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Introduction: Age-related hearing loss (ARHL) is a common chronic condition

that significantly affects the quality of life in older adults. Studies have shown

that genetic factors play a substantial role in ARHL, with heritability estimates

ranging from 46 to 74%. Although advances in genomics and epigenetics have

led to the identification of numerous candidate genes in recent years, most

related studies have focused on European and North American populations.

There remains a lack of systematic mapping of research trends and cross-ethnic

gene consistency, limiting the broad applicability of these findings.

Method: This study screened English-language publications on ARHL genetics

from 1995 to June 2025 across PubMed, Embase, Web of Science, and Scopus,

ultimately including 465 studies. Bibliometric analyses were conducted using

R Bibliometrix, VOSviewer, and CiteSpace to extract research trends, research

hotspots, and candidate genes. Ethnic information from human studies were

compiled to facilitate cross-ethnic comparative analysis.

Result: Over the past 30 years, publications in this field have shown continuous

growth, with an average annual growth rate of 6.83%. Hearing Research

emerged as the core journal. China and the United States were the top

two publishing countries, though international collaboration remained limited.

Research priorities have gradually shifted from inner ear anatomy to molecular

mechanisms such as gene variants, oxidative stress, mitochondrial function,

and inflammation. A total of 365 candidate factors from animal studies and

221 candidate genes from human studies were extracted and grouped into

seven categories. Cross-ethnic analysis identified 56 genes that were repeatedly

reported across at least two populations. Among these, CDH23, ILDR1, and

SLC26A5 showed high cross-ethnic consistency, while genes such as GRHL2

exhibited notable ethnic specificity.

Conclusion: This study systematically maps the developmental trajectory and

research hotspots of ARHL genetics, revealing key patterns in geographic

distribution, thematic evolution, and cross-ethnic applicability. The findings
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highlight the urgent need to strengthen research in non-European populations 

and promote international collaboration, thereby providing a theoretical 

foundation and data support for building a universally applicable genetic risk 

framework and advancing individualised interventions. 

KEYWORDS 

age-related hearing loss (ARHL), genetics, bibliometric analysis, cross-ethnic, candidate 
genes 

1 Introduction 

With global ageing, age-related diseases have emerged as 
a major public health challenge, profoundly aecting the daily 
lives of older adults. As of 2021, the global population aged 
65 years and older reached 761.2 million, accounting for 9.62% 
of the total world population. A UN report predicted that by 
2050, this number will double to approximately 1.5 billion people 
(United Nations et al., 2019). Age-related hearing loss (ARHL) 
is the third most common chronic health condition among the 
elderly, following arthritis and cardiovascular disease (Palmer et al., 
2017), aecting nearly two-thirds of adults over 70 years old 
(Lin F. R. et al., 2011). Also referred to as presbycusis, ARHL is 
defined as a progressive, bilateral, and symmetrical sensorineural 
hearing loss predominantly aecting higher frequencies (Bowl 
and Dawson, 2019). It typically begins around the age of 40, 
with a marked increase in prevalence among those aged 80 and 
above. The progression of ARHL is gradual and irreversible. ARHL 
has been closely associated with a spectrum of adverse health 
conditions, including accelerated cognitive decline, depression, 
increased risk of dementia, impaired balance, and falls. In 
addition, ARHL imposes significant social consequences such as 
impaired communication, social withdrawal, reduced autonomy, 
and diminished economic productivity, which compromise the 
quality of life in older adults (Davis et al., 2016; Loughrey et al., 
2018). The ongoing rise in ARHL prevalence, driven by population 
ageing, has significantly heightened the medical and socioeconomic 
demands placed on public health infrastructures. ARHL has 
become a pressing public health concern requiring urgent attention 
and intervention. 

The aetiology of ARHL is multifactorial, encompassing internal 
factors such as genetic susceptibility, epigenetic changes, and 
aging, as well as external factors such as noise exposure, use 
of ototoxic drugs, head trauma, and smoking history. These 
factors interactions drive the onset and progression of ARHL 
(Keithley, 2020). Genetic factors is particularly influential in the 
pathophysiological mechanisms of ARHL. Current heritability 
estimates indicate that genetic variation may explain between 
46 and 74% of the variance in hearing thresholds among 
individuals with ARHL (Duan et al., 2019; Momi et al., 2015; 
Wolber et al., 2012). Genetic contributions may operate through 
diverse mechanisms, including mutations in chromosomal or 
mitochondrial genes, epigenetic dysregulation such as DNA 
methylation, and gene-environment interactions (Duan et al., 2019; 
Guo et al., 2023; Xu et al., 2021). For instance, mitochondrial DNA 
(mtDNA) mutations can impair inner ear energy metabolism, while 
alterations in genomic DNA methylation may aect the expression 

of genes involved in auditory function. Moreover, chronic noise 
exposure may provoke outer hair cell damage in individuals with 
a susceptible genetic background (Cornejo-Sanchez et al., 2025; 
Guo et al., 2023; Kujawa and Liberman, 2006; Wolber et al., 2014). 
These overlapping mechanisms jointly shape the heterogeneous 
characteristics of ARHL. 

In recent years, significant advances have been made in 
uncovering the genetic landscape of ARHL, driven by the rapid 
development of genome-wide association studies (GWAS), DNA 
methylome analysis and multi-omics integration technologies. 
Numerous susceptibility loci have been identified, particularly in 
large-scale GWAS of European and North American populations. 
Genes such as GRM7, LOXHD1, TRIOBP, FBF1, and PRKAG2 
have been repeatedly associated with high frequency hearing loss, 
gradually constructing a core ARHL candidate gene repository 
(Friedman et al., 2009; Homann et al., 2016; Polesskaya et al., 
2025). For example, a large-scale meta-analysis on GWAS by 
Ivarsdottir et al. (2021) identified 21 novel genetic loci, including 
rare mutations in LOXHD1 and structural variants in FBF1, 
both of which were significantly associated with increased risk of 
hearing deterioration. In animal models, Polesskaya et al. (2025) 
performed a GWAS across nearly 1,000 ENU-mutagenised mice 
and demonstrated that deletion of Prkag2 significantly accelerated 
high-frequency hearing loss, providing direct molecular evidence 
for the involvement of energy metabolism pathways in ARHL 
pathogenesis. In addition, Wells et al. (2020) conducted a synthesis 
of multiple GWAS datasets and identified a set of single nucleotide 
polymorphisms (SNPs) recurrently associated with ARHL. These 
variants span mitochondrial genes, cell adhesion molecules, and 
members of the glutamate receptor family, further indicating 
the multifactorial and polygenic nature of the ARHL’s pathology. 
Currently, ARHL research at the epigenetic level is advancing. 
DNA methylation analysis has revealed that methylation levels 
at promoter regions of genes such as TCF25 and POLE are 
significantly correlated with auditory function, suggesting that 
epigenetic modification may play a key regulatory role in the 
progression of ARHL (Patil et al., 2024; Wolber et al., 2014). 
Furthermore, multi-omics integration strategies have enabled 
the identification of novel molecular biomarkers, oering new 
theoretical and methodological frameworks for early detection, 
precise stratification, and personalised intervention in ARHL. 

However, ARHL genetic research continues to face multiple 
challenges. Despite a steady increase in the volume of related 
research and the identification of various candidate susceptibility 
genes for ARHL in recent years, a systematic synthesis of 
prevailing research hotspots, developmental trends, and key 
scientific questions remains lacking. Specifically, there remains 
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a limited understanding of the thematic evolution of research 
topics, the prioritisation of high-frequency genes, the impact of 
landmark publications, and the translational potential of studies 
targeting these candidate genes. Therefore, a comprehensive 
bibliometric analysis is necessary to reveal the field’s research 
structure, evolutionary trends and future development directions. 
This would provide theoretical support for in-depth exploration 
of the genetic mechanism and precise intervention of ARHL. In 
addition, current research is heavily skewed toward European-
ancestry cohorts, with significantly fewer studies addressing non-
European populations such as those from Asia, Africa, and Latin 
America. This geographic and ethnic bias limits the generalisability 
of current findings and constrains their clinical translatability 
across diverse populations. Many susceptibility genes and genetic 
variants identified in European cohorts have yet to be validated 
in other ethnic groups, making it diÿcult to construct a globally 
representative panel of candidate genes. Given that dierences in 
genetic background among dierent populations may influence the 
eects of pathogenic variants, a cross-ethnic comparative study is 
necessary to reveal the genetic mechanisms of ARHL. 

This study adopts a global perspective and employs 
bibliometric and thematic evolution analysis to systematically 
map the developmental trajectory and shifting research foci of 
ARHL genetics over the past three decades. It also synthesises 
evidence from high-frequency candidate genes across dierent 
ethnic groups to identify genes that are cross-ethnically validated. 
This aims to uncover inter-population variability in genetic 
architecture and eect sizes, shedding light on how such 
heterogeneity may influence mechanistic interpretation and 
the generalisability of findings. Through this approach, the study 
aims to lay a robust empirical and theoretical foundation for future 
interdisciplinary and trans-regional collaborations in precision 
hearing health management. 

2 Materials and methods 

2.1 Literature sources and search strategy 

To ensure the comprehensiveness of literature coverage, we 
thoroughly searched for publications between January 1995 to 
June 2025 spanning four databases: PubMed and Ovid Embase 
to cover biomedical and health sciences literature, and Web of 
Science Core Collection (WoS CC) and Scopus to capture broader 
scientific output. Search strategies were formulated with reference 
to previously published studies reporting findings closely related 
to the genetic factors of ARHL (Jung et al., 2024; Ninoyu and 
Friedman, 2024; Wells et al., 2020). The following retrieval strategy 
was employed: TS = [(“Presbycusis” OR “Age-related hearing loss” 
OR “ARHL”) AND “Genetics”] (see Supplementary Table 1 for 
database-specific, detailed search strategies). 

2.2 Literature screening 

All literature searches and data downloads were completed on 
October 1, 2024 from the four selected databases, gathering a total 
of 11,055 records. Duplicates were removed using EndNote 21 tool, 

followed by a manual review to remove any remaining duplicates. 
Two researchers with domain expertise (HL and KS) independently 
performed both the initial and secondary screening based on 
pre-defined inclusion and exclusion criteria (see Supplementary 
Table 2 for details). Discrepancies during the screening process 
were resolved through discussion with a third reviewer (YL) until 
consensus was reached. Ultimately, 465 articles demonstrating 
good inter-rater reliability (Kappa = 0.74) were included for 
analysis, comprising 430 original research articles and 35 reviews. 
Inter-rater reliability was assessed using Cohen’s kappa coeÿcient 
(κ). This metric was designed to account for the possibility of 
agreement occurring by chance, thereby providing a more robust 
measure of consensus. According to established benchmarks (El 
Emam, 1999), the resulting kappa value of κ = 0.74 indicated 
"substantial agreement". This result confirmed a high degree of 
reliability in the judgments made by the reviewers in this study. The 
study selection process is illustrated in Figure 1A. 

2.3 Data extraction and analysis 

Bibliometric analysis and cross-ethnic comparative analysis 
were employed to examine the included literature (Figure 
1B). In the bibliometric phase, comprehensive metadata were 
extracted, including title, abstract, keywords, authors, author 
aÿliations/countries, year of publication, and journal name. 
Data processing and bibliometric analyses were conducted using 
the Bibliometrix package in R (Aria and Cuccurullo, 2017). 
The types of data analysed included key bibliometric variables 
such as author information, keywords, citation patterns, and 
the distribution of countries and institutions. The purpose 
of these analyses was to reveal research trends, identify core 
authors, and characterise the distribution of highly influential 
publications. Statistical visualisations were generated using ggplot2 
in R and matplotlib in Python to illustrate publication trends, 
collaboration networks, and thematic evolution. In addition, 
VOSviewer, CiteSpace, and Scimago Graphica were employed 
for cluster analysis and network structure visualization (Chen, 
2017; Hassan-Montero et al., 2022). The completeness of the 
bibliographic metadata used for bibliometric analysis is shown in 
Figure 1C. 

2.4 Candidate gene analysis 

A secondary extraction of candidate gene data was conducted 
from the included studies to enable further analysis. Studies 
were categorised by research subject into animal-based and 
human-based investigations. For each study, the candidate 
gene name, its function, and reporting frequency were 
extracted. In human studies, additional variables such as 
study methodology, participant age, and ethnic background 
were also recorded to capture heterogeneity in gene-level 
findings and study design. Based on these extracted variables, 
descriptive analyses were performed to summarise the distribution, 
frequency, and functional categorisation of candidate genes, 
providing a structured foundation for subsequent cross-ethnic 
comparative analysis. 
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FIGURE 1 

Overview of literature sources and research. (A) Literature screening flowchart. (B) Analytical structure of the study. (C) Literature Characterisation 
and Information Completeness. 

2.5 Cross-ethnic comparison and 
visualisation of candidate genes 

To explore both the convergence and divergence of candidate 
gene findings across populations, we conducted a cross-ethnic 
comparative analysis. Using ethnicity data extracted from human 
studies, we identified candidate genes reported in two or more 
distinct geographic populations, forming a subset of shared cross-
population genes. 

We employed the UpsetR package in R to visualise gene-level 
intersections among major population groups in Europe, North 
America, East Asia, South Asia, South America, and Africa. Using 
pheatmap in R, we further mapped the distribution of these shared 
genes, providing a structured overview of gene presence across 
regions. Together, these visualisations enabled the identification 
of candidate genes consistently reported across populations, while 
also oering a framework to disentangle region-specific patterns 
from globally recurrent signals, thereby advancing understanding 
of both genetic heterogeneity and cross-ethnic commonality in 
hearing loss research. 

3 Results 

3.1 Bibliometric analysis 

3.1.1 Annual publication output and citation 
trends 

Over the past three decades, a total of 2,483 authors has 
contributed to 465 publications across 190 journals in this field. 
Each article on average involved 8.06 co-authors, with each 
author contributed to approximately 2.45 publications. The overall 
research output has demonstrated a consistent upward trajectory, 
with an average annual growth rate of 6.83% (Figure 2A). 

According to Bradford’s Law (Vickery, 1948), core journals 
were identified based on the distribution ratio of 1 : a : a2 (a is 
approximately 5), delineating core, related, and peripheral zones. 
Using this approach, we identified 13 core journals, as listed in 
Supplementary Table 3. As shown in Figure 2B, we analysed 
the publication trends of the top six journals by volume, which 
together account for 22.2% of total publications. Hearing Research 
emerged as the most prominent journal in both publication volume 
and growth trajectory. This dominance is further underscored in 
Figure 2C, where Hearing Research also leads in total citation 
count, with 1,843 citations, highlighting its central influence in 
the field. 

3.1.2 Authorship contribution and collaboration 
network analysis 

According to the implications of Lotka’s Law (Price, 1965), 
among the 2,483 authors, 140 highly productive authors (5.64%) 
have published four or more articles within this field. However, 
author contribution cannot be accurately assessed by publication 
count alone. To provide a more nuanced evaluation, we also 
considered total citation frequency and average contribution share 
(Figure 3A). To avoid potential overestimation due to honorary 
or nominal authorship, we adopted the Articles Fractionalized 
(AF) metric as a more equitable measure of author contribution 
(Petroianu, 2012). Under this model, if a publication lists n authors, 
each is assigned a contribution value of 1/n, and an author’s total AF 
score is calculated by summing their fractional contributions across 
all publications, as defined by the AF model formula: 

Frac Freq 
� 
AUj 

 
= 

X 

h∈AUj 

1 

n. of Co Authors 
�
h 
 

• AUj, is the set of documents co-authored by the author j 
• H, is a document included in AUj 

We identified six authors with substantial contributions to 
the field, each appearing in both the top 10 rankings for total 
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FIGURE 2 

Trend in core publications. (A) Annual trends in publications. (B) Publication trends over time by journal. (C) Most cited sources. 

publication count and overall citation frequency. Notably, Van 

Camp G ranked first in both total publications (n = 21) and total 
citations (n = 281). However, his Articles Fractionalized (AF) score 

(AF = 2.3) was lower than that of Zheng QY (AF = 3.6), who ranked 

second in publication count, and Johnson KR (AF = 3.3), who 

ranked second in total citations. 
We visualised the annual publication output and citation 

frequency for these 12 prolific and highly cited authors (Figure 3B). 
In this plot, circle size represents the number of publications per 

year, while colour intensity indicates annual citation frequency. 
The earliest contributors identified in this field were Zheng QY 

and Johnson KR, both of whom began publishing in 1997 and 

have maintained consistent output. Over half of the prolific authors 
entered the field after 2005, and a notable surge in citation 

frequency occurred around 2010, marking a period of accelerated 

impact in the field. 
To exemplify patterns of collaboration, an author co-

authorship network was constructed using VOSviewer (Figures 3C, 
D). The visualisations show that most collaborations are nationally 

clustered, with authors predominantly collaborating within their 

own countries. The overall research network remains relatively 

fragmented. In Figure 3D, node colour reflects the year in which 

each researcher joined the collaboration network, with lighter 

shades indicating more recent entry. For example, we identified 

Wu Hao and Chai Renjie as authors who entered the collaborative 
landscape around 2020. 

3.1.3 Country and institutional contributions 
Authors contributing to this field were aÿliated with 610 

institutions across 34 countries. Based on the number of 
publications by corresponding authors, we identified the top 20 
contributing countries, as shown in Figure 4A. The results showed 
that China (n = 140, 30.1%) and the United States (n = 137, 
29.5%) published the most papers, far surpassing other countries. 
However, when considering average citations per article shown 
by the dotted line, a distinct contrast emerges. Although China 
ranks first in the number of publications in this field, its average 
citation frequency is only 16.9 times, significantly lower than the 
58.2 times of the United States. This gap reflects that China still has 
considerable room for improvement in improving research quality 
and international influence. It is worth noting that Switzerland with 
relatively few publications, has an average citation count of 127.5, 
its contributions are highly influential, reflecting strong academic 
value and global recognition. 

The relative proportions of Single Country Publications 
(SCP) and Multiple Country Publications (MCP) reveal a mainly 
domestic collaboration pattern across most countries, consistent 
with the author collaboration network depicted in Figure 3C. 
A geographic distribution map (Figure 4B) illustrates national 
publication frequencies, with darker shading representing higher 
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FIGURE 3 

Author visualisation. (A) Top authors by number of articles and citations. (B) Author production trends. (C) Research partnerships that follow the 
topics and (D) the time. 

output. International collaboration networks were visualised using 
Scimago Graphica and VOSviewer (Figures 4C, D), showing 
that while most collaborations remained local, few international 
partnerships between China and the United States were also 
observed, followed by collaborations involving East Asian countries 
(e.g., Japan, South Korea) and European nations (e.g., the 
United Kingdom, the Netherlands). 

Secondly, this study analysed the publishing institutions in 
the field. At the institutional level, the top five most productive 
aÿliations were Huazhong University of Science and Technology 
(n = 57), University of California System (n = 50), University of 
Antwerp (n = 40), State University System of Florida (n = 38), 
and Shanghai Jiao Tong University (n = 31). Using CiteSpace, 
we constructed a thematic timeline network (topics #0 to #12) 
to visualise institutional collaborations across specific research 
clusters (Figure 4E). For example, Huazhong University of Science 
and Technology and Capital Medical University collaborated under 
the #0 cluster (“mouse cochlear”), whereas University of Antwerp 
and Radboud University showed close collaboration in the #3 
cluster (“genome-wide SNP-based linkage”). 

3.1.4 Publication theme analysis 
To analyse thematic developments in the literature, we 

conducted keyword co-occurrence and cluster analysis using 
VOSviewer and CiteSpace. In VOSviewer, high-frequency terms 
from titles and abstracts were used to generate a keyword co-
occurrence network, visualised in Figure 5A, which revealed three 
major thematic clusters, each indicated by a dierent node colour. 
Together with Supplementary Figure 1, we observed a clear 
thematic shift: research is gradually moving away from Cluster 3 

focusing on inner ear anatomical structures such as spiral ganglion 
neurons and stria vascularis, toward Clusters 1 and 2. Cluster 
1 focuses on genetic research related to ARHL, with terms like 
“mutation(s),” “genome-wide association,” and “polymorphism(s),” 
whereas Cluster 2 focuses cellular and molecular mechanisms, 
including “mitochondrial dysfunction,” “oxidative damage,” and 
“inflammation.” 

Further thematic refinement was achieved through log-
likelihood ratio (LLR) clustering in CiteSpace, shown in Figure 5B. 
The clustering results were evaluated using two indices: the 
clustering modularity value Q and the clustering contour index S 
(average contour). A Q value of 0.7284 ( > 0.5) indicates a well-
defined cluster structure, while an S value of 0.8887 ( > 0.7) suggests 
high internal consistency and strong separation between clusters, 
indicating robust and credible clustering outcomes (Brandes et al., 
2008). The clustering results shown in the figure reflect the current 
subfield-specific research hotspots. Six major thematic subfields 
were identified after merging overlapping clusters: #0: Genome-
Wide Association Study, #1Point Mutation, #2/5/9 Mouse Model, 
#4 Strain-Related Dierence, #6 Traditional Chinese Medicine, and 
#7/8 Mitochondrial-Related Mechanisms. These clusters represent 
the current research hotspots and key directions in the investigation 
of genetic factors associated with ARHL. 

3.2 Functional categorisation of 
candidate gene research 

In this study, 69.42% (n = 252) of the included articles 
were studies based on animal models, collectively reporting 365 
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FIGURE 4 

Countries and institutions visualisation. (A) Articles by country of corresponding author (with citations). (B) World map of publications distributed in 
various countries/regions. (C) Chord diagram of international collaboration. (D) International research cooperation network. (E) Institutional 
collaborative networks and timeline distribution clusters. 

candidate genes or genetic factors. Human studies accounted for 
28.65% (n = 104), with a total of 221 candidate genes identified. 
Additionally, 1.93% (n = 7) of the studies employed a hybrid 
design incorporating both animal models and human samples. 
The sample regional distribution methods and methods of 

the included studies are presented in Supplementary Figure 
2. The reported genes were categorised into seven major 
functional groups, including “Inner Ear Structure,” “Ion 
Channels/Transporters,” and “Transcription Factors,” among 
others (see Figure 6). 

Frontiers in Aging Neuroscience 07 frontiersin.org 

https://doi.org/10.3389/fnagi.2025.1678115
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-17-1678115 October 30, 2025 Time: 12:13 # 8

Lu et al. 10.3389/fnagi.2025.1678115 

FIGURE 5 

Topics and hotspots visualisation. (A) Keyword co-occurrence network. (B) Keyword cluster topic analysis. 

3.2.1 Animal studies 
This study systematically reviewed and analysed a total of 

252 animal experimental studies related to ARHL, from which 

365 genetic regulatory factors were extracted, including genes 
and various non-coding RNA molecules. To clarify the primary 
research foci within the current literature, we first performed a 
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FIGURE 6 

Functional categorisation of ARHL-associated genes. 

statistical analysis of the genetic regulatory factors that appeared 
three or more times across the included studies with visualisation 
(see Figure 7). 

Among the 38 high-frequency genes identified, Cdh23 was 
cited most frequently, appearing in 17 studies, followed by Sirt1 
(n = 11), Sod2 and Sod1 (n = 9 each), and Casp3 (n = 7). 
Functional categorisation revealed that oxidative stress-related 
genes (e.g., Sod2, Sod1, Gpx1, Cat, and Gpx4 etc.,) constitute 
a substantial portion of the most frequently reported genes. In 
addition, mitochondrial function-related genes (e.g., Sirt1, Sirt3, 
Tfam, and Polg etc.) were also repeatedly highlighted. Inflammatory 
mediators (e.g., Il-6, Il-1β) and genes related to ion transport (e.g., 
Kcnq4, Gjb2, Atp1a2 etc.,) were likewise represented. In addition, 
most of the genes in the “Other” category belong to genetic 
factors related to cell apoptosis and anti-apoptosis. The frequent 
recurrence of these genes illustrates the current research focus 
in ARHL animal studies on mechanisms such as oxidative stress, 
mitochondrial dysfunction, and inflammation. 

3.2.2 Human studies 
In the total of 111 studies investigating the genetic basis of 

ARHL in human subjects, 210 potential gene loci were extracted. 
All identified loci were compiled, and genes reported five or more 
times were summarised alongside their corresponding functional 
categories (see Table 1). Although genes such as EYA4, GRM7, 
NAT2, KCNQ4, CDH23, and GSTM1 dier in their functional 
categories, they all play an important role in the pathogenesis 
of ARHL. 

Studies based on European populations accounted for over 
35% (36.76%) of the total human studies and demonstrated greater 
depth, width, and methodological diversity compared to those 
focusing on other ethnic groups (see Supplementary Figure 1). 
Therefore, we compiled the top ten most frequently reported genes 
within European cohorts, as well as the top five genes reported 
among other populations, along with their associated functional 
categories (see Supplementary Table 4). 

3.3 Cross-ethnic analysis of candidate 
genes 

This study builds a cross-ethnic gene network by integrating 
56 out of the 210 candidate genes that have been reported across 
diverse ethnic populations. Figure 8A illustrates the intersectional 
distribution of these genes across studies from dierent ethnic 
or geographic regions. Of the 56 shared genes, 20 were reported 
in both European and North American populations, representing 
the largest overlap set. The second largest intersection consists 
of a group of 14 genes reported across studies from Europe, 
North America, South America, East Asia, South Asia, and Africa. 
Moreover, several smaller overlapping clusters were observed, 
involving combinations of two or more regions. For example, 
Europe and Africa (5 genes), Europe and the Middle East (3 
genes), and Europe, North America, and East Asia (3 genes). 
It is worth to mention that European studies reported the 
greatest number of genes, followed by those from North America 
and East Asia, highlighting their substantial contributions in 
discovering ethnicity-specific gene. These findings indicate a degree 
of gene sharing across geographic regions, while also highlighting 
distinct patterns of regional specificity. To further elaborate on 
the intersection patterns presented in Figures 8A, B visualises 
the distribution of specific candidate genes studied in dierent 
geographic populations. Displayed in a matrix format, this figure 
provides an intuitive overview of the population-specific reporting 
patterns for each shared gene. It is found that certain genes, such 
as CDH23, ILDR1, and SLC26A5, have been repeatedly reported 
across multiple ethnic groups, demonstrating strong cross-ethnic 
consistency. These genes are therefore considered high-priority 
candidates in ARHL research. Collectively, these findings suggest 
that certain genes may have broad relevance across diverse genetic 
backgrounds, making them promising targets for future multi-
ethnic integrative analyses. 

4 Discussion 

4.1 Current research and trends 

Our findings indicate a steadily increasing research interest in 
the genetic factors underlying ARHL. The sustained average annual 
growth rate of 6.83% in publications not only signifies heightened 
scholarly focus but also points to considerable opportunities for 
further investigation. This trend was particularly pronounced 
from 2019 to 2020, a period that saw an exceptional 72.72% 
spike in research output. Publications are primarily concentrated 
in journals dedicated to two main disciplines: hearing science 
and geriatrics. Within this scope, the journal Hearing Research 
demonstrates notable prominence. It has contributed the highest 
number of publications (8.60%, 40/465) and credited to the highest 
number of citations (n = 1,843), reflecting its central role and 
significant impact in ARHL genetics. 

Research findings in this domain have appeared in top-
tier science journals, including Cell and Nature. However, no 
related studies have been published in the four leading general 
medical journals: The New England Journal of Medicine (NEJM), 
The British Medical Journal (BMJ), The Journal of the American 
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FIGURE 7 

Top genes reported in animal studies. 

TABLE 1 High-frequency genes (≥ 5) identified in ARHL studies and their 
functions. 

Genes Functions Frequencies 

EYA4 Transcription factors 7 

GRM7 Neurotransmitter signaling 7 

NAT2 Oxidative stress responses 7 

KCNQ4 Ion channels / transporters 6 

GRHL2 Transcription factors 6 

MYO6 Inner ear structure 5 

CDH23 Inner ear structure 5 

GSTM1 Oxidative stress responses 5 

Medical Association (JAMA), and The Lancet. This distribution 
suggested that while the field has achieved significant advances 
in fundamental and interdisciplinary research, clinically oriented 
translational studies remained relatively limited compared to basic 
science research. Consequently, a future imperative is to bridge this 
translational gap by facilitating the eective transfer of basic science 

discoveries into clinical applications. Such eorts are critical to 
realising the clinical value of genetics in the prevention, diagnosis, 
and treatment of ARHL. 

Currently, the most prolific authors in the field of ARHL 
genetics are predominantly based in China and the United States, 
with both countries maintaining a high level of research activity 
in this domain. However, it is worth noting that Chinese 
scholars entered this field relatively recently, with most of their 
contributions published after 2020. In contrast, American scholars 
had already conducted research on the genetic mechanism of 
ARHL as early as around 2010, building a more extensive 
foundation of basic research and scholarly influence. This temporal 

disparity reflects, to some extent, the gap between the two nations 
in research accumulation and international influence. 

At the national level, China and the United States are currently 
the two leading contributors, accounting for 30.1% (140/465) and 
29.5% (137/465) of publications in the field, respectively. Despite 
their strong publication output, existing research collaboration 
networks remain largely confined within domestic institutions, 
with relatively limited cross-national cooperation. This pattern 
may be influenced by several factors. First, ARHL genetic 
research often relied on population-specific samples and linguistic 
contexts, making data collection inherently region-dependent. 
Second, dierences in ethical approval procedures, sample-sharing 
mechanisms, and data privacy regulations across countries added 
further complexity to international collaboration. In addition, 
most funding in this field was derived from national or regional 
programmes, which may have restricted the depth and breadth of 
cross-national cooperation. These factors collectively contributed 
to the current fragmentation of global research networks, 
potentially limiting resource sharing, methodological exchange, 
and the broader dissemination of findings in ARHL genetics. On 
the other hand, research from Africa, the Middle East, and Latin 
America has been markedly deficient. This gap is rooted not only in 
a lack of interest or researchers, but also due to a series of structural 
obstacles. Firstly, the capacity for large-scale genomic research was 
possibly hindered by a lack of advanced sequencing platforms and 
specialised bioinformatics talent. Secondly, data availability and 
comparability may have been constrained by a scarcity of high-
quality longitudinal cohorts and robust databases. Thirdly, at a 
foundational level, sample collection may have been hampered 
by insuÿcient primary healthcare infrastructure, while limited 
national health expenditures may have resulted in inadequate 
funding for studies on aging and hearing. Compounding these 
issues are underdeveloped regulatory and ethical frameworks for 
genetic research and a lack of established protocols for international 
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FIGURE 8 

Cross-ethnic gene research network in ARHL studies. (A) UpSet plot illustrating the intersection of ARHL-related genes across ethnic/geographic 
groups. (B) Heatmap displaying candidate gene distribution. 

data sharing. Together, these barriers were responsible for the 
skewed geographical distribution of research in this field. 

Looking forward, strengthening research synergies between 
China, the United States, and other nations would be essential. 
Building multinational research alliances, sharing large-scale 
genetic databases, and pooling multicentre clinical sample 
resources will help broaden the scope and depth of investigation 
to more comprehensively reveal the genetic mechanisms of ARHL 
and accelerate the pace of translation from basic research to 
clinical practice. 

4.2 Shifting of research hotspots 

Current research priorities in ARHL have progressively 
shifted from traditional investigations of inner ear anatomy 
and physiological structures toward a deeper exploration of its 
molecular and genetic mechanisms. Earlier studies focused on 
histopathological changes within the cochlea, categorising ARHL 
into the sensory type (loss of outer hair cells), the neural 
type (degeneration of auditory nerve), and the metabolic type 
(degeneration of the spiral ganglion and atrophy of the stria 
vascularis) (Yang et al., 2023). These degenerative anatomical 
changes were long considered the primary cause of age-related 
hearing decline. With advances in molecular biology and genetics, 
ARHL research focus has gradually shifted from macroscopic 
histopathology to microscopic molecular mechanisms. Increasing 
genetic evidence has depict the critical role of inherited 
susceptibility in the pathogenesis of ARHL. For instance, Bowl and 
Dawson (Bowl and Dawson, 2019), through twin and family-based 
studies, estimated the heritability of ARHL to be between 35% and 
55%, suggesting the significance of genetic predisposition in its 
development and progression. 

Mouse models also facilitated the revelation of the genetic 
mechanisms of ARHL. In aged, inbred strains such as C57BL/6J, 

Ahl locus is identified on chromosome 10 and found to be 
associated with progressive hearing decline in mice (Keithley et al., 
2004). Subsequent studies have shown that Ahl corresponds to the 
gene Cadherin 23 (CDH23), which encodes a hair cell adhesion 
protein, with its mutations leading to progressive hearing loss in 
mice (Johnson et al., 2008; Liu et al., 2012). Echoing this, CDH23 
mutations have also been detected in human ARHL patients (Zheng 
et al., 2005). The discovery of the Ahl locus marked a shift 
in ARHL research from anatomy and physiological structure of 
the inner ear to molecular genetic mechanisms, suggesting that 
inner ear degeneration may stem from specific genetic defects or 
inherited susceptibilities. Since then, candidate gene association 
studies (GAS) and GWAS have identified numerous ARHL-
related susceptibility loci, providing new insights into molecular 
mechanisms and the development of potential therapeutic targets. 
Representative susceptibility loci identified to date include GRM7 
(Friedman et al., 2009), IQGAP2 (Van Laer et al., 2010), ESRRG 
(Nolan et al., 2013), ILDR1, TRIOBP, and EYA4 (Homann 
et al., 2016), among others. Collectively, these loci highlighted 
the complex and polygenic nature of ARHL, reflecting the 
multifactorial genetic architecture underlying age-related auditory 
decline. 

Emergence of research hotspots such as mitochondrial 
dysfunction, oxidative stress, and inflammation have shaped new 
research directions toward deeper mechanistic exploration. For 
example, the mtDNA 4977 deletion was considered a hallmark 
of mitochondrial impairment in ARHL. With the advancement 
of ageing biology, researchers have increasingly incorporated 
theories of oxidative stress and mitochondrial dysfunction into 
investigations of auditory ageing. Concurrently, inflammation, 
recognised as a key driver of the ageing process, has also 
gained growing attention in ARHL research. These gene-mediated 
pathogenic mechanisms will be examined in detail in the following 
sections of this study. 
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Among the thematic clusters identified in this study, one 
particularly novel research direction emerged: Cluster #6 
Traditional Chinese Medicine (TCM) (see Figure 5B), as an 
example of increasing attention directed toward eective strategies 
for delaying or intervening in auditory ageing beyond conventional 
biomedical approaches such as pharmacological treatment, hearing 
aids, and cochlear implants. According to traditional Chinese 
medical theory, age-related hearing decline was often attributed 
to “kidney qi deficiency,” a concept that has received preliminary 
support from contemporary studies (Thodi et al., 2006). A wide 
range of supplementary herbal formulations have been long 
applied in clinical auditory health management. For instance, the 
classical formula Er Long Zuo Ci Wan (a pill treating tinnitus 
and hearing loss), has been historically documented to treat 
ARHL in TCM compendiums. In recent years, TCM practices 
have been increasingly examined and translated through modern 
scientific methodologies. Research were focused in isolating active 
compounds from herbal formulas and exploring their underlying 
mechanisms of action using cellular and animal models, thereby 
bridging traditional knowledge with molecular-level validation. 

A growing body of experimental evidence suggested that TCM 
and their active compounds exert a wide range of biological 
eects, such as antioxidant, anti-inflammatory, microcirculatory 
improvement, and anti-apoptotic activities, all of which directly 
target key pathogenic processes implicated in genetically mediated 
ARHL (Hu et al., 2023). For instance, Celastrol, a principal bioactive 
component derived from Tripterygium wilfordii Hook. f. (Lei 
Gong Teng), has been shown in animal models to significantly 
promote the viability and proliferation of inner ear stem cells, 
induce their cell dierentiation into neuron-like cells, and enhance 
neuro-excitability and electrophysiological activity. These eects 
were potentially mediated by the upregulation of Atoh1, a critical 
transcription factor governing inner ear sensory cell dierentiation 
(Han et al., 2018). Similarly, Sesamin, extracted from Sesamum 
indicum L. (black sesame), has been reported to upregulate the 
expression and activity of the hearing-related gene Tecta, thereby 
exerting protection against auditory cell ageing (Kim et al., 2020). 

4.3 Functional categorisation of 
ARHL-related genes 

To reveal the complex genetic architecture of ARHL, candidate 
genes were systematically stratified into seven categories based on 
their primary pathophysiological mechanisms (Figure 6). Building 
upon this framework, the following section provides a detailed 
discussion of representative genes within each category, focusing 
on their molecular functions, evidence in animal models and 
human studies, pathway involvement, and their contributions to 
ARHL. 

4.3.1 Inner ear structure genes 
The integrity and function of the inner ear are critical for 

normal hearing. Multiple genes involved in the regulation of 
inner ear architecture and intercellular connectivity have been 
implicated in susceptibility to ARHL. Variants in these genes may 
contribute to age-dependent degeneration of hair cells, supporting 
cells, or the basilar membrane, ultimately leading to progressive 
auditory decline. 

CDH23 gene encodes Cadherin-23, an adhesion protein 
constituting the tip links of stereocilia. Early studies in mouse 
models revealed that a single nucleotide variant in CDH23 
(753A > G) significantly accelerates the progression of ARHL. 
Mouse carrying the 753A allele exhibit rapid age-related auditory 
decline, while those with the wild-type 753G allele demonstrate 
partial protection, particularly against high-frequency hearing 
loss (Johnson et al., 2017). The widely used C57BL/6 strain 
carries the CDH23ˆahl variant (753A), and targeted substitution 
with the protective 753G allele leads to significantly improved 
auditory thresholds at 15 months of age (Johnson et al., 
2017). In humans, CDH23 is a well-established gene involved 
in congenital hearing loss. Recent studies have also implicated 
CDH23 in ARHL, with high methylation levels of this gene 
associated with elevated ARHL risk among older adults (Bouzid 
et al., 2018). Structural biology investigations further support 
the pathogenicity of CDH23 dysfunction. Mutations such as 
S47P have been shown to compromise the stability and folding 
eÿciency of Cadherin-23, impairing its adhesive role in tip link 
formation. This conformational disruption not only interferes 
with mechanotransduction but may also accelerate age-related 
degeneration of hair cells (Garg et al., 2021). 

MYO6 encodes myosin VI, an actin-based motor protein 
located in the cytoplasm of cochlear hair cells within the organ 
of Corti, anchoring the structural integrity of stereocilia (Self 
et al., 1999). Pathogenic variants in MYO6 have been identified 
as causative factors in both autosomal dominant DFNA22 and 
autosomal recessive DFNB37 forms of hereditary hearing loss 
(Ahmed et al., 2003; Melchionda et al., 2001). Subsequent 
pedigree study have implicated a missense mutation (c.3610C > T; 
p.R1204W) as potential contribution to the onset of ARHL 
(Oonk et al., 2013). 

TECTA encodes α-tectorin, a structural protein found in the 
extracellular matrix of the inner ear’s tectorial membrane. Recent 
exome-wide association studies of individuals with ARHL in the 
UK Biobank have shown that rare variants in the TECTA gene 
are significantly enriched in patients with ARHL, with this finding 
validated in a large cohort study of the Japanese population 
(Cornejo-Sanchez et al., 2023; Yasukawa et al., 2019). 

4.3.2 Transcription factors 
Transcription factors are essential in regulating inner ear 

development, stress response, and cell survival (Li et al., 2016). 
With aging, the expression and activity of various transcription 
factors changes, thereby disrupting downstream gene regulation 
and contributing to the ageing of the auditory system. 

EYA4 belongs to the vertebrate Eya gene family and 
functions as a transcriptional activator (Wayne et al., 2001). 
Recent genetic analyses in older populations have revealed a 
significant enrichment of rare EYA4 variants among individuals 
with ARHL, suggesting its possible involvement in the genetic 
architecture of common, late-onset hearing impairment (Cornejo-
Sanchez et al., 2023). Earlier positional cloning studies also 
identified truncating mutations in EYA4 across multiple families 
associated with progressive hearing loss beginning in adulthood 
(Wayne et al., 2001). 

GRHL2, also known as TFCP2L3, encodes an epithelium-
specific transcription factor. Mutations in GRHL2 have been 
identified to cause DFNA28 progressive hearing loss in humans 
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(Vona et al., 2013). Large-scale association studies in multiple 
European populations have revealed a significant correlation 
between GRHL2 and ARHL, particularly involving multiple SNPs 
located within intron 1. Given that these variants reside in non-
coding regions, researchers hypothesised that they may alter 
GRHL2 expression levels instead of protein structure, thus aecting 
the survival and function of cochlear epithelial cells, ultimately 
contributing to the auditory ageing process (Van Laer et al., 2008). 

FOXO3 (Forkhead box O3) and POU4F3 have also been 
implicated in cochlear hair cell dierentiation and survival. 
Variants or loss of function in these genes may reduce the ability 
of hair cells to withstand age-related damage, including noise and 
metabolic stress, leading to higher susceptibility to degeneration or 
apoptosis in hair cells (Gilels et al., 2017; Singh et al., 2024). 

4.3.3 Mitochondrial functions and oxidative 
stress-related genes 

Reactive oxygen species (ROS) are signalling molecules for 
cellular proliferation and survival. Yet, their excessive production 
and accumulation trigger oxidative stress (OS), which accelerates 
the degeneration of cochlear hair cells and auditory neurons (Ray 
et al., 2012). With ageing, ROS levels in the inner ear tissues 
increase, while antioxidant defence decline. This disequilibrium 
is widely regarded as a central pathogenic mechanism of ARHL. 
Seidman et al. (2002). further demonstrated that ROS accumulation 
in the cochlea can induce mutations in the mitochondrial genome, 
leading to mtDNA damage that disrupts cellular energy metabolism 
and compromises cell viability. In support of this, Markaryan 
et al. (2009) observed in human temporal bones, a significantly 
reduced expression of mitochondrial enzymes involved in cochlear 
tissues of elderly individuals with ARHL, indicating impaired 
mitochondrial metabolic function. Importantly, a vicious cycle may 
exist between ROS accumulation and mitochondrial dysfunction: 
ROS accumulation induces mitochondrial damage, and in turn, 
compromised mitochondria further elevate ROS production. This 
feedback loop ultimately accelerates the degeneration of cochlear 
hair cells and neurons, driving the progression of ARHL. 

COX1 is a subunit of respiratory chain complex IV encoded 
by the mitochondrial genome, it plays a critical role in the high 
energy metabolism of cochlear hair cells (Dennerlein et al., 2023). 
Animal studies have demonstrated that significant downregulation 
of COX1 is positively associated with mitochondrial morphological 
degeneration, impairment of auditory hair cells, and the severity of 
hearing loss (Lyu et al., 2020). Similarly, in human temporal bones, 
reduced expression of cytochrome c oxidase encoded by COX1 
has been observed in the spiral ganglion neurons of the cochlea 
in elderly individuals, possibly linked with accumulated mtDNA 
mutations (Keithley et al., 2001). 

SIRT3 is a mitochondrial NAD+-dependent deacetylase. It 
modulates the activity of antioxidant and metabolic enzymes within 
mitochondria and has been identified as a key protective factor 
against auditory ageing. A pivotal study by Someya et al. (2010), 
published in Cell, showed that caloric restriction (CR) significantly 
delayed hearing decline in wild-type mice, whereas Sirt3 knockout 
mice exhibited progressive hearing loss despite CR intervention. 
Mechanistically, CR activates the SIRT3-mediated deacetylation 
and upregulation of mitochondrial antioxidant enzyme Mn-SOD 
(SOD2), enhancing glutathione-based antioxidant defence and 

thereby mitigating ROS-induced damage to cochlear hair cells 
(Zeng et al., 2014). Collectively, these findings suggest that the 
CR-SIRT3-SOD2 pathway may be one of the core mechanisms 
regulating auditory system aging. 

Mutations in the mitochondrial gene MT-RNR1 are associated 
with ARHL. The A1555G mutation in 12S rRNA not only makes 
carriers highly susceptible to aminoglycoside-induced ototoxicity, 
but also often causes sensorineural hearing loss in older adults 
even in the absence of antibiotic exposure (Teraoka et al., 2024). 
This mutation increases mitochondrial susceptibility to damage by 
ROS and noise. Owing to the maternal inheritance pattern and 
high copy number characteristics of mtDNA, the A1555G mutation 
is often observed in multiple elderly members within aected 
families, making it a typical example of mitochondrial-related 
ARHL (Mutai et al., 2017). 

SOD1 and SOD2 encode antioxidant enzymes responsible for 
scavenging superoxide anions (O2 

−), with SOD1 localised in the 
cytoplasm and SOD2 in mitochondria. Studies have demonstrated 
that their expression levels decline progressively with age, leading 
to reduced cochlear antioxidant capacity and accumulation of ROS, 
ultimately triggering hair cell degeneration (McFadden et al., 1999; 
Yang et al., 2023). SOD1-knockout mice exhibited pronounced 
hearing loss and outer hair cell degeneration, whereas SOD2 
heterozygous-deficient mice showed increased auditory system 
vulnerability under oxidative stress. 

4.3.4 Inflammation and immune response genes 
Emerging evidence suggests that inflammation and immune 

responses within the inner ear play a significant role in the onset 
and progression ARHL (Oonk et al., 2013). Aged individuals 
frequently exhibit a state of low-grade chronic inflammation, 
termed inflammaging, which also manifests in the cochlea as 
elevated levels of inflammatory mediators and increased immune 
cell infiltration (Gu et al., 2025; Qiu et al., 2024). Recent studies 
have indicated that anti-inflammatory interventions may partially 
attenuate the progression of auditory aging (Zhang et al., 2024). 

ISG20 encodes a 3’–5’ exonuclease that functions as an antiviral 
protein induced by the type I interferon pathway (Deymier et al., 
2022). While initially investigated for its role in degrading viral 
RNA and mediating innate antiviral responses (Wu et al., 2019), 
recent genomic studies have suggested a potential association 
between ISG20 and age-related auditory degeneration. A large-scale 
ARHL GWAS found that the ISG20 gene locus was significantly 
associated with hearing loss in elderly people, but its specific 
mechanism is still unclear (Nagtegaal et al., 2019). Interestingly, 
other genes in the interferon pathway also showed dierential 
expression, suggesting that chronic immune inflammation or 
antiviral responses in the inner ear may be involved in the process 
of auditory aging. It is hypothesised that ISG20 may modulate 
the cochlear response to viral infections or inflammatory stimuli, 
thereby indirectly influencing hair cell or auditory neuron survival 
related to ARHL. 

IL-6 is a prototypical pro-inflammatory cytokine that plays 
a key role in the inflammatory response following inner ear 
injury. Experimental studies have shown that IL-6 levels are 
significantly elevated in both the cochlea and serum of aged mice 
compared to younger controls (Lu et al., 2024). These inflammatory 
mediators can trigger harmful signalling pathways, such as NF-
κB, which disrupt synaptic integrity and cellular function within 
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the auditory system (Zhang et al., 2019). IL-6 deficient mice 
exhibit attenuated age-related threshold shifts and reduced loss of 
cochlear ribbon synapses and spiral ganglion neurons, relative to 
wild-type controls during aging (Lu et al., 2024). These findings 
suggest that upregulation of IL-6 reflects activation of cochlear 
immune-inflammatory responses. Persistent IL-6 signalling may 
exacerbate the inflammatory microenvironment surrounding hair 
cells, thereby accelerating auditory neural circuit degeneration. 

In addition to IL-6, other pro-inflammatory cytokines, such 
as tumour necrosis factor-alpha (TNF-α) and interleukin-1β (IL-
1β), also demonstrate significant upregulation in the aging cochlea. 
Both animal models and elderly human studies have consistently 
reported elevated levels of these cytokines in cochlear tissue and 
systemic circulation (Lyu et al., 2020; Verschuur et al., 2012), 
outlining a broader inflammatory landscape implicated in ARHL. 

4.3.5 Ion channels and transporters 
The normal function of the auditory system depends on a 

regulated ionic environment within the inner ear, maintained 
by various ion channels and transporters responsible for 
endolymph production, electrochemical gradients, and 
transmembrane ion flux. With aging, this ionic homeostasis 
becomes progressively dysregulated, often manifesting as altered 
electrolyte concentrations and endocochlear potential within the 
cochlear fluids. 

KCNQ4 encodes the voltage-gated potassium channel Kv7.4, 
which is mainly distributed on the basolateral membrane of the 
outer hair cells of the cochlea and is responsible for regulating the 
resting potential of the outer hair cells and the potassium recycling 
cycle (Kharkovets et al., 2006). In aged animal models with hearing 
loss, activation of Kv7.4 channels significantly preserved auditory 
threshold and OHC survival, suggesting its role as a key regulator 
of potassium eux and membrane stability in aging cochlear cells 
(Peixoto Pinheiro et al., 2022). In human studies, Van Eyken et al. 
(2006) were among the first to establish a direct association between 
KCNQ4 polymorphisms and ARHL through genetic analysis across 
two independent elderly Caucasian cohorts. They conducted a 
statistical analysis of 23 SNPs in the KCNQ4 gene and found that 
multiple sites were significantly positively correlated with ARHL. 

SLC12A2 encodes the Na+-K+-2Cl− symporter NKCC1, 
mainly located in the basilar membrane of the marginal cells of the 
stria vascularis as a key transporter involved in the endolymphatic 
potassium circulation (Bazard et al., 2021). NKCC1 maintains the 
inner ear ion microenvironment. Its expression decreases with age, 
leading to insuÿcient endolymphatic potassium ion supply and 
reduced cochlear potential (EP), which is one of the important 
mechanisms of ARHL. However, interestingly, studies have found 
that in double-transgenic mice with simultaneous knockout of 
NKCC1 and Na+/K+-ATPase α1 subunit, the progression of 
ARHL is actually delayed (Diaz et al., 2007), suggesting that there 
may be complex compensatory mechanisms between dierent ion 
transporters. 

4.3.6 Cytoplasmic cytoskeleton genes 
The normal function of hair cells and supporting cells 

depends on a well-developed cytoskeletal structure. For example, 
the scaold of stereocilia is composed of F-actin filaments and 
their cross-linking proteins. The cytoskeleton is also involved 

in maintaining synaptic structure and mechanical transduction 
mechanisms. With aging, the accumulation of microdamage to 
cytoskeletal components can lead to the degeneration of hair cell 
morphology and function (Wu and Liberman, 2022). 

Variations in genes such as TRIOBP (TRIO binding protein), 
SPTBN1 (beta-2 erythroid-free spectra protein), and FSCN2 
(Fascin-2) have been identified as loci associated with hearing aging 
in large-scale GWAS. The recurrent identification of SNPs within 
these genes suggests that alterations in cytoskeletal regulation 
may, to some extent, accelerate hearing deterioration in aging 
populations (Ivarsdottir et al., 2021; Nagtegaal et al., 2019). 

4.3.7 Common genetic pathways of ARHL and 
cognitive impairment 

A substantial body of longitudinal research indicated a 
significant correlation between ARHL and cognitive impairment. 
The 2020 Lancet Commission identified midlife hearing loss as 
a major modifiable risk factor for dementia (Livingston et al., 
2020). Two potential underlying mechanisms, for example, include 
the “cognitive load hypothesis,” which posited that hearing loss 
increases cognitive load and depletes resources available for other 
cognitive tasks (Wayne and Johnsrude, 2015), and the “common 
cause hypothesis,” which suggested that hearing loss and dementia 
share common neuropathological mechanisms (Shen et al., 2018). 
Furthermore, genetic and molecular studies reveal that ARHL and 
cognitive impairment may share overlapping susceptibility genes 
and pathological pathways. 

To date, the Apolipoprotein E (APOE) ε4 allele has been 
widely recognised as one of the strongest genetic risk factors for 
Alzheimer’s disease (AD), with carriers facing a three- to four-
fold increased risk of developing the disease (Smith and Ashford, 
2017). Congruently, in our study, APOE ε4 was also identified as 
a high-frequency genetic locus associated with ARHL. Supporting 
this link, a Mendelian randomisation study by Abidin et al. 
(2021) confirmed that genetic liability for AD directly contributed 
to hearing loss, with the eect being predominantly driven by 
APOE ε4. This evidence suggested that APOE ε4 may be a key 
upstream factor connecting ARHL and AD. Its presence could 
accelerate auditory system aging through peripheral pathways 
(e.g., atherosclerosis leading to insuÿcient cochlear blood supply) 
while simultaneously promoting the decline of both auditory and 
cognitive functions through central pathways (e.g., facilitating 
amyloid-beta deposition and neuroinflammation in the brain) 
(Abidin et al., 2021; Han et al., 2024). 

Additionally, the GRM7 gene, which encodes the metabotropic 
glutamate receptor 7 (mGluR7), was proposed to influence both 
conditions. It primarily regulates glutamate release and synaptic 
plasticity at the presynaptic membrane of neurons. Synaptic 
plasticity is crucial for both auditory and cognitive functions. 
Variations in GRM7 may reduce the eÿciency of synaptic 
transmission in the auditory pathway and may concurrently 
diminish the plasticity reserve in other cognitive-related neural 
networks, thereby dually increasing susceptibility to both hearing 
loss and dementia (Chaumette et al., 2022; Friedman et al., 2009; 
Pérez-Palma et al., 2014). 

Other ARHL susceptibility genes also exhibited crossover 
mechanisms with cognitive functions. For instance, SLC6A4 and 
the serotonin pathway were thought to be involved in the regulation 
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of brain and auditory health through mood and social interaction 
(Fratelli et al., 2020); serotonin (5-HT), which is related to SLC6A4 
function, may indirectly contribute to cognitive impairment while 
modulating psychosocial factors (Keesom and Hurley, 2020). 
Similarly, Brain-Derived Neurotrophic Factor (BDNF) is a critical 
protein responsible for central and peripheral neurons survival 
and supporting synaptic plasticity. The functional polymorphism 
of the BDNF gene (Val66Met) was suggested to be associated with 
cognitive performance and neurodegenerative disease risk (Chao 
et al., 2022), while reduced BDNF levels were also considered a 
key factor in age-related alterations of plasticity within the central 
auditory system (Rüttiger et al., 2007). 

4.4 Significant findings in animal models 

Although some genes appear infrequently in the literature, 
the mechanisms they implicate oer substantial research value. 
For example, Glra1 is involved in inhibitory neurotransmission in 
the central auditory pathway. Studies in aged mouse model have 
shown that changes in Glra1 expression in the dorsal cochlear 
nucleus of the brainstem correlates with reduced auditory nerve 
synchrony, suggesting that central inhibitory dysregulation may 
play a role in age-related auditory decline (Wang et al., 2009). Coch 
encodes the cochlear matrix protein cochlin, and Cdh23 encodes 
the connexin Cadherin-23. These two genes usually do not show 
obvious phenotypes in wild-type animals, and hearing loss only 
occurs in specific mutant models (Jones et al., 2011; Newton et al., 
2023). In addition, Txnip, Idh3a, and Bmi1 represent mechanisms 
such as oxidative-inflammatory coupling, mitochondrial metabolic 
regulation, and stem cell homeostasis, respectively. 

Txnip can amplify OS and activate inflammatory pathways by 
inhibiting thioredoxin (Trx). Studies have confirmed that it plays 
a key regulatory role in the ROS/NLRP3 pathway in auditory 
cell models (Ma et al., 2024). Idh3a is a key metabolic enzyme 
in the tricarboxylic acid (TCA) cycle. Although relatively few 
studies have been conducted on it, it plays an important role in 
regulating the NADH/NAD+ balance and is crucial for maintaining 
mitochondrial function (Yang et al., 2023). BMI1 deficiency can 
lead to premature apoptosis of OHCs and ROS accumulation. 
Studies in mouse models have shown that Bmi1 plays a protective 
role in maintaining hair cell homeostasis and is highly sensitive 
to oxidative damage (Chen et al., 2015). Overall, although these 
genes with low research frequency have not become hot topics, 
the mechanisms involved have enriched our understanding of 
the pathogenesis of ARHL, suggesting that they are important 
exploration values as potential targets in future studies. 

4.5 Cross-ethnic comparative analysis of 
ARHL candidate genes 

Among the 210 ARHL candidate genes integrated in this 
study, 56 genes were repeatedly reported across studies involving 
dierent geographic populations, forming a cross-ethnic network 
of gene associations. This finding suggests that despite population-
specific dierences in genetic background and environmental 
exposure, there exists a shared genetic foundation for ARHL across 

global populations. Overall, the data reveal both interregional gene 
overlap and clear geographical specificity. Notably, the highest 
number of reported candidate genes originates from studies in 
European populations, followed by North American and East Asian 
cohorts. This likely reflects not only regional disparities in research 
investment, but also dierences in population genetic architecture 
that may influence gene detection rate and replicability across 
studies (Beaty et al., 2005). Moreover, the high degree of gene 
overlap between European and North American populations may 
in part reflect their shared ancestral heritage, resulted from the 
historical spread of European immigrants. 

In this study, we noted a significant geographical and ethnic 
bias in the existing literature, with the majority of research 
samples concentrated on European populations, which limited 
the generalisability of the findings. However, several candidate 
genes have been repeatedly identified across independent studies 
in multiple ethnic groups, demonstrating strong cross-ethnic 
consistency. CDH23, ILDR1, and SLC26A5 have emerged as high-
confidence ARHL candidate genes in European, North American, 
and East Asian cohorts. These genes were derived from well-
established auditory functional genes or monogenic deafness 
loci. Their consistent associations across dierent ethnic groups 
suggested their potential significance in the process of auditory 
aging. Therefore, despite the overall limited generalisability of 
evidence, some genes that were stably identified across populations 
may hold true global significance and may serve as essential 
components of future candidate gene panels. 

ILDR1, initially identified as the causative gene for autosomal 
recessive non-syndromic hearing loss (DFNB42), has more recently 
been identified in ARHL. Homann et al. (2016) first identified a 
common variant in ILDR1 (rs2877561) significantly associated with 
ARHL and replicated the association in two large-scale cohorts: UK 
Biobank (European ancestry) and GERA (Non-Hispanic White). 
The variant showed consistent correlations with both speech 
reception thresholds (SRT) and speech discrimination scores 
(SDS). Subsequent linkage disequilibrium (LD) analysis of the 
ILDR1 locus revealed that rs2332035 exhibited strong LD (r2 > 0.8) 
with ten surrounding SNPs, forming a stable haplotype block 
widely present across 26 populations, with particularly consistent 
patterns in five European and four Latin American groups. 
Furthermore, LD signals involving rs12638492 were also observed 
in East Asian and South Asian populations, providing additional 
support for ILDR1’s transethnic relevance (Flores et al., 2023). 
CDH23, originally implicated in ARHL through the discovery of 
the ahl allele in mouse models, has been extensively studied across 
ethnic groups. Its association with ARHL has been validated in 
European (Wells et al., 2019), African (Bouzid et al., 2018), Korean 
(Kim et al., 2016), and Japanese (Usami et al., 2022) cohorts. 
However, no significant association was detected in a Han Chinese 
cohort (Hwang et al., 2012), which may reflect to the fact that 
the detected sites were not key functional variants or insuÿcient 
sample size. Similarly, SLC26A5 has been repeatedly reported 
across diverse ethnic groups in ARHL studies. Evidence from multi-
ethnic genome-wide association analyses suggested that SLC26A5 
may lie near a genomic region linked to hearing decline with age 
(Lewis et al., 2022). 

Beside cross-ethnic consistency, this study also highlighted 
ethnic-group-specific dierences. Genetic variants that showed 
significant associations in one population may not replicate in 
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others. Such specificity is not uncommon in the genetics of complex 
traits and reflects how genetic background modulates variant eect 
sizes across populations. A notable example is the GRHL2 gene. It 
was initially identified in a multi-centre study across Europe, where 
multiple SNPs showed significant association with ARHL and 
demonstrated a consistent direction of eect across nine European 
cohorts (Van Laer et al., 2008). However, subsequent studies in East 
Asian populations failed to replicate these findings. Specifically, 
a study by Lin Y. H. et al. (2011) in an elderly Han Chinese 
cohort found no significant dierences in the genotype distribution 
of GRHL2 variants (e.g., rs10955255) between hearing-impaired 
and normal-hearing groups, oering no statistical support for an 
association between GRHL2 and ARHL in this population. This 
result suggested the possibility that the same risk variant may exert 
dierential eects across ethnic-groups, due to factors such as allele 
frequency dierences, variations in linkage disequilibrium (LD) 
structure, or divergent gene-environment interactions. In addition 
to GRHL2, other risk loci have shown similar population-specific 
patterns. For instance, rs457717, a variant within the IQGAP2 gene 
identified in European cohorts, was not significantly associated 
with ARHL in a Chinese male population (Luo et al., 2016), 
further supporting the presence of ethnicity-specific genetic eects 
in ARHL susceptibility. 

In addition to somatic mitochondrial mutations, inherited 
mtDNA haplogroup dierences may also influence individual 
susceptibility to ARHL. One such haplogroup, haplogroup U, 
was a common matrilineal lineage among Europeans and their 
descendants (e.g., North American Caucasians) (Mostafa et al., 
2014). A study by Manwaring et al. (2007) found that individuals 
carrying haplogroup U had a significantly higher incidence of 
ARHL compared to other haplogroups. After adjusting for multiple 
covariates, haplogroup U remained independently associated with 
an increased risk of moderate-to-severe hearing loss, with a 
relative risk of approximately 1.63 (95% CI: 1.10–2.41). Subsequent 
research further indicated that individuals belonging to the 
haplogroup U might exhibit reduced mitochondrial oxidative 
phosphorylation function and elevated ROS levels, which could 
in turn diminish the antioxidant capacity of cochlear hair cells 
and accelerate the auditory aging process (Yasukawa et al., 2019). 
Although previous studies demonstrated that mtDNA haplogroups 
modulated the expression of nuclear genes such as SIRT3 (D’Aquila 
et al., 2012), and that haplogroup U was epidemiologically 
associated with an increased risk of ARHL, direct experimental 
evidence supporting synergistic interactions between haplogroup 
U and nuclear genes (e.g., SIRT3 and FOXO3) in contributing to 
ARHL had not yet been suÿciently established. 

In contrast, haplogroup A, a representative lineage prevalent 
in East Asians and their migratory descendants (such as Native 
American populations) (Alvarez-Iglesias et al., 2007), appeared to 
confer a dierent risk profile. A population-based study by Miura 
et al. in a Japanese cohort found that haplogroup A was significantly 
associated with increased risk of hearing loss in middle-aged men 
(aged 30–65), with an odds ratio of approximately 4.1 (P = 0.01). 
Meanwhile, another East Asian-predominant haplogroup, N9, was 
observed to exert a protective eect in women (Miura et al., 2022). 
This sex-specific dierence suggested that the mtDNA-mediated 
energy metabolism pathway may have interacted with sex hormone 
levels to jointly influence the oxidative stress response of the 
auditory system (Huang et al., 2025). 

4.6 High frequency candidate genes and 
demographic characteristics 

4.6.1 Relationship between genes and age 
From congenital to 60 years old, patients with CDH23 gene 

mutations exhibited a wide range of onset ages for hearing loss. 
However, most cases showed congenital or early-onset hearing 
impairment, and shared a certain genotype–phenotype correlation 
(Miyagawa et al., 2012). In contrast, hearing loss caused by 
MYO6 gene mutations were generally progressive, with severity 
increasing with age. After the age of 40, the rate of hearing decline 
would accelerate significantly, averaging about 1.07 dB per year 
(Oka et al., 2020). 

Mutations in the TECTA gene have a marked impact on 
the initial hearing threshold. Mutations in dierent structural 
domains (such as the ZP domain and the nidogen-like domain) 
corresponded to distinct audiogram configurations. However, 
unlike other deafness-related genes, the rate of hearing decline 
in individuals with TECTA mutations was roughly comparable 
to that of the normal population, suggesting that this gene 
primarily determines the starting point of hearing loss rather 
than aecting the age-related rate of auditory degeneration 
(Yasukawa et al., 2019). 

Hearing loss associated with EYA4 gene mutations showed 
a broad age range of onset (5–61 years), though most patients 
develop symptoms after the age of 20. Longitudinal analyses 
indicated an average hearing decline rate of about 0.63 dB per year. 
Dierent mutation types produced distinct audiometric profiles: 
truncating mutations often lead to flat-type hearing loss, whereas 
non-truncating mutations tend to result in high-frequency loss 
(Shinagawa et al., 2020). 

Additionally, specific single-nucleotide polymorphisms (SNPs) 
in the FOXO3 gene were closely associated with longevity. 
Individuals homozygous for the minor allele have a significantly 
lower mortality risk, suggesting that this gene may indirectly 
influence auditory aging by slowing age-related physiological 
degeneration (Ji et al., 2022). 

4.6.2 Relationship between genes and other 
demographic characteristics 

In terms of population characteristics, research indicated that 
the SNP distribution of FOXO3 was not significantly associated 
with factors such as baseline age, sex, years of education, residence, 
marital status, exercise habits, smoking, drinking, or BMI (Ji 
et al., 2022). For other genes, existing studies primarily focused 
on genotype–phenotype correlations and the process of hearing 
change, with no suÿcient evidence showing statistically significant 
associations between gene mutations and demographic variables 
such as sex, lifestyle, or socioeconomic factors. 

5 Conclusion 

Through bibliometric analysis and cross-ethnic comparison, 
this study highlighted both the rapid development and the 
structural limitations of research on the genetics of ARHL over 
the past three decades. Bibliometric results revealed an uneven 
global distribution of research eorts, with limited international 

Frontiers in Aging Neuroscience 16 frontiersin.org 

https://doi.org/10.3389/fnagi.2025.1678115
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-17-1678115 October 30, 2025 Time: 12:13 # 17

Lu et al. 10.3389/fnagi.2025.1678115 

collaboration, which constrained the integration and comparative 
analysis of multi-ethnic datasets. While the advent of GWAS 
and multi-omics approaches has led to the identification of 
numerous candidate genes, current research samples remained 
heavily skewed toward European and North American populations, 
with approximately 40% derived from European cohorts, and 
marked underrepresentation of East Asian, South Asian, African, 
and Latin American populations. Further analysis indicated that 
only 26% (56 out of 210) of the candidate genes have been 
replicated across two or more geographic populations, suggesting 
genetic heterogeneity and limitations of current findings in terms 
of mechanistic generalisability and clinical translation. 

Overall, there is a pressing need to strengthen systematic 
genetic research in non-European populations, promote multi-
ethnic joint analyses and data sharing, and establish a robust, 
cross-ethnically valid genetic risk framework. Such eorts will be 
essential for enabling individualised risk prediction and precision 
intervention strategies in ARHL. 

Data availability statement 

The original contributions presented in this study are included 
in this article/Supplementary material, further inquiries can be 
directed to the corresponding authors. 

Author contributions 

YL: Validation, Writing – review & editing, Conceptualization, 
Investigation, Software, Supervision, Methodology, Visualization, 
Resources, Funding acquisition, Project administration, Data 
curation, Writing – original draft, Formal analysis. JS: Data 
curation, Validation, Resources, Visualization, Formal analysis, 
Conceptualization, Project administration, Investigation, Writing – 
review & editing, Writing – original draft. KS: Writing – original 
draft, Data curation, Validation, Funding acquisition, Resources, 
Investigation, Project administration, Writing – review & editing. 
HL: Validation, Formal analysis, Writing – review & editing, 
Investigation, Writing – original draft, Resources. SH: Project 
administration, Validation, Conceptualization, Writing – review & 
editing. KU: Writing – review & editing, Investigation, Validation, 
Supervision, Formal analysis, Funding acquisition. 

Funding 

The author(s) declare financial support was received for the 
research and/or publication of this article. This research was 

supported by the postgraduate research grant from the University 
of Manchester and 2025 Project of the China Association of 
Gerontology and Geriatrics [Item 2025(1)77]. 

Acknowledgments 

We sincerely thank the researchers from the University of 
Manchester (UK) and East China Normal University (China) for 
their valuable contributions to this work. 

Conflict of interest 

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

Generative AI statement 

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

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable eorts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us. 

Publisher’s note 

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their aÿliated 
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/fnagi.2025. 
1678115/full#supplementary-material 

References 

Abidin, F. N. Z., Wells, H. R. R., Altmann, A., and Dawson, S. J. (2021). Hearing 
diÿculty is linked to Alzheimer’s disease by common genetic vulnerability, not shared 
genetic architecture. NPJ Aging Mech. Dis. 7:17. doi: 10.1038/s41514-021-00069-4 

Ahmed, Z. M., Morell, R. J., Riazuddin, S., Gropman, A., Shaukat, S., Ahmad, M. M., 
et al. (2003). Mutations of MYO6 are associated with recessive deafness, DFNB37. Am. 
J. Hum. Genet. 72, 1315–1322. doi: 10.1086/375122 

Frontiers in Aging Neuroscience 17 frontiersin.org 

https://doi.org/10.3389/fnagi.2025.1678115
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1678115/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1678115/full#supplementary-material
https://doi.org/10.1038/s41514-021-00069-4
https://doi.org/10.1086/375122
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-17-1678115 October 30, 2025 Time: 12:13 # 18

Lu et al. 10.3389/fnagi.2025.1678115 

Alvarez-Iglesias, V., Jaime, J. C., Carracedo, A., and Salas, A. (2007). Coding region 
mitochondrial DNA SNPs: Targeting East Asian and Native American haplogroups. 
Forensic Sci. Int. Genet. 1, 44–55. doi: 10.1016/j.fsigen.2006.09.001 

Aria, M., and Cuccurullo, C. (2017). bibliometrix: An R-tool for comprehensive 
science mapping analysis. J. Informetr. 11, 959–975. doi: 10.1016/j.joi.2017.08.007 

Bazard, P., Frisina, R. D., Acosta, A. A., Dasgupta, S., Bauer, M. A., Zhu, X., et al. 
(2021). Roles of key ion channels and transport proteins in age-related hearing loss. 
Int. J. Mol. Sci. 22:6158. doi: 10.3390/ijms22116158 

Beaty, T. H., Fallin, M. D., Hetmanski, J. B., McIntosh, I., Chong, S. S., Ingersoll, 
R., et al. (2005). Haplotype diversity in 11 candidate genes across four populations. 
Genetics 171, 259–267. doi: 10.1534/genetics.105.043075 

Bouzid, A., Smeti, I., Chakroun, A., Loukil, S., Gibriel, A. A., Grati, M., et al. 
(2018). CDH23 methylation status and presbycusis risk in elderly women. Front. Aging 
Neurosci. 10:241. doi: 10.3389/fnagi.2018.00241 

Bowl, M. R., and Dawson, S. J. (2019). Age-Related hearing loss. Cold Spring Harb. 
Perspect. Med. 9:a033217. doi: 10.1101/cshperspect.a033217 

Brandes, U., Delling, D., Gaertler, M., Görke, R., Hoefer, M., Nikoloski, Z., et al. 
(2008). On modularity clustering. IEEE Trans. Knowl. Data Eng. 20, 172–188. doi: 
10.1109/TKDE.2007.190689 

Chao, Y. T., Hong, T. Y., Yang, C. J., and Hsieh, J. C. (2022). Variant brain-derived 
neurotrophic factor val66met polymorphism engages memory-associated systems to 
augment olfaction. Sci. Rep. 12:20007. doi: 10.1038/s41598-022-24365-5 

Chaumette, B., Sengupta, S. M., Lepage, M., Malla, A., Iyer, S. N., Kebir, O., et al. 
(2022). A polymorphism in the glutamate metabotropic receptor 7 is associated with 
cognitive deficits in the early phases of psychosis. Schizophr. Res. 249, 56–62. doi: 
10.1016/j.schres.2020.06.019 

Chen, C. (2017). Science mapping: A systematic review of the literature. J. Data Inf. 
Sci. 2, 1–40. doi: 10.1515/jdis-2017-0006 

Chen, Y., Li, L., Ni, W., Zhang, Y., Sun, S., Miao, D., et al. (2015). Bmi1 regulates 
auditory hair cell survival by maintaining redox balance. Cell Death Dis. 6:e1605. 
doi: 10.1038/cddis.2014.549 

Cornejo-Sanchez, D. M., Bharadwaj, T., Dong, R., Wang, G. T., Schrauwen, I., 
DeWan, A. T., et al. (2025). Mendelian non-syndromic and syndromic hearing loss 
genes contribute to presbycusis. Eur. J. Hum. Genet. 33, 758–767. doi: 10.1038/s41431-
025-01789-x 

Cornejo-Sanchez, D. M., Li, G., Fabiha, T., Wang, R., Acharya, A., Everard, J. L., et al. 
(2023). Rare-variant association analysis reveals known and new age-related hearing 
loss genes. Eur. J. Hum. Genet. 31, 638–647. doi: 10.1038/s41431-023-01302-2 

D’Aquila, P., Rose, G., Panno, M. L., Passarino, G., and Bellizzi, D. (2012). SIRT3 
gene expression: A link between inherited mitochondrial DNA variants and oxidative 
stress. Gene 497, 323–329. doi: 10.1016/j.gene.2012.01.042 

Davis, A., McMahon, C. M., Pichora-Fuller, K. M., Russ, S., Lin, F., Olusanya, 
B. O., et al. (2016). Aging and hearing health: The life-course approach. Gerontologist 
56(Suppl. 2), S256–S267. doi: 10.1093/geront/gnw033 

Dennerlein, S., Rehling, P., and Richter-Dennerlein, R. (2023). Cytochrome c 
oxidase biogenesis - from translation to early assembly of the core subunit COX1. FEBS 
Lett. 597, 1569–1578. doi: 10.1002/1873-3468.14671 

Deymier, S., Louvat, C., Fiorini, F., and Cimarelli, A. (2022). ISG20: An enigmatic 
antiviral RNase targeting multiple viruses. FEBS Open Bio 12, 1096–1111. doi: 10.1002/ 
2211-5463.13382 

Diaz, R. C., Vazquez, A. E., Dou, H., Wei, D., Cardell, E. L., Lingrel, J., et al. (2007). 
Conservation of hearing by simultaneous mutation of Na,K-ATPase and NKCC1. 
J. Assoc. Res. Otolaryngol. 8, 422–434. doi: 10.1007/s10162-007-0089-4 

Duan, H., Zhang, D., Liang, Y., Xu, C., Wu, Y., Tian, X., et al. (2019). Heritability of 
age-related hearing loss in middle-aged and elderly Chinese: A population-based twin 
study. Ear. Hear. 40, 253–259. doi: 10.1097/AUD.0000000000000610 

El Emam, K. (1999). Benchmarking Kappa: Interrater agreement in software process 
assessments. Empir. Softw. Eng. 4, 113–133. doi: 10.1023/A:1009820201126 

Flores, S. V., Levi-Monsalve, A., and Alvarez-Lobo, J. P. (2023). Imputation of SNPs 
associated with presbycusis through linkage disequilibrium analysis in the ILDR1 gene. 
J. Genet. 102:15. doi: 10.1007/s12041-022-01416-4 

Fratelli, C., Siqueira, J., Silva, C., Ferreira, E., and Silva, I. (2020). 5HTTLPR 
genetic variant and major depressive disorder: A review. Genes 11:1260. doi: 10.3390/ 
genes11111260 

Friedman, R. A., Van Laer, L., Huentelman, M. J., Sheth, S. S., Van Eyken, E., 
Corneveaux, J. J., et al. (2009). GRM7 variants confer susceptibility to age-related 
hearing impairment. Hum. Mol. Genet. 18, 785–796. doi: 10.1093/hmg/ddn402 

Garg, S., Sagar, A., Singaraju, G. S., Dani, R., Bari, N. K., Naganathan, A. N., et al. 
(2021). Weakening of interaction networks with aging in tip-link protein induces 
hearing loss. Biochem. J. 478, 121–134. doi: 10.1042/BCJ20200799 

Gilels, F., Paquette, S. T., Beaulac, H. J., Bullen, A., and White, P. M. (2017). Severe 
hearing loss and outer hair cell death in homozygous Foxo3 knockout mice after 
moderate noise exposure. Sci. Rep. 7:1054. doi: 10.1038/s41598-017-01142-3 

Gu, X., Chen, C., Chen, Y., Zeng, C., Lin, Y., Guo, R., et al. (2025). Bioinformatics 
approach reveals the critical role of inflammation-related genes in age-related hearing 
loss. Sci. Rep. 15:2687. doi: 10.1038/s41598-024-83428-x 

Guo, L., Wang, W., Song, W., Cao, H., Tian, H., Wang, Z., et al. (2023). Genome-
wide DNA methylation analysis of middle-aged and elderly monozygotic twins with 
age-related hearing loss in Qingdao. China. Gene 849:146918. doi: 10.1016/j.gene.2022. 
146918 

Han, J. S., Yoo, S. G., Lee, S. J., Lee, H. J., Choi, I. Y., and Park, K. H. (2024). The 
biphasic impact of apolipoprotein E ε4 allele on age-related hearing loss. Sci. Rep. 
14:21420. doi: 10.1038/s41598-024-71774-9 

Han, Z., Gu, Y. Y., Cong, N., Ma, R., and Chi, F. L. (2018). Celastrol enhances Atoh1 
expression in inner ear stem cells and promotes their dierentiation into functional 
auditory neuronal-like cells. Organogenesis 14, 82–93. doi: 10.1080/15476278.2018. 
1462433 

Hassan-Montero, Y., De-Moya-Anegón, F., and Guerrero-Bote, V. P. (2022). 
SCImago Graphica: A new tool for exploring and visually communicating data. Prof. 
Inf. 31:e310502. doi: 10.3145/epi.2022.sep.02 

Homann, T. J., Keats, B. J., Yoshikawa, N., Schaefer, C., Risch, N., and Lustig, 
L. R. (2016). A large genome-wide association study of age-related hearing impairment 
using electronic health records. PLoS Genet. 12:e1006371. doi: 10.1371/journal.pgen. 
1006371 

Hu, S., Sun, Q., Xu, F., Jiang, N., and Gao, J. (2023). Age-related hearing loss and 
its potential drug candidates: A systematic review. Chin. Med. 18:121. doi: 10.1186/ 
s13020-023-00825-6 

Huang, X., Pan, C. H., Yin, F., Peng, J., and Yang, L. (2025). The role of estrogen in 
mitochondrial disease. Cell Mol. Neurobiol. 45:68. doi: 10.1007/s10571-025-01592-8 

Hwang, J. H., Liu, K. S., Wu, C. C., and Liu, T. C. (2012). Association of cadherin23 
single nucleotide polymorphism with age-related hearing impairment in Han Chinese. 
Otolaryngol. Head Neck Surg. 147, 531–534. doi: 10.1177/0194599812446904 

Ivarsdottir, E. V., Holm, H., Benonisdottir, S., Olafsdottir, T., Sveinbjornsson, 
G., Thorleifsson, G., et al. (2021). The genetic architecture of age-related hearing 
impairment revealed by genome-wide association analysis. Commun. Biol. 4:706. doi: 
10.1038/s42003-021-02224-9 

Ji, J. S., Liu, L., Shu, C., Yan, L. L., and Zeng, Y. (2022). Sex dierence and 
interaction of SIRT1 and FOXO3 candidate longevity genes on life expectancy: A 
10-year prospective longitudinal cohort study. J. Gerontol. A Biol. Sci. Med. Sci. 77, 
1557–1563. doi: 10.1093/gerona/glab378 

Johnson, K. R., Longo-Guess, C., Gagnon, L. H., Yu, H., and Zheng, Q. Y. (2008). 
A locus on distal chromosome 11 (ahl8) and its interaction with Cdh23 ahl underlie 
the early onset, age-related hearing loss of DBA/2J mice. Genomics 92, 219–225. 
doi: 10.1016/j.ygeno.2008.06.007 

Johnson, K. R., Tian, C., Gagnon, L. H., Jiang, H., Ding, D., and Salvi, R. (2017). 
Eects of Cdh23 single nucleotide substitutions on age-related hearing loss in C57BL/6 
and 129S1/Sv mice and comparisons with congenic strains. Sci. Rep. 7:44450. doi: 
10.1038/srep44450 

Jones, S. M., Robertson, N. G., Given, S., Giersch, A. B., Liberman, M. C., and 
Morton, C. C. (2011). Hearing and vestibular deficits in the Coch(-/-) null mouse 
model: Comparison to the Coch(G88E/G88E) mouse and to DFNA9 hearing and 
balance disorder. Hear Res. 272, 42–48. doi: 10.1016/j.heares.2010.11.002 

Jung, S. H., Lee, Y. C., Shivakumar, M., Kim, J., Yun, J. S., Park, W. Y., et al. (2024). 
Association between genetic risk and adherence to healthy lifestyle for developing 
age-related hearing loss. BMC Med. 22:141. doi: 10.1186/s12916-024-03364-5 

Keesom, S. M., and Hurley, L. M. (2020). Silence, solitude, and serotonin: Neural 
mechanisms linking hearing loss and social isolation. Brain Sci. 10:367. doi: 10.3390/ 
brainsci10060367 

Keithley, E. M. (2020). Pathology and mechanisms of cochlear aging. J. Neurosci. 
Res. 98, 1674–1684. doi: 10.1002/jnr.24439 

Keithley, E. M., Canto, C., Zheng, Q. Y., Fischel-Ghodsian, N., and Johnson, K. R. 
(2004). Age-related hearing loss and the ahl locus in mice. Hear. Res. 188, 21–28. 
doi: 10.1016/S0378-5955(03)00365-4 

Keithley, E. M., Harris, B., Desai, K., Linthicum, F., and Fischel-Ghodsian, N. (2001). 
Mitochondrial cytochrome oxidase immunolabeling in aged human temporal bones. 
Hear. Res. 157, 93–99. doi: 10.1016/s0378-5955(01)00281-7 

Kharkovets, T., Dedek, K., Maier, H., Schweizer, M., Khimich, D., Nouvian, R., et al. 
(2006). Mice with altered KCNQ4 K+ channels implicate sensory outer hair cells in 
human progressive deafness. EMBO J. 25, 642–652. doi: 10.1038/sj.emboj.7600951 

Kim, B. J., Kim, A. R., Lee, C., Kim, S. Y., Kim, N. K., Chang, M. Y., et al. 
(2016). Discovery of CDH23 as a significant contributor to progressive postlingual 
sensorineural hearing loss in Koreans. PLoS One 11:e0165680. doi: 10.1371/journal. 
pone.0165680 

Kim, Y. H., Kim, E. Y., Rodriguez, I., Nam, Y. H., Jeong, S. Y., Hong, B. N., 
et al. (2020). Sesamum indicum L. oil and sesamin induce auditory-protective eects 
through changes in hearing loss-related gene expression. J. Med. Food 23, 491–498. 
doi: 10.1089/jmf.2019.4542 

Frontiers in Aging Neuroscience 18 frontiersin.org 

https://doi.org/10.3389/fnagi.2025.1678115
https://doi.org/10.1016/j.fsigen.2006.09.001
https://doi.org/10.1016/j.joi.2017.08.007
https://doi.org/10.3390/ijms22116158
https://doi.org/10.1534/genetics.105.043075
https://doi.org/10.3389/fnagi.2018.00241
https://doi.org/10.1101/cshperspect.a033217
https://doi.org/10.1109/TKDE.2007.190689
https://doi.org/10.1109/TKDE.2007.190689
https://doi.org/10.1038/s41598-022-24365-5
https://doi.org/10.1016/j.schres.2020.06.019
https://doi.org/10.1016/j.schres.2020.06.019
https://doi.org/10.1515/jdis-2017-0006
https://doi.org/10.1038/cddis.2014.549
https://doi.org/10.1038/s41431-025-01789-x
https://doi.org/10.1038/s41431-025-01789-x
https://doi.org/10.1038/s41431-023-01302-2
https://doi.org/10.1016/j.gene.2012.01.042
https://doi.org/10.1093/geront/gnw033
https://doi.org/10.1002/1873-3468.14671
https://doi.org/10.1002/2211-5463.13382
https://doi.org/10.1002/2211-5463.13382
https://doi.org/10.1007/s10162-007-0089-4
https://doi.org/10.1097/AUD.0000000000000610
https://doi.org/10.1023/A:1009820201126
https://doi.org/10.1007/s12041-022-01416-4
https://doi.org/10.3390/genes11111260
https://doi.org/10.3390/genes11111260
https://doi.org/10.1093/hmg/ddn402
https://doi.org/10.1042/BCJ20200799
https://doi.org/10.1038/s41598-017-01142-3
https://doi.org/10.1038/s41598-024-83428-x
https://doi.org/10.1016/j.gene.2022.146918
https://doi.org/10.1016/j.gene.2022.146918
https://doi.org/10.1038/s41598-024-71774-9
https://doi.org/10.1080/15476278.2018.1462433
https://doi.org/10.1080/15476278.2018.1462433
https://doi.org/10.3145/epi.2022.sep.02
https://doi.org/10.1371/journal.pgen.1006371
https://doi.org/10.1371/journal.pgen.1006371
https://doi.org/10.1186/s13020-023-00825-6
https://doi.org/10.1186/s13020-023-00825-6
https://doi.org/10.1007/s10571-025-01592-8
https://doi.org/10.1177/0194599812446904
https://doi.org/10.1038/s42003-021-02224-9
https://doi.org/10.1038/s42003-021-02224-9
https://doi.org/10.1093/gerona/glab378
https://doi.org/10.1016/j.ygeno.2008.06.007
https://doi.org/10.1038/srep44450
https://doi.org/10.1038/srep44450
https://doi.org/10.1016/j.heares.2010.11.002
https://doi.org/10.1186/s12916-024-03364-5
https://doi.org/10.3390/brainsci10060367
https://doi.org/10.3390/brainsci10060367
https://doi.org/10.1002/jnr.24439
https://doi.org/10.1016/S0378-5955(03)00365-4
https://doi.org/10.1016/s0378-5955(01)00281-7
https://doi.org/10.1038/sj.emboj.7600951
https://doi.org/10.1371/journal.pone.0165680
https://doi.org/10.1371/journal.pone.0165680
https://doi.org/10.1089/jmf.2019.4542
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-17-1678115 October 30, 2025 Time: 12:13 # 19

Lu et al. 10.3389/fnagi.2025.1678115 

Kujawa, S. G., and Liberman, M. C. (2006). Noise-induced and age-related hearing 
loss interactions. J. Acoust. Soc. Am. 119:3268. doi: 10.1121/1.4786129 

Lewis, M. A., Schulte, B. A., Dubno, J. R., and Steel, K. P. (2022). Investigating the 
characteristics of genes and variants associated with self-reported hearing diÿculty in 
older adults in the UK Biobank. BMC Biol. 20:150. doi: 10.1186/s12915-022-01349-5 

Li, S., Qian, W., Jiang, G., and Ma, Y. (2016). Transcription factors in the 
development of inner ear hair cells. Front. Biosci. 21, 1118–1125. doi: 10.2741/4445 

Lin, F. R., Thorpe, R., Gordon-Salant, S., and Ferrucci, L. (2011). Hearing loss 
prevalence and risk factors among older adults in the United States. J. Gerontol. A Biol. 
Sci. Med. Sci. 66, 582–590. doi: 10.1093/gerona/glr002 

Lin, Y. H., Wu, C. C., Hsu, C. J., Hwang, J. H., and Liu, T. C. (2011). The grainyhead-
like 2 gene (GRHL2) single nucleotide polymorphism is not associated with age-related 
hearing impairment in Han Chinese. Laryngoscope 121, 1303–1307. doi: 10.1002/lary. 
21771 

Liu, S., Li, S., Zhu, H., Cheng, S., and Zheng, Q. Y. (2012). A mutation in the 
cdh23 gene causes age-related hearing loss in Cdh23(nmf308/nmf308) mice. Gene 499, 
309–317. doi: 10.1016/j.gene.2012.01.084 

Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C., Banerjee, S., 
et al. (2020). Dementia prevention, intervention, and care: 2020 report of the Lancet 
Commission. Lancet 396, 413–446. doi: 10.1016/S0140-6736(20)30367-6 

Loughrey, D. G., Kelly, M. E., Kelley, G. A., Brennan, S., and Lawlor, B. A. (2018). 
Association of age-related hearing loss with cognitive function, cognitive impairment, 
and dementia: A systematic review and meta-analysis. JAMA Otolaryngol. Head Neck 
Surg. 144, 115–126. doi: 10.1001/jamaoto.2017.2513 

Lu, M., Xian, F., Jin, X., Hong, G., Fu, X., Wang, S., et al. (2024). Upregulation of the 
Ca1.3 channel in inner hair cells by interleukin 6-dependent inflammaging contributes 
to age-related hearing loss. Aging Cell 23:e14305. doi: 10.1111/acel.14305v 

Luo, H., Wu, H., Shen, H., Chen, H., Yang, T., Huang, Z., et al. (2016). The European 
GWAS-identified risk SNP rs457717 within IQGAP2 is not associated with age-related 
hearing impairment in Han male Chinese population. Eur. Arch. Otorhinolaryngol. 
273, 1677–1687. doi: 10.1007/s00405-015-3711-9 

Lyu, A. R., Kim, T. H., Park, S. J., Shin, S. A., Jeong, S. H., Yu, Y., et al. (2020). 
Mitochondrial damage and necroptosis in aging cochlea. Int. J. Mol. Sci. 21:2505. 
doi: 10.3390/ijms21072505 

Ma, N., Xia, L., Zheng, Z., Chen, X., Xing, W., and Feng, Y. (2024). Silencing of 
TXNIP attenuates oxidative stress injury in HEI-OC1 by inhibiting the activation of 
NLRP3 and NF-κB. Heliyon 10:e37753. doi: 10.1016/j.heliyon.2024.e37753 

Manwaring, N., Jones, M. M., Wang, J. J., Rochtchina, E., Howard, C., Newall, P., 
et al. (2007). Mitochondrial DNA haplogroups and age-related hearing loss. Arch. 
Otolaryngol. Head Neck Surg. 133, 929–933. doi: 10.1001/archotol.133.9.929 

Markaryan, A., Nelson, E. G., and Hinojosa, R. (2009). Quantification of the 
mitochondrial DNA common deletion in presbycusis. Laryngoscope 119, 1184–1189. 
doi: 10.1002/lary.20218 

McFadden, S. L., Ding, D., Burkard, R. F., Jiang, H., Reaume, A. G., Flood, D. G., 
et al. (1999). Cu/Zn SOD deficiency potentiates hearing loss and cochlear pathology 
in aged 129,CD-1 mice. J. Comp. Neurol. 413, 101–112. doi: 10.1002/(SICI)1096-
9861(19991011)413:1<101::AID-CNE7<3.0.CO;2-L 

Melchionda, S., Ahituv, N., Bisceglia, L., Sobe, T., Glaser, F., Rabionet, R., et al. 
(2001). MYO6, the human homologue of the gene responsible for deafness in Snell’s 
waltzer mice, is mutated in autosomal dominant nonsyndromic hearing loss. Am. J. 
Hum. Genet. 69, 635–640. doi: 10.1086/323156 

Miura, S., Sasaki, A., Kasai, S., Sugawara, T., Maeda, Y., Goto, S., et al. (2022). 
Association of mitochondrial DNA haplogroup and hearing impairment with aging 
in Japanese general population of the Iwaki Health Promotion Project. J. Hum. Genet. 
67, 369–375. doi: 10.1038/s10038-022-01011-6 

Miyagawa, M., Nishio, S. Y., and Usami, S. (2012). Prevalence and clinical features of 
hearing loss patients with CDH23 mutations: A large cohort study. PLoS One 7:e40366. 
doi: 10.1371/journal.pone.0040366 

Momi, S. K., Wolber, L. E., Fabiane, S. M., MacGregor, A. J., and Williams, F. M. 
(2015). Genetic and environmental factors in age-related hearing impairment. Twin 
Res. Hum. Genet. 18, 383–392. doi: 10.1017/thg.2015.35 

Mostafa, H., Saad, M., El-Attar, A., Ahmed, G., Berrettini, S., Forli, F., et al. (2014). 
Mitochondrial DNA (mtDNA) haplotypes and dysfunctions in presbyacusis. Acta 
Otorhinolaryngol. Ital. 34, 54–61. 

Mutai, H., Watabe, T., Kosaki, K., Ogawa, K., and Matsunaga, T. (2017). 
Mitochondrial mutations in maternally inherited hearing loss. BMC Med. Genet. 18:32. 
doi: 10.1186/s12881-017-0389-4 

Nagtegaal, A. P., Broer, L., Zilhao, N. R., Jakobsdottir, J., Bishop, C. E., Brumat, 
M., et al. (2019). Genome-wide association meta-analysis identifies five novel loci for 
age-related hearing impairment. Sci. Rep. 9:15192. doi: 10.1038/s41598-019-51630-x 

Newton, S., Aguilar, C., Bunton-Stasyshyn, R. K., Flook, M., Stewart, M., Marcotti, 
W., et al. (2023). Absence of Embigin accelerates hearing loss and causes sub-viability, 
brain and heart defects in C57BL/6N mice due to interaction with Cdh23. iScience 
26:108056. doi: 10.1016/j.isci.2023.108056ahl 

Ninoyu, Y., and Friedman, R. A. (2024). The genetic landscape of age-related 
hearing loss. Trends Genet. 40, 228–237. doi: 10.1016/j.tig.2023.12.001 

Nolan, L. S., Maier, H., Hermans-Borgmeyer, I., Girotto, G., Ecob, R., Pirastu, N., 
et al. (2013). Estrogen-related receptor gamma and hearing function: Evidence of 
a role in humans and mice. Neurobiol. Aging 34, 2077.e1–2077.e9. doi: 10.1016/j. 
neurobiolaging.2013.02.009. 

Oka, S. I., Day, T. F., Nishio, S. Y., Moteki, H., Miyagawa, M., Morita, S., et al. (2020). 
Clinical characteristics and in vitro analysis of MYO6 variants causing late-onset 
progressive hearing loss. Genes 11:273. doi: 10.3390/genes11030273 

Oonk, A. M., Leijendeckers, J. M., Lammers, E. M., Weegerink, N. J., Oostrik, J., 
Beynon, A. J., et al. (2013). Progressive hereditary hearing impairment caused by a 
MYO6 mutation resembles presbyacusis. Hear. Res. 299, 88–98. doi: 10.1016/j.heares. 
2012.12.015 

Palmer, C. V., Mulla, R., Dervin, E., and Coyan, K. C. (2017). HearCARE: Hearing 
and communication assistance for resident engagement. Semin. Hear. 38, 184–197. 
doi: 10.1055/s-0037-1601574 

Patil, V., Perez-Carpena, P., and Lopez-Escamez, J. A. (2024). A systematic review 
on the contribution of DNA methylation to hearing loss. Clin. Epigenet. 16:88. doi: 
10.1186/s13148-024-01697-9 

Peixoto Pinheiro, B., Müller, M., Bös, M., Guezguez, J., Burnet, M., Tornincasa, M., 
et al. (2022). A potassium channel agonist protects hearing function and promotes 
outer hair cell survival in a mouse model for age-related hearing loss. Cell Death Dis. 
13:595. doi: 10.1038/s41419-022-04915-5 

Pérez-Palma, E., Bustos, B. I., Villamán, C. F., Alarcón, M. A., Avila, M. E., Ugarte, 
G. D., et al. (2014). Overrepresentation of glutamate signaling in Alzheimer’s disease: 
Network-based pathway enrichment using meta-analysis of genome-wide association 
studies. PLoS One 9:e95413. doi: 10.1371/journal.pone.0095413 

Petroianu, A. (2012). Distribution of authorship in a scientific work. Rev. Col. Bras. 
Cir. 25, 60–64. doi: 10.1590/S0102-67202012000100014 

Polesskaya, O., Boussaty, E., Cheng, R., Lamonte, O. A., Zhou, T. Y., Du, E., et al. 
(2025). Genome-Wide association study of age-related hearing loss in CFW mice 
identifies multiple genes and loci, including Prkag2. J. Assoc. Res. Otolaryngol. 26, 
409–426. doi: 10.1007/s10162-025-00994-1 

Price, D. J. S. (1965). Little science, big science. New York, NY: Columbia University 
Press. 

Qiu, K., Mao, M., Pang, W., Deng, D., Ren, J., and Zhao, Y. (2024). The emerging 
roles and therapeutic implications of immunosenescence-mediated inflammaging in 
age-related hearing loss. Am. J. Stem Cells 13, 101–109. doi: 10.62347/DTAP3592 

Ray, P. D., Huang, B. W., and Tsuji, Y. (2012). Reactive oxygen species (ROS) 
homeostasis and redox regulation in cellular signaling. Cell Signal. 24, 981–990. doi: 
10.1016/j.cellsig.2012.01.008 

Rüttiger, L., Panford-Walsh, R., Schimmang, T., Tan, J., Zimmermann, U., Rohbock, 
K., et al. (2007). BDNF mRNA expression and protein localization are changed in age-
related hearing loss. Neurobiol. Aging 28, 586–601. doi: 10.1016/j.neurobiolaging.2006. 
02.008 

Seidman, M. D., Ahmad, N., and Bai, U. (2002). Molecular mechanisms of age-
related hearing loss. Ageing Res. Rev. 1, 331–343. doi: 10.1016/s1568-1637(02)00004-
1 

Self, T., Sobe, T., Copeland, N. G., Jenkins, N. A., Avraham, K. B., and Steel, K. P. 
(1999). Role of myosin VI in the dierentiation of cochlear hair cells. Dev. Biol. 214, 
331–341. doi: 10.1006/dbio.1999.9424 

Shen, Y., Ye, B., Chen, P., Wang, Q., Fan, C., Shu, Y., et al. (2018). Cognitive decline, 
dementia, Alzheimer’s disease and presbycusis: Examination of the possible molecular 
mechanism. Front. Neurosci. 12:394. doi: 10.3389/fnins.2018.00394 

Shinagawa, J., Moteki, H., Nishio, S. Y., Ohyama, K., Otsuki, K., Iwasaki, S., et al. 
(2020). Prevalence and clinical features of hearing loss caused by EYA4 variants. Sci. 
Rep. 10:3662. doi: 10.1038/s41598-020-60259-0 

Singh, J., Randle, M. R., Walters, B. J., and Cox, B. C. (2024). The transcription factor 
Pou4f3 is essential for the survival of postnatal and adult mouse cochlear hair cells and 
normal hearing. Front. Cell Neurosci. 18:1369282. doi: 10.3389/fncel.2024.1369282 

Smith, C. J., and Ashford, W. (2017). APOE ε4 allele-associated Alzheimer’s disease 
risk is consistent with increased lifetime exposure to a neurotoxic process. J. Sci. Innov. 
Neurosci. 3, 1–4. doi: 10.15761/JSIN.1000168 

Someya, S., Yu, W., Hallows, W. C., Xu, J., Vann, J. M., Leeuwenburgh, C., et al. 
(2010). Sirt3 mediates reduction of oxidative damage and prevention of age-related 
hearing loss under caloric restriction. Cell 143, 802–812. doi: 10.1016/j.cell.2010.10.002 

Teraoka, M., Hato, N., Inufusa, H., and You, F. (2024). Role of oxidative stress in 
sensorineural hearing loss. Int. J. Mol. Sci. 25:4146. doi: 10.3390/ijms25084146 

Thodi, C., Thodis, E., Danielides, V., Pasadakis, P., and Vargemezis, V. (2006). 
Hearing in renal failure. Nephrol. Dial. Transplant. 21, 3023–3030. doi: 10.1093/ndt/ 
gfl472 

United Nations, Department of Economic and Social Aairs, and Population 
Division (2019). World Population Ageing 2019: Highlights (ST/ESA/SER.A/430). 
New York, NY: United Nations. 

Frontiers in Aging Neuroscience 19 frontiersin.org 

https://doi.org/10.3389/fnagi.2025.1678115
https://doi.org/10.1121/1.4786129
https://doi.org/10.1186/s12915-022-01349-5
https://doi.org/10.2741/4445
https://doi.org/10.1093/gerona/glr002
https://doi.org/10.1002/lary.21771
https://doi.org/10.1002/lary.21771
https://doi.org/10.1016/j.gene.2012.01.084
https://doi.org/10.1016/S0140-6736(20)30367-6
https://doi.org/10.1001/jamaoto.2017.2513
https://doi.org/10.1111/acel.14305v
https://doi.org/10.1007/s00405-015-3711-9
https://doi.org/10.3390/ijms21072505
https://doi.org/10.1016/j.heliyon.2024.e37753
https://doi.org/10.1001/archotol.133.9.929
https://doi.org/10.1002/lary.20218
https://doi.org/10.1002/(SICI)1096-9861(19991011)413:1<101::AID-CNE7<3.0.CO;2-L
https://doi.org/10.1002/(SICI)1096-9861(19991011)413:1<101::AID-CNE7<3.0.CO;2-L
https://doi.org/10.1086/323156
https://doi.org/10.1038/s10038-022-01011-6
https://doi.org/10.1371/journal.pone.0040366
https://doi.org/10.1017/thg.2015.35
https://doi.org/10.1186/s12881-017-0389-4
https://doi.org/10.1038/s41598-019-51630-x
https://doi.org/10.1016/j.isci.2023.108056ahl
https://doi.org/10.1016/j.tig.2023.12.001
https://doi.org/10.1016/j.neurobiolaging.2013.02.009.
https://doi.org/10.1016/j.neurobiolaging.2013.02.009.
https://doi.org/10.3390/genes11030273
https://doi.org/10.1016/j.heares.2012.12.015
https://doi.org/10.1016/j.heares.2012.12.015
https://doi.org/10.1055/s-0037-1601574
https://doi.org/10.1186/s13148-024-01697-9
https://doi.org/10.1186/s13148-024-01697-9
https://doi.org/10.1038/s41419-022-04915-5
https://doi.org/10.1371/journal.pone.0095413
https://doi.org/10.1590/S0102-67202012000100014
https://doi.org/10.1007/s10162-025-00994-1
https://doi.org/10.62347/DTAP3592
https://doi.org/10.1016/j.cellsig.2012.01.008
https://doi.org/10.1016/j.cellsig.2012.01.008
https://doi.org/10.1016/j.neurobiolaging.2006.02.008
https://doi.org/10.1016/j.neurobiolaging.2006.02.008
https://doi.org/10.1016/s1568-1637(02)00004-1
https://doi.org/10.1016/s1568-1637(02)00004-1
https://doi.org/10.1006/dbio.1999.9424
https://doi.org/10.3389/fnins.2018.00394
https://doi.org/10.1038/s41598-020-60259-0
https://doi.org/10.3389/fncel.2024.1369282
https://doi.org/10.15761/JSIN.1000168
https://doi.org/10.1016/j.cell.2010.10.002
https://doi.org/10.3390/ijms25084146
https://doi.org/10.1093/ndt/gfl472
https://doi.org/10.1093/ndt/gfl472
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-17-1678115 October 30, 2025 Time: 12:13 # 20

Lu et al. 10.3389/fnagi.2025.1678115 

Usami, S. I., Isaka, Y., Miyagawa, M., and Nishio, S. Y. (2022). Variants in CDH23 
cause a broad spectrum of hearing loss: From non-syndromic to syndromic hearing 
loss as well as from congenital to age-related hearing loss. Hum. Genet. 141, 903–914. 
doi: 10.1007/s00439-022-02431-2 

Van Eyken, E., Van Laer, L., Fransen, E., Topsakal, V., Lemkens, N., Laureys, W., 
et al. (2006). KCNQ4: A gene for age-related hearing impairment? Hum. Mutat. 27, 
1007–1016. doi: 10.1002/humu.20375 

Van Laer, L., Huyghe, J. R., Hannula, S., Van Eyken, E., Stephan, D. A., Mäki-Torkko, 
E., et al. (2010). A genome-wide association study for age-related hearing impairment 
in the Saami. Eur. J. Hum. Genet. 18, 685–693. doi: 10.1038/ejhg.2009.234 

Van Laer, L., Van Eyken, E., Fransen, E., Huyghe, J. R., Topsakal, V., Hendrickx, J. J., 
et al. (2008). The grainyhead like 2 gene (GRHL2), alias TFCP2L3, is associated with 
age-related hearing impairment. Hum. Mol. Genet. 17, 159–169. doi: 10.1093/hmg/ 
ddm292 

Verschuur, C. A., Dowell, A., Syddall, H. E., Ntani, G., Simmonds, S. J., Baylis, D., 
et al. (2012). Markers of inflammatory status are associated with hearing threshold in 
older people: Findings from the Hertfordshire Ageing Study. Age Ageing 41, 92–97. 
doi: 10.1093/ageing/afr140 

Vickery, B. C. (1948). Bradford’s law of scattering. J. Doc. 4, 198–203. doi: 10.1108/ 
eb026133 

Vona, B., Nanda, I., Neuner, C., Müller, T., and Haaf, T. (2013). Confirmation of 
GRHL2 as the gene for the DFNA28 locus. Am. J. Med. Genet. A 161A, 2060–2065. 
doi: 10.1002/ajmg.a.36017 

Wang, H., Turner, J. G., Ling, L., Parrish, J. L., Hughes, L. F., and Caspary, D. M. 
(2009). Age-related changes in glycine receptor subunit composition and binding in 
dorsal cochlear nucleus. Neuroscience 160, 227–239. doi: 10.1016/j.neuroscience.2009. 
01.079 

Wayne, R. V., and Johnsrude, I. S. (2015). A review of causal mechanisms underlying 
the link between age-related hearing loss and cognitive decline. Ageing Res. Rev. 23(Pt 
B), 154–166. doi: 10.1016/j.arr.2015.06.002 

Wayne, S., Robertson, N. G., DeClau, F., Chen, N., Verhoeven, K., Prasad, S., et al. 
(2001). Mutations in the transcriptional activator EYA4 cause late-onset deafness at 
the DFNA10 locus. Hum. Mol. Genet. 10, 195–200. doi: 10.1093/hmg/10.3.195 

Wells, H. R. R., Freidin, M. B., Zainul Abidin, F. N., Payton, A., Dawes, P., Munro, 
K. J., et al. (2019). GWAS identifies 44 independent associated genomic loci for self-
reported adult hearing diÿculty in UK Biobank. Am. J. Hum. Genet. 105, 788–802. 
doi: 10.1016/j.ajhg.2019.09.008 

Wells, H. R. R., Newman, T. A., and Williams, F. M. K. (2020). Genetics of 
age-related hearing loss. J. Neurosci. Res. 98, 1698–1704. doi: 10.1002/jnr.24549 

Wolber, L. E., Steves, C. J., Spector, T. D., and Williams, F. M. (2012). Hearing ability 
with age in northern European women: A new web-based approach to genetic studies. 
PLoS One 7:e35500. doi: 10.1371/journal.pone.0035500 

Wolber, L. E., Steves, C. J., Tsai, P. C., Deloukas, P., Spector, T. D., Bell, J. T., et al. 
(2014). Epigenome-wide DNA methylation in hearing ability: New mechanisms for an 
old problem. PLoS One 9:e105729. doi: 10.1371/journal.pone.0105729 

Wu, N., Nguyen, X. N., Wang, L., Appourchaux, R., Zhang, C., Panthu, B., et al. 
(2019). The interferon stimulated gene 20 protein (ISG20) is an innate defense antiviral 
factor that discriminates self versus non-self translation. PLoS Pathog. 15:e1008093. 
doi: 10.1371/journal.ppat.1008093 

Wu, P. Z., and Liberman, M. C. (2022). Age-related stereocilia pathology in the 
human cochlea. Hear. Res. 422:108551. doi: 10.1016/j.heares.2022.108551 

Xu, S., Wang, B., Han, L., Pu, Y., Zhu, B., and Zhang, J. (2021). Polymorphisms in 
the FAS gene are associated with susceptibility to noise-induced hearing loss. Environ. 
Sci. Pollut. Res. Int. 28, 21754–21765. doi: 10.1007/s11356-020-12028-9 

Yang, W., Zhao, X., Chai, R., and Fan, J. (2023). Progress on mechanisms of 
age-related hearing loss. Front. Neurosci. 17:1253574. doi: 10.3389/fnins.2023.1253574 

Yasukawa, R., Moteki, H., Nishio, S. Y., Ishikawa, K., Abe, S., Honkura, Y., et al. 
(2019). The prevalence and clinical characteristics of TECTA-Associated autosomal 
dominant hearing loss. Genes 10:744. doi: 10.3390/genes10100744 

Zeng, L., Yang, Y., Hu, Y., Sun, Y., Du, Z., Xie, Z., et al. (2014). Age-related 
decrease in the mitochondrial sirtuin deacetylase Sirt3 expression associated with 
ROS accumulation in the auditory cortex of the mimetic aging rat model. PLoS One 
9:e88019. doi: 10.1371/journal.pone.0088019 

Zhang, G., Zheng, H., Pyykko, I., and Zou, J. (2019). The TLR-4/NF-κB 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 

Zhang, X., Cao, R., Li, C., Zhao, H., Zhang, R., Che, J., et al. (2024). Caeine 
ameliorates age-related hearing loss by downregulating the inflammatory pathway in 
mice. Otol. Neurotol. 45, 227–237. doi: 10.1097/MAO.0000000000004098 

Zheng, Q. Y., Yan, D., Ouyang, X. M., Du, L. L., Yu, H., Chang, B., et al. (2005). 
Digenic inheritance of deafness caused by mutations in genes encoding cadherin 
23 and protocadherin 15 in mice and humans. Hum. Mol. Genet. 14, 103–111. doi: 
10.1093/hmg/ddi010 

Frontiers in Aging Neuroscience 20 frontiersin.org 

https://doi.org/10.3389/fnagi.2025.1678115
https://doi.org/10.1007/s00439-022-02431-2
https://doi.org/10.1002/humu.20375
https://doi.org/10.1038/ejhg.2009.234
https://doi.org/10.1093/hmg/ddm292
https://doi.org/10.1093/hmg/ddm292
https://doi.org/10.1093/ageing/afr140
https://doi.org/10.1108/eb026133
https://doi.org/10.1108/eb026133
https://doi.org/10.1002/ajmg.a.36017
https://doi.org/10.1016/j.neuroscience.2009.01.079
https://doi.org/10.1016/j.neuroscience.2009.01.079
https://doi.org/10.1016/j.arr.2015.06.002
https://doi.org/10.1093/hmg/10.3.195
https://doi.org/10.1016/j.ajhg.2019.09.008
https://doi.org/10.1002/jnr.24549
https://doi.org/10.1371/journal.pone.0035500
https://doi.org/10.1371/journal.pone.0105729
https://doi.org/10.1371/journal.ppat.1008093
https://doi.org/10.1016/j.heares.2022.108551
https://doi.org/10.1007/s11356-020-12028-9
https://doi.org/10.3389/fnins.2023.1253574
https://doi.org/10.3390/genes10100744
https://doi.org/10.1371/journal.pone.0088019
https://doi.org/10.1016/j.heares.2019.04.012
https://doi.org/10.1097/MAO.0000000000004098
https://doi.org/10.1093/hmg/ddi010
https://doi.org/10.1093/hmg/ddi010
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	From genomic discovery to application in age-related hearing loss: a global bibliometric and cross-ethnic analysis
	1 Introduction
	2 Materials and methods
	2.1 Literature sources and search strategy
	2.2 Literature screening
	2.3 Data extraction and analysis
	2.4 Candidate gene analysis
	2.5 Cross-ethnic comparison and visualisation of candidate genes

	3 Results
	3.1 Bibliometric analysis
	3.1.1 Annual publication output and citation trends
	3.1.2 Authorship contribution and collaboration network analysis
	3.1.3 Country and institutional contributions
	3.1.4 Publication theme analysis

	3.2 Functional categorisation of candidate gene research
	3.2.1 Animal studies
	3.2.2 Human studies

	3.3 Cross-ethnic analysis of candidate genes

	4 Discussion
	4.1 Current research and trends
	4.2 Shifting of research hotspots
	4.3 Functional categorisation of ARHL-related genes
	4.3.1 Inner ear structure genes
	4.3.2 Transcription factors
	4.3.3 Mitochondrial functions and oxidative stress-related genes
	4.3.4 Inflammation and immune response genes
	4.3.5 Ion channels and transporters
	4.3.6 Cytoplasmic cytoskeleton genes
	4.3.7 Common genetic pathways of ARHL and cognitive impairment

	4.4 Significant findings in animal models
	4.5 Cross-ethnic comparative analysis of ARHL candidate genes
	4.6 High frequency candidate genes and demographic characteristics
	4.6.1 Relationship between genes and age
	4.6.2 Relationship between genes and other demographic characteristics


	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References




