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Background: Our study aimed to determine the pathological mechanism of
presbycusis at the molecular level, and determine potential biomarkers for the same.

Methods: Differentially expressed genes (DEGs) for presbycusis were obtained by
analyzing the microarray data sets (GSE6045 and GSE49543) downloaded from the
Gene Expression Omnibus (GEO). Gene ontology (GO), Kyoto Encyclopedia of Genes
and Genome (KEGG) pathway, and protein-protein interaction (PPI) network analyses,
and Gene Set Enrichment Analysis (GSEA) were performed to analyze the biological
functions, molecular pathways, autophagy-related molecular markers, and the immune
microenvironment of the DEGs in presbycusis. Then the prognostic roles of the hub
genes were analyzed and verified in vivo.

Results: In the old mild hearing loss group (27.7 £ 3.4 months old), 27 down-regulated
and 99 up-regulated genes were significantly differentially expressed compared with
those in the young control group (3.5 £+ 0.4 months old). In the old severe hearing
loss group (30.6 £+ 1.9 months old), 131 down-regulated and 89 up-regulated genes
were significantly differentially expressed compared with those in the young control
group. The results of the GO, GSEA, KEGG pathway, and immune infiltration analyses
showed that the enrichment terms were mainly focused on immune response in mild
presbycusis, and immune response and cell death in severe presbycusis. In the PPI
network, autophagy-related genes ATGS, ATG7 showed the highest node scores in mild
presbycusis; whereas MTOR, BECN1 showed the highest scores in severe presbycusis.
In the GSE49543 data set, four genes (Ywhag, Mapre2, Fgfi1, Acss2) were used to
construct the prognostic model, and those four genes were significantly up-regulated in
the rat model of presbycusis.

Conclusion: Our study is the first to report the difference in autophagy factors and
immune microenvironment among different degrees of hearing loss in presbycusis.
Furthermore, we provide the prognostic gene expression signature for age-related
hearing loss, intending to develop preventative therapies.
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INTRODUCTION

Age-related hearing loss, the most common sensory disease,
is also known as presbycusis. Over one quarter of the people
over 60 years of age are affected by hearing loss disabilities
(1). Presbycusis is multifactorial, and involves both genetic
and environmental factors (2). The disease is characterized
by bilateral, symmetrical high-frequency sensorineural hearing
loss that can range from mild to severe (3). Presbycusis not
only reduces the ability of hearing sensitivity and speech
understanding, but untreated hearing loss can also contribute to
social isolation, depression, and cognitive decline (4, 5).

The pathology of human presbycusis is characterized by the
loss of hair cells, degeneration of the spiral ganglion neurons,
and cell death in the stria vascularis. Besides the peripheral
portion, the central auditory pathways also change (4, 6). In
this study, we have predominantly focused on the peripheral
auditory system. The degeneration of the cochlear cells does
not affect people uniformly; in fact, the degeneration process
appears to be not uniform even within an individual (7). This
is not only due to individual causal factors, but also due to
the interaction of the different mechanistic pathways. Several
genome-wide association studies have found that the role of a
hereditary factor has been overestimated (3), and there may be
different underlying mechanisms leading to the development of
different degrees of presbycusis.

Further, there is a lack of effective and specific prognostic
molecular markers for presbycusis, and this disease cannot be
prevented or treated with drugs. With the rapid development of
molecular biology, it is now possible to clarify the biochemical
processes and molecular biology of presbycusis and develop
drugs to either decline or improve presbycusis. Presbycusis
is caused by an imbalance between pro-aging and anti-
aging mechanisms. Inflammation, oxidative stress, apoptosis,
accumulation of DNA damage, and autophagy can lead to
aging (7). Many studies have used microarray technology to
understand the molecular mechanisms in presbycusis. Screening
for methylation map changes in peripheral blood samples
of women with presbycusis as compared to controls, P2RX2
(purinergic receptor P2 x 2), KCNQ5 (potassium voltage-
gated channel subfamily Q member 5), ERBB3 (erb-b2 receptor
tyrosine kinase 3), and SOCS3 (suppressor of cytokine signaling
3) have been associated with the progression of age-related
hearing loss (8). In CBA/CaJ mice, Hspbl [heat shock protein
family B (small) member 1] shows differential expression
between mild and severe presbycusis (9). However, no study
has reported the difference in autophagy factors and immune
microenvironment among different degrees of hearing loss in
presbycusis, and previous studies mostly used single-chip analysis
which can lead the false positive rate higher. Accordingly, further
comprehensive analyses based on cross-validation are needed to
identify more robust and reliable biomarkers for the progression
and prognosis of presbycusis.

We downloaded microarray data sets (GSE6045 and
GSE49543) from the Gene Expression Omnibus (GEO) database,
and determined significant differentially expressed genes (DEGs)
between old hearing loss groups and young normal control

group. Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway, and protein-protein interaction
(PPI) network analyses along with Gene set enrichment analysis
(GSEA) were performed to provide more information about
the molecular mechanisms of the DEGs. We also analyzed
the difference in immune microenvironment between the
old hearing loss groups and young normal control group in
22 types of immune cells. Moreover, prognostic molecular
markers were validated for presbycusis. Thus, our study may
provide evidence of molecular mechanisms underlying the
pathology of presbycusis.

MATERIALS AND METHODS

Data Source and Preprocessing

Microarray data sets were downloaded from the GEO database.'
Two gene expression datasets [GSE6045 (10), and GSE49543
(11)] based on the same GPL339 platform (Aftymetrix Mouse
Expression 430A Array) and annotated using the “GEOquery”
R package (12) were acquired. The species selected was Mus
musculus. GSE49543 was designated as the training set and
GSE6045 as the testing set. Additionally, the GSE49543 data set
was categorized into four groups: young control (young adults
with good hearing), middle control (middle aged with good
hearing), old mild hearing loss (old mice with mild hearing loss),
and old severe hearing loss (old mice with severe hearing loss)
groups. The GSE6045 dataset was classified into two groups: mild
and severe hearing loss groups. The details and characteristics of
mice in the two datasets are showed in Table 1.

Identification of the Differentially

Expressed Genes

The “limma” R package (13) was applied to the microarray data to
filter DEGs. In GSE49543, we compared the DEGs in the young
control vs. the old mild hearing loss and old severe hearing loss
groups. P-value < 0.05 and absolute value of logFC > mean
{abs(logFC) + 2 x SD [abs(logFC)]}, where logFC is the log fold
change value and SD is the standard deviation, were set as the
cut-off criteria for determining the significant DEGs.

Functional and Pathway Enrichment

Analyses

Gene ontology analysis was performed to identify enrichment
terms associated with the DEGs. The GO terms included
molecular function (MF) and cellular component (CC). The
mouse organism annotation package “org.Mm.eg.db” was used
to retrieve the relevant annotations. GSEA (14) was conducted
to demonstrate significant differences and identify the signaling
pathways in the young control group and each old hearing loss
group. GO analysis (P-value was set to <0.99), KEGG pathway
analysis (P-value was set to <0.01), and GSEA (P-value was
set to <0.25) were conducted in R (version 4.0.5) using the
“clusterProfiler” package (15). The gene set permutations were
performed 10,000 times.

'http://www.ncbi.nlm.nih.gov/geo
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TABLE 1 | Details and characteristics of mice in the two datasets (GSE49543 and GSE6045).

Platform Microarray Group Sample size Age (months)
GSE49543 GPL339 Affymetrix mouse expression 430A array Young control 8 (excluding GSM1201567) 3.5+04
Middle control 17 123+ 1.5
Old mild hearing loss 9 277+ 3.4
Old severe hearing loss 6 30.6+1.9
GSEB045 GPL339 Affymetrix mouse expression 430A array Mild hearing loss 3 2
Severe hearing loss 3 8

Protein-Protein Interaction Network

Construction

A PPI network can help us clarify the pathogenesis and
progression of diseases. The identified DEGs were mapped to the
STRING database (version 10)* to analyze the PPI of autophagy-
related DEGs. The interactions with reliability scores more than
0.4 were selected for analysis. Cytoscape software (16) was
applied to construct the PPI network and the plugin “cytoHubba”
(17) was utilized to explore the PPI network. The top 20 percent
of the hub genes were selected by “cytoHubba” based on the
maximum correlation criterion algorithm. High ranked genes
were represented by a redder color.

Immune Infiltration Analysis

The marker genes for immune cell types were referred from
a previous study (18). Infiltration levels of immune cells were
analyzed using the single-sample GSEA method. Spearman’s
correlation analysis was performed to show the association
between different degrees of hearing loss and the infiltration of
the immune cell types.

Survival Analysis

We analyzed the DEGs between the old mice with hearing loss
(n = 15) and middle-aged mice with good hearing (n = 17).
The relationship between the clinicopathologic characteristics
and gene expression were assessed using hazard ratio (HR).
Univariate Cox regression analysis was performed to obtain the
prognostic genes and multivariate Cox analysis was applied to
construct a prognostic model. The Kaplan-Meier curves were
used to study the effects of the prognostic model in the training
set. As the previous study did not describe the survival time
clearly (11), we set the survival time as 8 months for the middle-
aged mice group with good hearing and 24 months for the old
mice group with hearing loss.

Animal Model and Treatment

Male Sprague Dawley rats (8 weeks old) were purchased from the
Model Animal Research Center of Guangxi Medical University
(Nanning, China). The rats were randomly divided into two
groups: the control group and the presbycusis group (n = 4). All
animals had no history of noise exposure and other drug use. ABR
and DPOAE were performed before the experiment to determine
their hearing normally. The rats in the presbycusis group were
given 5% D-galactose (250 mg/kg) daily by intraperitoneal

Zhttp://string-db.org

injection for 10 weeks; The control group was given a similar
volume of saline daily by intraperitoneal injection for 10 weeks.

One day after the last administration, ABR and DPOAE
were performed to ensure successful modeling. After recordings,
animals were transcardially perfused and obtained cochlear
tissue. The animal study was approved by the Institutional Ethics
Committee for Animal Research of Guangxi Medical University.
All procedures conformed to the Guide for the Care and Use of
Laboratory Animals.

Reverse Transcription-Polymerase Chain

Reaction

Total cochlear mRNA was extracted using TRIzol reagent and
reverse transcribed into cDNA. RT-qPCR was performed by
StepOneP™ Real-Time PCR System (Thermo Fisher, Waltham,
MA, United States) using the SYBERGreen kit of Takara
company. The total volume of the reaction system is 20 1 [10 pl
SYBERGreen (2x), 7 ul DEPCwater, 1 Ll cDNA, 0.8 wl forward
primer, 0.8 pl reverse primer, 0.4 pl Rox reference dye (50x)].
The reaction conditions were pre-incubated at 95°C for 30 s
and one cycle, followed by denaturation at 95 °C for 10 s; and
elongation at 60 °C for 30 sec, repeated for 45 cycles. Each sample
was run in triplicate and averaged. The relative gene expression
was calculated by the 272 2 Ct method.

The primer sequence is as follows: Fgfl forward primer:
5-AGCAGCAGGAATGCATTGAGG-3/, reverse primer: 5'-
AACTGTCGATGGTGCGTTCAAG-3'. Ywhag forward primer:
5'- CAGCTGCTCCGAGACAACCTA-3/, reverse primer: 5'-
AGGAACCATCCACGCTCA-3'.  Mapre2 forward primer:
5'- TGCCAAGACGCGTTAGCAG-3/, reverse primer: 5'-
CAAGCAGCCAGGTGGTGAAG-3". Acss2 forward primer:
5- GAACCACACACGTTTCGAGACC-3/, reverse primer:
5'- TCATCAATCCTGCCAGTGATCC-3'. B-actin forward
primer: 5'- GCGCAAGTACTCTGTGTGGA-3/, reverse primer:
5-GAAAGGGTGTAAAAC GCAGC-3'.

RESULTS

Identification of the Differentially

Expressed Genes in Presbycusis

In GSE49543, each sample was standardized to the average gene
expression (Figure 1A), the expression values for those genes
were similar after normalized. GSM1201567 was excluded as
it was not clustered with the other samples belonging to the
control group in the heat maps. In the old-aged mild hearing
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FIGURE 1 | Identification of the differentially expressed genes (DEGs) in presbycusis in GSE49543. (A) Differentially expressed mRNAs data sets were standardized.
(B) The heat map and volcano plot of the top 30 up-regulated (red dots) and top 30 down-regulated (blue dots) DEGs in mild presbycusis. (C) The heat map and
volcano plot of the top 30 up-regulated (red dots) and top 30 down-regulated (blue dots) DEGs in severe presbycusis.
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TABLE 2 | Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of differentially expressed genes (DEGs) in the

most significant module.

Category Mild presbycus Severe presbycus
ID Description Count p-adjust ID Description Count p-adjust
GOTERM_MF G0:0034987  Immunoglobulin receptor binding 7 4.58E—-08 GO:0051400 BH domain binding 2.16E—-02
GOTERM_MF G0:0003823  Antigen binding 9 2.78E—07 G0:0034987 Immunoglobulin receptor binding 4 4.78E—-02
GOTERM_MF GO0:0042605 Peptide antigen binding 5 1.68E—04 GO:0030547 Receptor inhibitor activity 4 4.78E-02
GOTERM_MF G0:0030548 Acetylcholine receptor regulator 4 1.68E—04 GO:0005509 Calcium ion binding 18 4.78E-02
activity
GOTERM_MF GO:0099602 Neurotransmitter receptor regulator 4 1.68E—04 GO:0048407 Platelet-derived growth factor 3 5.79E—-02
activity binding
GOTERM_MF G0:0033130 Acetylcholine receptor binding 4 2.64E—04 GO:0030548 Acetylcholine receptor regulator 3 5.79E-02
activity
GOTERM_CC GO:0009897  External side of plasma membrane 19 1.27E-07 GO:0009897 External side of plasma membrane 17 6.39E—-02
GOTERM_CC G0:0042611  MHC protein complex 5 1.11E-04 GO:0042611 MHC protein complex 4 7.30E-02
GOTERM_CC G0:0042571  Immunoglobulin complex, 4 3.48E—-04 GO0:0043209 Myelin sheath 10 2.05E-01
circulating
GOTERM_CC G0:0019814  Immunoglobulin complex 4 7.77TE—04 GO:0005581 Collagen trimer 5 2.69E—01
GOTERM_CC G0:0031985  Golgi cisterna 5 3.39E-03 GO0:0005925 Focal adhesion 7 3.06E—01
GOTERM_CC G0:0042612 MHC class | protein complex 3 3.39E—03 GO0:0045335 Phagocytic vesicle 6 3.06E—01
KEGG_PATHWAY mmu05150  Staphylococcus aureus infection 9 1.70E-06 mmu05150 Staphylococcus aureus infection 9 8.89E-07
KEGG_PATHWAY mmu05416  Viral myocarditis 8 3.79E—06 mmu05323 Rheumatoid arthritis 7 1.54E-04
KEGG_PATHWAY mmu04145 Phagosome 10 1.29E—-05 mmu05416  Viral myocarditis 6 4.76E—-04
KEGG_PATHWAY mmu04612  Antigen processing and 7 2.50E-05 mmu04145 Phagosome 8 5.21E-04
presentation
KEGG_PATHWAY mmu05332  Graft-vs.-host disease 6 2.59E-05 mmu05322 Systemic lupus erythematosus 5 8.94E-04
KEGG_PATHWAY mmu04514  Cell adhesion molecules 9 2.59E—05 mmu04514  Cell adhesion molecules 7 9.73E—-04

MF, molecular function; CC, cellular component; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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FIGURE 2 | Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of the DEGs. (A) KEGG pathway analysis of the DEGs in mild presbycusis.
(B) KEGG pathway analysis of the DEGs in severe presbycusis. Each row represents one pathway, and column represents log10P-value.
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loss group, a total of 126 DEGs were identified, which comprised
99 up-regulated (logFC > 0.36 and P-adj. <0.01) and 27 down-
regulated genes (logFC < —0.36 and P-adj. <0.01). The heat
map and volcano plot of the top 30 up-regulated and top 30
down-regulated genes are shown in Figure 1B (There were not
enough down-regulated genes in the old-aged mild hearing loss
group, so the heatmap shows all of them). In the old aged severe
hearing loss group, a total of 220 DEGs were identified, which
comprised 89 up-regulated (logFC > 0.43 and P-adj. <0.01) and
131 down-regulated genes (logFC < —0.43 and P-adj. <0.01).
The heat map and volcano plot of the top 30 up-regulated
and top 30 down-regulated genes are shown in Figure 1C. In
the heatmap, each row represents one gene, and each column
represents one sample. The color difference among samples is a
result of gene expression differences. In the volcano plot, gray
dots represent no significantly different expression genes, red
dots represent significantly up-regulated genes, and green dots
represent downregulated.

Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes Pathway
Analyses of the Differentially Expressed

Genes

In the mild hearing loss group, GO analysis showed that the
DEGs were considerable enriched in the terms “immunoglobulin
receptor binding,” “antigen binding,” “peptide antigen binding,’
“acetylcholine receptor regulator activity,” “neurotransmitter
receptor regulator activity,” and “acetylcholine receptor binding”
in the MF category (Table 2), and in the terms “external side of
plasma membrane,” “MHC protein complex,” “immunoglobulin
complex,” “circulating” “immunoglobulin complex,” “Golgi
cisterna,” and “MHC class I protein complex” in the CC
category (Table 2). KEGG pathway analysis indicated that
the DEGs were mainly enriched in “Staphylococcus aureus

» » « » «

infection,” “viral myocarditis,” “phagosome,” “antigen processing
and presentation,” “graft-vs.-host disease,” and “cell adhesion
molecules” (Figure 2A and Table 2). Meanwhile, in the severe
hearing loss group, GO analysis showed that the DEGs were
remarkably enriched in the terms “BH domain binding,
“Immunoglobulin  receptor binding,” “receptor inhibitor
activity;” “calcium ion binding,” “platelet-derived growth factor
binding;” “acetylcholine receptor regulator activity” in the MF
category (Table 2), and in the terms “external side of plasma
membrane,” “MHC protein complex,” “myelin sheath,” “collagen
trimer;” “focal adhesion,” and “phagocytic vesicle” in the CC
category (Table 2). KEGG pathway analysis expressed that
the DEGs were mainly enriched in the terms “Staphylococcus
aureus infection,” “rheumatoid arthritis,” “viral myocarditis,’
“phagosome,” “systemic lupus erythematosus,” and “cell adhesion

molecules” (Figure 2B and Table 2).

Gene Set Enrichment Analysis of the

Hearing Loss-Related Genes

We performed GSEA using the C2 (curated gene sets) collection.
We identified biological pathways that were significantly altered
in presbycusis groups compared with those in the young control

TABLE 3 | Gene set enrichment analysis (GSEA) indicating statistically significant enrichment.

Severe presbycusis

Mild presbycusis

p-adjust

NES

ES

Description

p-adjust

NES

ES

Description
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group. The results of the gene expression profiles in GSE49543
are shown in Table 3. In the mild hearing loss group, the
activated pathways were ichiba graft vs. host disease 35 d up,
mclachlan dental caries up, rickman head and neck cancer
f, flechner biopsy kidney transplant rejected vs. ok up, and
nakayama soft tissue tumors pcal up (Figure 3A); the suppressed
pathways were: reactome translation, reactome mitochondrial
translation, stark prefrontal cortex 22qll deletion dn, yao
temporal response to progesterone cluster 17, and kim all
disorders duration corr dn (Figure 3B). In the severe hearing
loss group, the activated enriched pathways were: ichiba graft
vs. host disease 35 d up, flechner biopsy kidney transplant
rejected vs. ok up, wieland up by hbv infection, mclachlan
dental caries up, and blanco melo COVID-19 SARS-CoV-2 pos
patient lung tissue up (Figure 4A); whereas, the suppressed
pathways were: kim all disorders calbl corr up, mcclung delta

fosb targets 2 weeks, mcclung crebl targets up, reactome
translation, and mikkelsen mef hcp with h3 unmenthylated
(Figure 4B). Together those shows that ichiba graft vs. host
disease 35 d up pathway is a major pathogenic pathway
of presbycusis, while reactome translation plays a protective
role for inner ear. The abovementioned results indicated that
the activated signaling pathways were mainly enriched in
infection and immunity, whereas, the suppressed pathways were
mainly enriched in the gene expression processes associated
with presbycusis.

Protein-Protein Interaction Network

Construction and Evaluation
The interactions of the autophagy-related DEGs were analyzed
using the STRING database, which comprised 72 DEGs in the
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mild hearing loss group and 88 DEGs in the severe hearing
loss group. The top 20 percent of the autophagy-related hub
genes were identified using the cytoHubba plugin (Figure 5).
The darker the color, the higher node score is in the PPI
network. Among these genes, ATG5, ATG7 showed the highest
node scores in the mild hearing loss group, whereas MTOR,
BECN1 showed the highest node scores in the severe hearing
loss group. These results suggested that these genes may play an
important role in the development or progression of presbycusis

and different degree of hearing loss may induce autophagy by
different mechanisms.

The Relationship Between Hearing Loss

Degree and Immune Infiltration

We investigated the differences in the immune cell infiltration
between the presbycusis cochlea tissues and control cochlea
tissues. The differential expression of the immune cells between

FIGURE 5 | Protein-protein interaction (PPI) network construction and major autophagy-related genes. The cytoHubba plugin was used to analyze the top 20
percent of the hub genes with maximum correlation criterion in mild (A) and severe (B) presbycusis.
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each presbycusis group and control group is shown in Figure 6.
Each row represents one type of 22 immune cell, and each
column represents one sample. Five immune cell subsets were
differentially expressed: B cells naive, plasma cells, CD4 memory
resting T cells, follicular helper T cells, and M2 macrophages. The
B naive immune cells in the mild hearing loss group (P = 0.038)
showed lower differential expression than that in the severe
group (P = 0.016); the M2 macrophages in the mild group
showed greater differential expression (P = 0.019) than that in
the severe group (P = 0.26); the plasma cells (P < 0.001) in
the mild group showed higher differential expression than that
in the severe group (P = 0.14); the CD4 memory resting T
cells in the mild group showed higher differential expression
(p = 0.026) than that in the severe group (P = 0.99); and finally,
the follicular helper T cells in the mild group showed higher

differential expression (p < 0.001) than that in the severe group
(P =0.0074) (Figure 7).

Prognostic Value of the Hearing
Loss-Related Genes in Presbycusis

Univariate Cox regression analysis was performed to
identify the prognostic differentially expressed hearing loss
related genes in GSE49543. Four genes were significantly
correlated with the overall survival (OS) in presbycusis
(Figure 8A). Considering the effect of the prognostic value,
we further constructed a Cox regression hazard model: Risk
score = —2.8 x (Ywhag + Mapre2 + Fgfl + Acss2), where
c-index is 0.745 (0.720-0.771). The risk scores for each gene were
calculated using their expression levels and regression coefficients
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FIGURE 7 | The relationship between hearing loss degree and immune infiltration. The differential expression of the immune cells between each presbycusis group
and control group is shown.
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(Figure 8B). Higher risk scores indicated greater hearing loss
risk for old people. The expression level of four signature genes
(n = 15) from GSE49543 is shown in Figure 8C. A survival
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FIGURE 8 | Prognostic value of the hearing loss-related genes in presbycusis.
(A) KM curve of overall survival (OS) prognosis of four genes in GES49543.
(B) Forest map of OS multivariate analysis of four genes in presbycusis.

(C) Top: the risk score of prediction model in validation set; Middle:
corresponding survival status of each sample; Bottom: the mRNA expression
of four signature genes in each sample. (D) KM curve of overall survival (OS)
prognosis in GES6045. (E) ROC curve and AUC of prognostic model in
GSE6B045.

curve was drawn to validate the accuracy and repeatability of the
four prognostic genes in GSE6045 (Figure 8D). We then used a
time-dependent receiver operating characteristic (ROC) curve to
confirm the predictive accuracy of the model, and the area under
curve was 100% as the sample size was small (Figure 8E).

The Expression Level of the Prognostic

Genes in vivo

Ten weeks post-intraperitoneal injection with D-galactose, rats
are aging manifestations in hair, nerve reflex and hearing
compared with contral rats. D-galactose-induced subacute aging
model is most frequently used as an animal model for
presbycusis. All of the four genes (Ywhag, Mapre2, Fgfl, and
Acss2) were significantly up-regulated compared to the control
group (Figure 9).

DISCUSSION

Presbycusis is a multifactorial disorder that is associated with
genetic and environmental factors (3). While aging is inevitable,
not everybody will suffer from presbycusis (7). Elucidating
the mechanisms underlying the pathogenesis and progression
of age-related hearing loss would aid in its prevention and
therapy. With the technological advances of microarray and
bioinformatic analyses, we can now identify the underlying
molecular mechanisms of disease development and progression.
In mammals, inner ear hair cells cannot easily regenerate after
damage, and presbycusis animal models have been generated to
study the pathogenesis and molecular basis.

Physiologically, autophagy  maintains the internal
environment of the body by degrading the cytoplasmic materials
in lysosomes. When autophagy is dysregulated, it may cause
adverse effects on the body (19, 20). Autophagy is enhanced
in aging-related diseases (19-21), and increased autophagic
stress occurs during premature age-related hearing loss in mice
(22). In C57BL/6 mice, miR-34a/SIRT1 signaling activation can
reduce age-related cochlear hair cell loss via regulated autophagy
(23-25). Nevertheless, there are a few studies that have focused
on autophagy in presbycusis. Thus, it is worth exploring whether
there are differences between autophagy markers or their
expression levels that are associated with different degrees of
hearing loss in presbycusis.

Cancer, inflammation and aging are interconnected. Immune
microenvironment determines the invasion capacity of the tumor
cells, proliferation, and metastasis. Macrophages and T cells are
the key components of the microenvironment, and immune
checkpoint inhibitors have shown clinical benefits across a
wide variety of tumor types (26, 27). Unlimited expression and
production of inflammatory mediators are the key features of
aging (28). As previously reported, aging has an impact on the
Langerhans cells, dendritic cells, and natural killer cells. However,
the role of the immune microenvironment in the pathogenesis of
presbycusis remains unknown.

In this study, we performed an integrative analysis using two
publicly available mouse mRNA microarray datasets (GSE6045
and GSE49543). On comparing the samples from the young
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FIGURE 9 | The expression trend of prognostic factors in the inner ear of
D-galactose induced rats. The expression of Ywhag (A), Mapre?2 (B), Fgf1 (C),
and Acss2 (D). **p < 0.01 and ***p < 0.001 compared with control.

control group, we observed that samples with different degrees
of hearing loss (ranging from mild to severe) did not have the
same DEGs. Three autophagy-related genes (Draml, Fkbplb,
and Fos) were differentially expressed in the mild hearing loss
group, whereas five autophagy-related genes (Draml, Fkbplb,
Fos, Capn2, and Eef2) were differentially expressed in the severe
hearing loss group. The difference in the expression of the
biochemical markers indicated that the autophagy process was
involved in both groups, although, with different degrees. Based
on the PPI network analysis and hub gene identification, we
found that the mild and severe hearing loss groups had different
autophagy-related hub genes, suggesting that different degrees
of hearing loss may occur in different autophagy pathways. It
is likely activating autophagy activity is the main mechanism

in mild presbycusis and stimulus-induced autophagy plays
important roles in severe presbycusis. The difference between the
two pathogenesis is worthy of further discussion.

Gene ontology analyses revealed that the main GO terms
were enriched in immune response in the mild hearing loss
group, and with immune response and cell death in the severe
hearing loss group. KEGG enrichment analysis of the DEGs
revealed that the most enriched pathways in our analysis were
associated with immune response, inflammation, and cell death.
This result is consistent with that in previous studies reporting
that inflammation and autophagy were the key mechanisms
associated with aging cochlea (22, 23, 29). By combining GSEA
results, we found many DEGs that were important in infection
and immunity. Results revealed that there were different signaling
pathways and biological processes in the mild and severe
hearing loss groups.

The inner ear is not an immune-privileged organ, which
is why we attempted to reveal the differences in immune cell
infiltration in presbycusis. A high expression of T follicular
helper cells and B cells has been strongly associated with good
prognosis in patients with human colorectal cancer (18). Our
results also showed that the expression of T follicular helper
cells and B cells was reduced in the presbycusis groups. M2
macrophages expression was reduced in the mild hearing loss
group but remained unchanged in the severe hearing loss
group. However, previous studies have reported macrophage
invasion in the cochlear of presbycusis mice models (22). M1
macrophages are proinflammatory, whereas M2 macrophages are
anti-inflammatory (30). So far, there is no research about the
changes in macrophage subsets observed in presbycusis. Thus,
the role of different types of immune cells in the pathogenesis of
presbycusis still needs to be clarified.

Hearing loss occurs with aging in presbycusis, and we found
four genes that were significantly associated with aging. Ywhag is
a member of the 14-3-3 family, which mediats signal transduction
by binding to phosphoserine-containing proteins. A study has
reported the upregulation of Ywhag in age-related hearing
loss (31). Hypoxia can activate p53 through the inactivation
of MDMX by the ATR-Chkl-MDMX-14-3-3y pathway (32).
Mapre2, a microtubule-associated protein RP/EB family member
2, impacts the microtubule formation in the developing organ of
Corti. Normal fluid spaces in cochlea are necessary for proper
hearing (33). Fgfl is involved in a variety of biological processes,
and belongs to the fibroblast growth factor (FGF) family. It is
involved in several cell activities, such as embryonic development,
morphogenesis, cell growth, tissue repair, tumor growth, and
invasion. FGFs possibly regulate the activity of signaling axonal
growth or intrinsic neurons in the cochlear nucleus of adult
mice following acoustic overstimulation (34). Acss2 is a cytosolic
enzyme, which can catalyze the activation of acetate for its
use in lipid synthesis and energy generation. Acss2 produces
acetyl-CoA from acetate in an ATP-dependent reaction, and
ATP levels are declined in D-galactose-induced aging mouse
(35). However, there is no literature suggesting the relationship
between Acss2 and presbycusis. Those four genes vertified
increased in presbycusis in vivo experiment. Our study indicates
that this may be a new prognostic factor of presbycusis. Further
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analyses were necessary to analyze through which pathway are
those genes involved in regulation of presbycusis.

There are two main limitations of the present study. First,
in order to clarify the mechanism of presbycusis, more clinical
information needs to be considered, such as gender, age of
onset, whether there are deafness susceptibility genes, etc. The
prognostic factors of presbycusis, such as the degree of hearing
loss and sex were not considered, and such a lack of consideration
may have led to some biological information being overlooked.
Second, the datasets based on the same sequencing company and
sequencing platform is limit, thus the sample size in our study
was not large enough. Further, in vivo and in vitro experiments
are necessary to verify the association of these genes and
pathways with presbycusis. Therefore, we aim to further increase
the sample size and more clinical information to explore the
pathogenesis of presbycusis. A series of molecular experiments
may provide strong evidence for the possible phenotype and
pathway regulation of these predicted genes recently.

To the best of our knowledge, this is the first study to report the
difference in autophagy factors and immune microenvironment
in different degrees of hearing loss in presbycusis. We used two
microarray datasets to increase the reliability of our analysis. All
data were downloaded from reliable GEO datasets. Furthermore,
GO and KEGG analyses and GSEA were further carried out to
analyze the main biological functions that were modulated by the
DEGs. These data suggest that multiple biomarkers and pathways
of presbycusis, in addition to different degrees of hearing loss
may be caused by different molecular mechanisms in presbycusis.
Thus, these results provide potential targets that can be employed
to reduce or improve presbycusis progression.

CONCLUSION

In this study, we combined two datasets to explore the molecular
mechanisms associated with different degrees of hearing loss
in presbycusis. Our results revealed DEGs, molecular pathways,
immune cell infiltration and prognostic molecular markers
affecting hearing impairment in presbycusis. This study provided
a molecular basis of mildly and severely impaired auditory
functions, with the aim of developing preventative therapies.
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