-0147-RA
https://doi.org/10.1111/j.1742-7843.2006.00037.x
https://doi.org/10.1073/pnas.1301218110
https://doi.org/10.1073/pnas.1301218110
https://doi.org/10.1016/j.heares.2006.09.004
https://doi.org/10.1016/j.heares.2006.09.004
https://doi.org/10.1186/s13073-022-01022-0
https://doi.org/10.1093/embo-reports/kve113
https://doi.org/10.4161/cib.13844
https://doi.org/10.1038/s41577-022-00792-3
https://doi.org/10.1016/j.cell.2007.10.030
https://doi.org/10.1016/j.cell.2007.10.030
https://doi.org/10.1128/MCB.06390-11


Tian et al. 10.3389/fnmol.2024.1487364

Frontiers in Molecular Neuroscience 18 frontiersin.org

Veglia, F., Sanseviero, E., and Gabrilovich, D. I. (2021). Myeloid-derived suppressor 
cells in the era of increasing myeloid cell diversity. Nat. Rev. Immunol. 21, 485–498. doi: 
10.1038/s41577-020-00490-y

Verhelst, K., Gardam, S., Borghi, A., Kreike, M., Carpentier, I., and Beyaert, R. (2015). 
Xedar activates the non-canonical Nf-Kappab pathway. Biochem. Biophys. Res. Commun. 
465, 275–280. doi: 10.1016/j.bbrc.2015.08.019

Von Dem Knesebeck, A., Felsberg, J., Waha, A., Hartmann, W., Scheffler, B., Glas, M., 
et al. (2012). Rank (Tnfrsf11a) is epigenetically inactivated and induces apoptosis in 
gliomas. Neoplasia 14:526. doi: 10.1596/neo.12360

Wang, T., Chai, R. J., Kim, G. S., Pham, N., Jansson, L., Nguyen, D. H., et al. (2015). 
Lgr5+cells regenerate hair cells via proliferation and direct Transdifferentiation in 
damaged neonatal mouse utricle. Nat. Commun. 6:7613. doi: 10.1038/ncomms7613

Warchol, M. E., Lambert, P. R., Goldstein, B. J., Forge, A., and Corwin, J. T. (1993). 
Regenerative proliferation in inner ear sensory epithelia from adult Guinea pigs and 
humans. Science 259, 1619–1622. doi: 10.1126/science.8456285

White, P. M., Doetzlhofer, A., Lee, Y. S., Groves, A. K., and Segil, N. (2006). 
Mammalian Cochlear supporting cells can divide and trans-differentiate into hair cells. 
Nature 441, 984–987. doi: 10.1038/nature04849

Wilkerson, B. A., Artoni, F., Lea, C., Ritchie, K., Ray, C. A., and Bermingham-Mcdonogh, O. 
(2018). Effects of 3,3 '-Iminodipropionitrile on hair cell numbers in cristae of Cba/Caj and 
C57bl/6j mice. JARO 19, 483–491. doi: 10.1007/s10162-018-00687-y

Wu, Z. Z., Grillet, N., Zhao, B., Cunningham, C., Harkins-Perry, S., Coste, B., et al. 
(2017). Mechanosensory hair cells express two molecularly distinct 
mechanotransduction channels. Nat. Neurosci. 20, 24–33. doi: 10.1038/nn.4449

Xiao, C., and Ghosh, S. (2005). Nf-Kappab, an evolutionarily conserved mediator of 
immune and inflammatory responses. Adv. Exp. Med. Biol. 560, 41–45. doi: 
10.1007/0-387-24180-9_5

Xiao, P., Liu, X. W., Zhao, N. N., Fang, R., Wen, Q., Zeng, K. X., et al. (2018). 
Correlations of neuronal apoptosis with expressions of C-Fos and C-Jun in rats with 
post-ischemic reconditioning damage. Eur. Rev. Med. Pharmacol. Sci. 22, 2832–2838. 
doi: 10.26355/eurrev_201805_14984

Xie, J., Talaska, A. E., and Schacht, J. (2011). New developments in aminoglycoside 
therapy and ototoxicity. Hear. Res. 281, 28–37. doi: 10.1016/j.heares.2011.05.008

Xu, J. C., Huang, D. L., Hou, Z. H., Guo, W. W., Sun, J. H., Zhao, L. D., et al. (2012). 
Type I  hair cell regeneration induced by Math1 gene transfer following neomycin 
ototoxicity in rat vestibular sensory epithelium. Acta Otolaryngol. 132, 819–828. doi: 
10.3109/00016489.2012.673233

Xu, X. D., Jiang, R., Gong, P. P., Liu, Q. Q., Chen, Y. N., Hou, S. Q., et al. (2018a). Up-
regulation of Fos-like antigen 1 contributes to neuronal apoptosis in the cortex of rat 
following traumatic brain injury. Metab. Brain Dis. 33, 115–125. doi: 10.1007/
s11011-017-0129-7

Xu, Z., Jin, Y., Yan, H., Gao, Z., Xu, B., Yang, B., et al. (2018b). High-mobility group 
box 1 protein-mediated necroptosis contributes to Dasatinib-induced cardiotoxicity. 
Toxicol. Lett. 296, 39–47. doi: 10.1016/j.toxlet.2018.08.003

Xu, S. M., Xiao, H. Y., Hu, Z. X., Zhong, X. F., Zeng, Y. J., Wu, Y. X., et al. (2023). Grn 
is A prognostic biomarker and correlated with immune infiltration in glioma: A study 
based on Tcga data. Front. Oncol. 13:1162983. doi: 10.3389/fonc.2023.1162983

Xu, P., Zhang, X., Liu, Q., Xie, Y., Shi, X., Chen, J., et al. (2019). Microglial Trem-1 
receptor mediates Neuroinflammatory injury via interaction with Syk in experimental 
ischemic stroke. Cell Death Dis. 10:555. doi: 10.1038/s41419-019-1777-9

Yan, Z., Hu, Y., Zhang, Y., Pu, Q., Chu, L., and Liu, J. (2022). Effects of endoplasmic 
reticulum stress-mediated Creb3l1 on apoptosis of glioma cells. Mol. Clin. Oncol. 16:83. 
doi: 10.3892/mco.2022.2516

Yang, R., Chen, Z., Liang, L., Ao, S., Zhang, J., Chang, Z., et al. (2023). Fc fragment of 
Ige receptor Ig (Fcer1g) acts as A key gene involved in Cancer immune infiltration and 
tumour microenvironment. Immunology 168, 302–319. doi: 10.1111/imm.13557

Yin, H., Zhou, H., Kang, Y., Zhang, X., Duan, X., Alnabhan, R., et al. (2016). Syk 
negatively regulates Tlr4-mediated Ifnbeta and Il-10 production and promotes 
inflammatory responses in dendritic cells. Biochim. Biophys. Acta 1860, 588–598. doi: 
10.1016/j.bbagen.2015.12.012

Yoshida, S., Sugahara, K., Hashimoto, M., Hirose, Y., Shimogori, H., and Yamashita, H. 
(2015). The minimum peptides of Igf-1 and substance P protect vestibular hair cells 
against neomycin ototoxicity. Acta Otolaryngol. 135, 411–415. doi: 
10.3109/00016489.2014.979438

Zeng, S., Ni, W., Jiang, H., You, D., Wang, J., Lu, X., et al. (2020). Toxic effects of 
3,3'-Iminodipropionitrile on vestibular system in adult C57bl/6j mice in vivo. Neural 
Plast. 2020:1823454. doi: 10.1155/2020/1823454

Zhang, Y. P., Chen, D. Y., Zhao, L. P., Li, W., Ni, Y. S., Chen, Y., et al. (2019b). 
Nfatc4 deficiency attenuates ototoxicity by suppressing Tnf-mediated hair cell 
apoptosis in the mouse cochlea. Front. Immunol. 10:1660. doi: 10.3389/
fimmu.2019.01660

Zhang, X., Ma, L., Liu, M., Zhu, T., Huang, Z., Xiong, Y., et al. (2023). "lifting Yang to 
dredging Du Meridian manipulation" acupuncture alleviates cerebral ischemia-
reperfusion injury by mediating the Nf-Kappab pathway. Brain Res. 1816:148477. doi: 
10.1016/j.brainres.2023.148477

Zhang, X., Ren, D., Guo, L., Wang, L., Wu, S., Lin, C., et al. (2017b). Thymosin Beta 
10 is A key regulator of tumorigenesis and metastasis and A novel serum marker in 
breast Cancer. Breast Cancer Res. 19:15. doi: 10.1186/s13058-016-0785-2

Zhang, S., Zhang, Y., Yu, P., Hu, Y., Zhou, H., Guo, L., et al. (2017a). 
Characterization of Lgr5+ progenitor cell transcriptomes after neomycin injury in 
the neonatal mouse cochlea. Front. Mol. Neurosci. 10:213. doi: 10.3389/
fnmol.2017.00213

Zhang, G., Zheng, H., Pyykko, I., and Zou, J. (2019a). The Tlr-4/Nf-Kappab signaling 
pathway activation in Cochlear inflammation of rats with noise-induced hearing loss. 
Hear. Res. 379, 59–68. doi: 10.1016/j.heares.2019.04.012

Zhao, J. L., Liu, H., Huang, Z. W., Yang, R. M., and Gong, L. (2022). The ameliorative 
effect of Jnk inhibitor D-Jnki-1 on neomycin-induced apoptosis in Hei-Oc1 cells. Front. 
Mol. Neurosci. 15:824762. doi: 10.3389/fnmol.2022.824762

Zhao, Y., Yang, X., Meng, F., and Li, W. (2020). Set8 participates in lipopolysaccharide-
mediated Bv2 cell inflammation via modulation of Ticam-2 expression. Can. J. Physiol. 
Pharmacol. 98, 818–825. doi: 10.1139/cjpp-2019-0699

Zheng, Q. Y., Cao, Z. H., Hu, X. B., Li, G. Q., Dong, S. F., Xu, G. L., et al. (2016). Light/
Ifn-gamma triggers Beta cells apoptosis via Nf-Kappab/Bcl2-dependent mitochondrial 
pathway. J. Cell. Mol. Med. 20, 1861–1871. doi: 10.1111/jcmm.12876

Zheng, H. W., Chen, J., and Sha, S. H. (2014). Receptor-interacting protein kinases 
modulate noise-induced sensory hair cell death. Cell Death Dis. 5:E1262. doi: 10.1038/
cddis.2014.177

Zhou, C., He, X., Tong, C., Li, H., Xie, C., Wu, Y., et al. (2022). Cancer-associated 
adipocytes promote the invasion and metastasis in breast Cancer through Lif/Cxcls 
positive feedback loop. Int. J. Biol. Sci. 18, 1363–1380. doi: 10.7150/ijbs.65227

https://doi.org/10.3389/fnmol.2024.1487364
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.1016/j.bbrc.2015.08.019
https://doi.org/10.1596/neo.12360
https://doi.org/10.1038/ncomms7613
https://doi.org/10.1126/science.8456285
https://doi.org/10.1038/nature04849
https://doi.org/10.1007/s10162-018-00687-y
https://doi.org/10.1038/nn.4449
https://doi.org/10.1007/0-387-24180-9_5
https://doi.org/10.26355/eurrev_201805_14984
https://doi.org/10.1016/j.heares.2011.05.008
https://doi.org/10.3109/00016489.2012.673233
https://doi.org/10.1007/s11011-017-0129-7
https://doi.org/10.1007/s11011-017-0129-7
https://doi.org/10.1016/j.toxlet.2018.08.003
https://doi.org/10.3389/fonc.2023.1162983
https://doi.org/10.1038/s41419-019-1777-9
https://doi.org/10.3892/mco.2022.2516
https://doi.org/10.1111/imm.13557
https://doi.org/10.1016/j.bbagen.2015.12.012
https://doi.org/10.3109/00016489.2014.979438
https://doi.org/10.1155/2020/1823454
https://doi.org/10.3389/fimmu.2019.01660
https://doi.org/10.3389/fimmu.2019.01660
https://doi.org/10.1016/j.brainres.2023.148477
https://doi.org/10.1186/s13058-016-0785-2
https://doi.org/10.3389/fnmol.2017.00213
https://doi.org/10.3389/fnmol.2017.00213
https://doi.org/10.1016/j.heares.2019.04.012
https://doi.org/10.3389/fnmol.2022.824762
https://doi.org/10.1139/cjpp-2019-0699
https://doi.org/10.1111/jcmm.12876
https://doi.org/10.1038/cddis.2014.177
https://doi.org/10.1038/cddis.2014.177
https://doi.org/10.7150/ijbs.65227

	Characterization of 3,3′-iminodipropionitrile (IDPN) damaged utricle transcriptome in the adult mouse utricle
	Introduction
	Materials and methods
	Animal
	IDPN and neomycin damage model
	Swimming test
	Open field test
	Gait test
	Immunofluorescence staining
	RNA extraction and Real-time quantitative PCR
	mRNA-sequencing and data analysis
	Statistical analysis

	Results
	IDPN treatment causes more severe HCs damage compare to neomycin
	IDPN treatment causes more severe balance behavioral disorders in mice
	RNA-seq and analysis for IDPN treatment
	Differentially expressed genes (DEGs) after IDPN treatment
	GO and KEGG analysis of DEGs after IDPN treatment

	Discussion
	DEGs in control and IDPN
	Signaling pathway analysis

	Conclusion

	References

