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Abstract

With the increasing aging of the population, there has been a growing focus on the association between age-
related hearing loss (ARHL) and Alzheimer's disease (AD). Given the extended latency period of AD, it has been
assumed that mechanisms contributing to its pathogenesis may also contribute to ARHL. Abnormal deposition of
beta-amyloid (AB) and tau protein in the brain serves as the primary etiological marker for AD, being produced
long before the symptomatic onset of AD. The neurotoxicity induced by their unique oligomers not only exerts
significant effects on the central nervous system but also exhibits similar impacts on certain peripheral organs. In
this review, we analyze the factors leading to B-amyloid and tau production, explore their cascading effects and
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roles in AD progression, discuss the possible influence of auditory deprivation on cognitive functions, and
investigate the potential causes of hearing loss by examining other peripheral organs in AD patients and model
animals as examples. These findings provide further evidence supporting ARHL as an early indicator of AD.

Keywords: Age-related hearing loss, Alzheimer's disease, B-amyloid, peripheral inflammation, cochlea

INTRODUCTION

Age-related hearing loss

Age-related hearing loss (ARHL), also known as presbyacusis, is a progressive, bilateral, and symmetrical
sensorineural hearing loss caused by the aging auditory system'. It is characterized by a decline in auditory
sensitivity and impaired speech perception. ARHL can be attributed to various risk factors such as noise
exposure’”, smoking", medications'), hypertension, family history, etc. [Figure 1]. Multiple structures of the
cochlea, including the stria vascularis and its vasculature, spiral ligaments, sensory hair cells, and auditory
neurons, may be affected”. With global population growth and an aging population worldwide, there has
been a rapid increase in the prevalence of ARHL. According to a report from the World Health
Organization, approximately 466 million people worldwide are currently experiencing varying degrees of
hearing loss. Without intervention or action taken on this issue, this number will rise to 630 million by 2030
and exceed 900 million by 2050. Extensive evidence demonstrates that ARHL negatively impacts physical
health, mental well-being, cognitive function, independence, social interactions, and overall quality of life
among older adults". Furthermore, the untreated condition imposes significant social and economic
burdens globally, with an estimated annual loss of US $750 billion"”. The substantial number of individuals
affected has made hearing loss a pressing public health concern on a global scale. Currently, the most
common treatment for ARHL involves the use of hearing aids"®, which not only improves overall elderly
health conditions but also serves as a more cost-effective rehabilitation strategy compared to cochlear
implants (CI). However, the effectiveness of hearing aids is heavily dependent on the remaining functional
hair cells. More promising strategies for hearing loss, such as gene therapy, are in high demand.

Alzheimer’s disease

Alzheimer’s disease (AD) is the most prevalent form of dementia, accounting for 60% to 80% of all cases'.
AD can be broadly categorized into two forms: early-onset/familial AD and late-onset/sporadic AD.
Familial AD is caused by mutations in the genes encoding f-amyloid precursor protein (APP), presenilin 1
(PSEN1), and presenilin 2 (PSEN2). The onset of familial AD typically occurs before the age of 65 years,
with a remarkably low prevalence rate, constituting only 1%-2% of all AD cases"*"". However, late-onset AD
may involve various factors such as unhealthy lifestyle choices, traumatic brain injury (TBI), diabetes,
diverse cardiovascular diseases, kidney diseases, epigenetic factors, and environmental and occupational
exposures [Figure 1]">". As a progressive neurodegenerative disorder, brain alterations in individuals with
AD may commence more than two decades prior to symptom onset"*. Over time, neuronal damage
worsens and affects multiple regions of the brain, leading to memory loss, including severe cognitive
dysfunction in later stages, along with impairment in language skills and thinking abilities, ultimately
resulting in loss of self-care capacity. This triggers a cascade of complications, culminating in death. As per
estimates from 2018, approximately 50 million people worldwide are affected by this disease"”, which is
projected to rise exponentially due to an aging population reaching around 75 million patients by 2030"". It
has been over a century since its discovery as a fatal condition named AD. However, the intricate molecular
mechanisms underlying its pathophysiology remain incompletely elucidated, and an effective cure is still
elusive. Given its challenging diagnosis at later stages, coupled with its refractory nature and high mortality
rate, prevention strategies and interventions aimed at slowing down AD continue to be our utmost priority.
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Figure 1. The risk factors of ARHL and AD. ARHL and AD are both complex conditions related to many risk factors. Previous
epidemiological studies have indicated there are certain links between ARHL and AD. However, the underlying mechanisms linking these
two diseases remain elusive. ARHL: Age-related hearing loss; AD: Alzheimer's disease.

Epidemiological association between ARHL and AD

Since the initial report by Kay et al. in 1964, a growing number of epidemiological evidence from case-
control, cross-sectional, and longitudinal population-based studies has consistently demonstrated an
independent link between hearing loss and impairment in cognitive functions"”. Furthermore, these studies
have shown that hearing loss is associated with accelerated cognitive decline and a higher incidence of
dementia*". In a seven-year follow-up study involving approximately 16,000 Hispanic and Latino
adults™!, hearing loss was found to be associated with greater cognitive decline as well as slower changes in
processing speed after seven years. Cantuaria et al. investigated the relationship between hearing levels and
dementia using personal hearing status data recorded in the Southern Danish Hearing Examination
database™. Their findings revealed that severe hearing levels were significantly associated with an increased
risk of dementia compared to individuals without hearing loss. The calculated hazard ratios (HRs) were 1.20
(95%CI, 1.09-1.32) for those with mild-to-moderate hearing loss and 1.13 (95%CI, 1.06-1.20) for those
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without any use of hearing aids, suggesting that the progression of dementia may be somewhat delayed by
the use of such devices among individuals experiencing ARHL symptoms. Lin et al. also suggested that early
intervention for improving auditory function may potentially reduce cognitive changes within three years
among individuals aged over 70 who are at an elevated risk for cognitive decline®’. Moreover, Kwok et al.
investigated the association between ARHL and AD by conducting pure tone audiometry on AD
patients'”’. They discovered a significant increase in the hearing threshold of pure tone audiometry in AD
patients compared to the control group. The pure-tone averages calculated from air conduction thresholds
at 500, 1,000, and 2,000 Hz (0.5-2 kHz PTA) showed a 2.3 dB HL elevation in AD subjects compared to
controls (P = 0.001). Numerous studies have demonstrated a close relationship between ARHL and AD. On
one hand, cognitive decline leads to impaired auditory system function in AD patients. On the other hand,
hearing loss may act as a risk factor for dementia and AD development. However, it remains unclear
whether hearing loss causes AD or if it is an early manifestation of the condition”. Considering the long
latency period of AD, this review proposes that ARHL could be an early symptom of long-term pathological
accumulation leading to AD pathology. Thus, it is possible to utilize hearing loss as an early marker to
prevent AD progression. Furthermore, we aim to elucidate the etiology of ARHL by understanding the
pathogenic mechanisms underlying AD itself [Figure 1].

CATEGORY AND PATHOLOGY OF ARHL

Categories of ARHL

ARHL (presbycusis) refers to bilaterally symmetrical hearing loss resulting from the aging process. ARHL is
commonly classified into four categories based on the results of audiometric tests and temporal bone
pathology as established by Schuknecht (1969)>

(1) Sensory: this type of ARHL stems from the degenerating organ of Corti and is primarily caused by
damaged outer hair cells, evidenced in both human” and animal studies”*\. Patients experience hearing
loss in the high-frequency range.

(2) Neural: this type of ARHL shows a loss of 50% or more of a total of 35,500 cochlear neurons. Patients
have a moderate downward slope of pure tone threshold toward high-frequency and also have difficulties in

31,32]

speech discrimination”"*?.

(3) Metabolic or strial: this type of ARHL is caused by the atrophy of the stria vascularis. In most cases,
there is a loss of 30% or more in the stria vascularis”™'. Patients show hearing loss across all frequency ranges
in the audiogram.

(4) Cochlear conductive: this type of ARHL has no significant pathological changes in the cochlea, and there
is no or few hair cell loss in the basal segment of the cochlea. The auditory loss may be caused by the
hardening of the basement membrane or impaired motor function of the cochlear canal. Patients experience
low-frequency hearing loss with unimpaired speech recognition"*.

In 1993, mixed and indeterminate types were added for a total of six categories'™.

(5) Mixed: this type of ARHL refers to a combination of the four types of hearing loss mentioned above.
Patients have no specific audiometric pattern.
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(6) Indeterminate: this type of ARHL has no correlation between audiometric patterns and age-related

pathologic alterations in the cochlea®**%,

Pathogenesis of ARHL

The causes of ARHL are considered to involve the interaction of many factors, including aging, oxidative
damage, genetic factors, and environmental factors [Figure 1]"°. One of the most prevalent explanations for
aging is an increase in oxygen free radicals. The cochlea contains many metabolically active tissues, which
require a large amount of adenosine triphosphate (ATP) for sound conversion and maintenance of internal
cochlear electrical potential. During high-energy metabolism, a large number of reactive oxygen species
(ROS), also known as free radicals, are produced”™*. Oxidative damage caused by ROS is thought to play an
important role in the pathogenesis of ARHL"*\. As age increases, the production of ROS also rises.
Excessive ROS production can impair the intracellular antioxidant system and damage mitochondria, which
then cause cytotoxic reactions and cell damage'***?. Mitochondria are primary targets of free radicals, and
the accumulation of ROS leads to increased mutations and deletions of mitochondrial DNA (mtDNA)"],
which is considered an important factor leading to ARHL.

Studies have shown that the occurrence of age-related diseases is also closely related to chronic
inflammation"”. Various age-related diseases, such as neurodegenerative diseases, diabetes, osteoporosis,
efc., are involved in inflammatory mechanisms. The cochlea is not an immune-privileged organ. Systemic
inflammation contributes to presbycusis, and changes in the morphology and number of macrophages can
occur in the aging cochlea. Adams'* has found the mRNA expression of some inflammation-related factors,
such as IL-6, TNF-a, NF-kB, and p65 in the cochlea.

In addition, many candidate genes have been found to be associated with ARHL by genome-wide
association study (GWAS)™. These genes may play important roles in signaling and maintenance of the
cochlear microenvironment, including glutamate metabotropic receptor 7 (GRM7)", or detoxification
enzymes, such as uncoupling protein 2 (UCP2)"", superoxide dismutase 2 (SOD2), N-acetyltransferase 2
(NAT2)"”, monogenic deafness-causing gene (TMC1)"™ and doublecortin-like kinase 1 (DCLK1)"".

PATHOGENESIS OF AD

Pathogenic deposition of g-amyloid

AD is a complex disease comprising multiple pathogenic factors. Its fundamental neuropathological
changes and main features include the deposition of beta-amyloid (AB), hyperphosphorylated tau protein,
and neurofibrillary tangles (NFT), accompanied by synaptic and neuronal loss*”. Among these, the
accumulation of Ap in the brain is an early event that plays a key role in the pathogenesis of AD". It is
believed that A begins to accumulate 15-20 years before the onset of clinical symptoms of AD. Therefore,
the concentration of Ap,, in cerebrospinal fluid (CSF) is recognized as a useful biomarker for early diagnosis
of AD*"*\. AB precursor protein (APP) undergoes cleavage by p-secretase and a-secretase to produce APP
C-terminal fragments (APP-CTFs) consisting of 99 amino acids (C99) and 83 amino acids (C83),
respectively. Subsequently, it is cleaved by y-secretase to generate Ap'*’. With aging, there is an imbalance
between the generation and clearance of AB, leading to a change in its secondary structure from a healthy a-
helix to a p-sheet-enriched structure where Ap aggregates together, forming soluble toxic oligomers'*'.
Pathogenic amyloid plaques start depositing in the entorhinal cortex and gradually spread to other regions
such as the hippocampus, temporal cortex, frontoparietal cortex, and subcortical nuclei. Studies have
revealed that AB can activate microglia, which trigger proinflammatory cytokine release, resulting in
neuroinflammation. Conversely, released cytokines can induce APP production, which leads to more

55,63,64]

production of Ap! .
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Ap deposition and mitochondrial dysfunction
Neurons affected by AD initially undergo mitochondrial dysfunction and abnormal energy metabolism,

| In turn, the
continuous deposition of AB exacerbates mitochondrial damage and further advances disease

thereby promoting the development of Ap and tau pathology associated with the disease!

progression®**”. Mitochondria are crucial organelles that regulate intracellular metabolic pathways,
including ATP production through electron transport and oxidative phosphorylation (OXPHOS),
tricarboxylic acid (TCA) cycle, fatty acid oxidation, amino acid synthesis, calcium homeostasis, and iron
metabolism'. Alongside mitochondrial dysfunction in AD brains, various pathophysiological events such
as apoptosis, inflammation, oxidative stress, and impaired glucose metabolism occur at the same time*”"),
Studies have observed that diabetic rats with significant AB deposits exhibit reduced calorie intake, activity
levels, and fat oxidation while experiencing increased carbohydrate oxidation and energy expenditure,
leading to weight loss””. Additionally, in some studies, it is noted that there is an elevated lactate production
indicated by higher lactate/pyruvate ratios along with decreased succinate/fumarate/glutamine
concentrations measured in CSF from AD patients. These findings suggest mitochondrial glucose

metabolism is impaired due to blood-brain barrier breakdown'”.

Mitochondria serve as the primary source of intracellular ROS, with approximately 90% of ROS originating
from mitochondria”™”. The generated mitochondrial ROS (mtROS) exacerbates the disruption in
mitochondrial energy metabolism by impairing the electron transport chain (ETC) and increasing
mitochondrial outer membrane permeability (MOMP)". ETC is situated within the inner mitochondrial
membrane and comprises four enzyme complexes: nicotinamide adenine dinucleotide ubiquinone
reductase (complex I), succinate ubiquinone oxidoreductase (complex II), ubiquinone cytochrome
oxidoreductase (complex III), and cytochrome c oxidase (complex IV). Additionally, two electron carriers,
ubiquinone (CoQ) and cytochrome ¢ (Cyt C), are involved””. Complexes I and III represent major sites for
ROS production””. Studies have revealed that AD patients commonly exhibit ETC damage, which
correlates with reduced intracellular ATP levels and increased oxidative stress™. Dysfunction in
mitochondrial ETC and OXPHOS has been associated with a direct impact of Ap on mitochondria®®'.
Moreover, mtROS can activate inflammatory pathways such as Toll-like receptors (TLRs) and NLRP3
inflammasomes to promote inflammation and harm to organs®®*!. Due to its lack of histones and limited
DNA repair capacity, mtDNA becomes vulnerable to oxidative stress. Notably, the copy number of mtDNA
undergoes constant changes during aging and disease progression®. Clinical investigations have
demonstrated lower levels of mtDNA in the frontal cortex, hippocampus, and CSF among AD patients
compared to controls* ",

Tau and neurotoxicity

Tau protein is strongly associated with the progression of cognitive impairment. Studies have shown that
with aging, tau pathology accumulates in the entorhinal cortex and the medial temporal lobe, so-called
primary age-related tau lesions (PART), even in the absence of cognitive decline®®. Tau protein plays an
important role in microtubule assembly and stabilization of neuronal axons, as well as regulation of
microtubule transport. Knockout (KO) mice, while not exhibiting a severe developmental phenotype, show
significant delays in neuronal maturation and impaired synaptic plasticity in cell culture®.

Under normal circumstances, tau protein is usually present in its natural monomer form, but in the brains
of Alzheimer’s patients, tau protein aggregates occur in a fixed way along neuroanatomical connections.
Misfolded tau proteins promote misfolding of natural tau monomers, further leading to the production of
new pathological tau protein aggregates'™’.
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Tau protein is also affected by a variety of post-translational modifications, including phosphorylation,
acetylation, glycation, O-GlcNAcylation, and other modifications"". Tau phosphorylation at different sites
reflects the disease process. In the early stage of AD, NFT's have not formed yet, and tau phosphorylation
sites mainly occur at Ser199 and Ser422. Subsequently, phosphorylation at Ser202 and Thr205 will continue
to increase with the progression of the disease. Phosphorylation at Thr231 generally signals more mature p-
Tau assembly to form NFTs, driving the disease to an advanced stage™'. Acetylation also participates in this
process. Recent research has demonstrated that TBI, a non-hereditary, non-aging-related risk factor in AD,
induces tau acetylation (ac-tau) at the acetylation site in the brain of AD patients with a history of TBI"?.

Genetic risk factor: ApoE

Apolipoprotein E (ApoE) g4 gene is currently the only recognized risk gene for AD. The frequency of
carrying APOEe4 allele in sporadic AD patients is 40%, and the risk of AD in the population carrying one
APOEze4 allele is 3-4 times that of the non-APOEe4 population. People with two APOEe4 alleles have a 12
times higher risk of developing AD than those without APOEe4”. ApoE is involved in the production of
AB in the central nervous system. Huang et al. found that ApoEe2, ApoEe3, and ApoEe4 can promote the
transcription of APP in neurons and increase the secretion of Af, among which ApoEe4 has the strongest
activity to induce APP transcriptional promoter®. ApoE also participates in the clearance of Ap in the
brain. ApoE can combine with A to form a complex and bind to ApoE receptors on the surface of glial
cells (such as low-density lipoprotein reception-related protein 1, efc.), thereby facilitating the endocytosis
of AB into cells for clearance or mediating the degradation and clearance of AB through the blood-brain
barrier to the peripheral circulation®. In addition, ApoE is also related to the aggregation of Ap. ApoE and
synthetic AB monomers were incubated in vitro, and the results showed that in the presence of ApoE, AB
oligomers significantly increased, especially ApoEe4, which could significantly increase the levels of A tri-
and tetramer™™. ApoE also participates in the inflammatory response of the nervous system, in which three
protein isomers, ApoEe2, ApoEe3, and ApoEe4, have different roles in the inflammatory response. ApoEe4
can induce cells to produce more proinflammatory factors and oxidative stress response under
inflammatory stimulation, aggravate the inflammatory response, and lead to more serious nerve injury.
However, ApoEe3 and ApoEe2 did not affect the inflammatory response and even showed a downregulation
effect”*".

POSSIBLE MECHANISMS OF HEARING LOSS IN AD PATIENTS

ARHL is a complex phenomenon caused by multiple risk factors. In most cases, patients experience
functional changes in both the peripheral and central auditory systems. On the other hand, hearing loss in
the peripheral only will also result in alteration in the central auditory pathway later. In AD-related ARHL,
similar circumstances are also observed in the clinic. Therefore, here we discuss the possible causes of
ARHL in AD patients, focusing on the roles of Ap and Tau within both the peripheral and central auditory
systems [Figure 2].

Pathogenesis factors

The direct effect of f-amyloid and tau deposition in the inner ear

In the previous section, we have discussed the deposition of AB and tau in the CNS and its related
neurotoxicity. In fact, with the comprehensive investigation of AD pathology, it has been discovered that
there is a specific deposition of Ap and tau protein in the peripheral region of AD patients, which exerts
detrimental effects on the functionality of associated organs.

Retinal abnormalities in vascular structure and Ap accumulation have been identified in individuals with
ADP'l Shi et al. examined postmortem retinas from 56 human donors and observed an early and
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Figure 2. Schematic diagram showing the impacts of AB deposition in the brain and peripheral organs. In the central nervous system,
abnormal deposition of AB in the brain leads to mitochondria dysfunction, which then further causes synaptic degeneration to induce
changes in the auditory pathway. A could also exert influences on peripheral organs either directly or indirectly through lymphatic fluid
with inflammatory factors, such as IL-1B and TNF-a released by activated microglia cells. Ap: Beta-amyloid.

progressive decline in vascular PDGFRB among patients with mild cognitive impairment (MCI) and AD,
while retinal loss of PDGFRB was significantly linked to elevated levels of retinal vascular AB,, and AB,,""".
Additionally, deposition of AB has been detected within the gastrointestinal tract both in individuals
diagnosed with AD and transgenic mice overexpressing APP"”. Similarly, previous studies have
demonstrated the deposition of hyperphosphorylated tau (p-tau) in retinal ganglion cells (RGC) of AD

patients with visual abnormalities*.

These findings in AB-related pathology in the retina and gastrointestinal tract could provide valuable
insights into cochlear-related changes. Notably, AB and tau levels exhibit a strong correlation with the
severity of hearing impairment. In a recent cross-sectional study"*, a significant association was found
between ARHL and AB, as well as tau levels measured via PET scans. Certain animal studies"* have
generated genetically modified mice that specifically express AB in their cochleae. These mice exhibited
impaired perception of high-frequency sound due to Ap expression within their cochlear hair cells while
experiencing hair cell loss at the basal turn. However, these studies solely observed peripheral A
deposition, and the mechanisms by which Ap reaches these sites, whether it is locally synthesized or
transported from the brain to the periphery, remain unknown. Further investigations are warranted.
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The possibility of flow from the CSF to the endolymphatic fluid of the cochlea

In light of the communication between CSF and inner ear fluid, a study"* has demonstrated that AAV-
Slc17a8 injected into the CSF effectively restored auditory function in a mouse model of hereditary deafness.
This study characterized the transport of AAV-Slc17a8 through the cochlear aqueduct. However, there is
currently no definitive research conclusion regarding the deposition of A in the cochlea. Additionally, due
to the small volume of cochlear endolymphatic fluid, manual removal presents technical challenges.
Nevertheless, considering the connection between CSF and inner ear lymph fluid"™*, an alternative
approach for investigating early hearing loss in AD patients involves injecting AB and tracers into the brain
to determine if they can reach the endolymphatic fluid within the cochlea. Assuming their presence,
neurotoxic Ap may directly impact various components such as blood-ear barrier integrity, hair cells, and
spiral ganglia. Even without direct deposition of AB in these areas, Fukuda et al. explored how cerebral
amyloidosis affects cochlear properties and revealed that the total protein content surrounding lymph in
AD model mice was approximately 1.5 times higher than that observed in WT mice""”. This difference may
be attributed to significant changes in proteins associated with cellular damage and inflammatory

108

response''®. Consequently, peri-lymphoid homeostasis is disrupted.

Central auditory pathway dysfunction

With the aging process, there is a decline in the auditory system, which is not only influenced by the loss of
peripheral hair cells and dysfunction of stria vascularis but also by corresponding changes in the central
auditory system. Calcium-binding proteins (CBPs), namely parvalbumin (PV) and calreticulin (CR), serve
as major fast cytoplasmic calcium buffers in the central nervous system, safeguarding neurons against
damage caused by elevated intracellular Ca>"*!. A study investigating age-related alterations in the central
auditory system of rats"*” discovered a significant decrease in both the number and average volume of
calcium-binding protein immunoreactive (CB-IR) cells within the ventral region of the medial geniculate
body (MGB) with advancing age, showing a significant correlation between CBP levels and age. These
observed age-related changes in CR may contribute to deterioration in central age-related hearing function.
Furthermore, researchers found an age-associated reduction in glycine levels within the cochlear nucleus
(CN) region in rats"'". In humans, aging leads to cortical atrophy accompanied by reductions in gray matter
(GM) and white matter (WM) volumes, along with an expansion of CSF space!">'"". Guo et al. discovered
that older women with cortical atrophy exhibited more severe hearing impairment compared to women
without cortical atrophy, and this association was particularly pronounced in the left ear"*. Glutamate
serves as the primary excitatory neurotransmitter in the brain, and numerous studies have reported age-
related reductions in various brain regions, such as the motor cortex, parietal cortex, basal ganglia"',
hippocampus, and anterior cingulate cortex (ACC)"'*.. It is widely recognized that multiple forms of A
deposition contribute to abnormal tau aggregation, synaptic dysfunction, cell death, and a hierarchical
cascade of brain atrophy"'”""*. Studies conducted on 12-month-old transgenic mice expressing APP'
revealed a significant increase in the number of mitochondria, accompanied by a notable decrease in their
length. Additionally, levels of mitochondrial fission protein (Drp1) were found to be elevated, while
synaptic and dendritic protein levels exhibited a decline. Furthermore, a significant reduction was observed
in dendritic spines. Consequently, it can be inferred that the presence of Ap deposition is responsible for the
mitochondrial dynamic abnormalities and biogenetic defects, as well as the alterations in both structure and
function within the mitochondria of APP mice. Ap deposition exerts similar influences on the central

119]

auditory pathway. In 5xFAD mice, central auditory processing disorders (CAPDs) and hearing loss were
found to be associated with AD and may precede the onset of AD". It is possible that the abnormal
deposition of Ap leads to deterioration of the sensory system integrity by reducing the number of neuronal
populations actively engaged in auditory information processing or deteriorating synchronously firing
properties of neurons, as demonstrated in Hidisoglu and Yargicoglu"*". In their study, administration of
AB,,, peptide in the lateral ventricles in rats causes significant changes in auditory evoked potentials.
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Additionally, Ap deposition was observed in various regions of the mouse brain, including auditory cortex
(AC), insular cortex (IC), and MGB. This distribution pattern resembles histological findings observed in
AD patients"*” and is linked to age-related CAPDs.

Influence of decreased auditory inputs on cognition

Several studies have demonstrated a significant association between reduced auditory inputs caused by
ARHL and cognitive impairment, as well as an elevated risk of developing AD. Currently, the prevailing
hypothesis can be broadly categorized into three main aspects"*".

The common cause theory

ARHL and cognitive impairment may stem from shared risk factors. As individuals age, systemic aging
processes in the body contribute to widespread brain atrophy, metabolic decline, oxidative damage,
neuroinflammation, and cardiovascular diseases. These factors collectively exert detrimental effects both on
the brain and auditory periphery.

Social isolation and depression

This is particularly relevant for patients with ARHL, who may gradually withdraw from social activities due
to communication challenges, leading to feelings of loneliness and depression. Insufficient social interaction
is recognized as detrimental to mental health, and it is well-established that depression can exacerbate
cognitive decline. Approximately two-thirds of individuals aged 70 and older experience hearing loss. These
patients often encounter feelings of frustration or embarrassment stemming from their communication
difficulties, which may prompt them to disengage from social gatherings, thereby fostering social isolation
and loneliness. Research indicates that the sense of loneliness among elderly individuals with hearing
impairments is 2.2 times greater than that experienced by their counterparts without such impairments,
while the likelihood of social isolation increases by a factor of 1.52 for every additional 10 dB increase in
hearing loss!
(such as cortisol), which can adversely affect brain structure and function, consequently heightening the risk
of developing depression.

124

I Prolonged periods of social isolation are associated with elevated levels of stress hormones

Cognitive load increase

Within a given period, the amount of information that the brain can process, store, and access is limited.
The long-term hearing issues of patients with ARHL will cause the brain to consume more energy in
processing sound information, thereby reducing the energy allocation available for other cognitive tasks
such as memory. As time progresses, this continuous cognitive burden might lead to alterations in the
structure and function of the brain, thereby influencing overall cognitive health. The temporal lobe is
situated on both sides of the brain, near the ears, and plays a key role in numerous significant cognitive and
sensory functions. In an MRI study"*¥ of elderly individuals without a history of neurosurgery, severe heart
disease, lung disease, or metastatic cancer, peripheral hearing loss was independently associated with an
accelerated decline in total brain volume and atrophy of the temporal lobe. Some longitudinal studies have
indicated that ARHL might precede the onset of clinical dementia by 5-15 years"*, and for every 10 dB
increase in hearing loss above 25 dB, the risk of developing dementia increases by 20%"*”. The dorsolateral
prefrontal cortex (DLPFC), an important area of the frontal lobe of the brain, plays a vital role in multiple
advanced cognitive functions"*". Research has discovered that in patients with ARHL, the distal functional
coupling between the DLPFC and the AC significantly increases, and the higher the degree of hearing loss,
the stronger the coupling. Likewise, the hippocampus, as one of the important structures of the frontal lobe,
has two renowned functions - supporting episodic memory and spatial navigation. Research has found that
listeners with hearing loss are less sensitive to spatial cues, worsening performance on the selective attention
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task!””. Moreover, with the advancement of research, the functional theory of the hippocampus might have
long surpassed these. Auditory stimulation can regulate the rhythm of the hippocampus, holding
significance for enhancing memory and alleviating cognitive decline!**"*". Studies on humans and non-
human primates have revealed that there exists a common effective connectivity signal that directly
connects the AC to the ventrolateral prefrontal cortex (VLPFC) and indirectly projects to the
hippocampus'*?. The tendency of energy allocation is important for the metabolic balance of the brain. In
particular, gamma-aminobutyric acid (GABA), the principal inhibitory neurotransmitter in the central
nervous system, is of great significance for maintaining the balance and function of the nervous system. The
secretion of GABA in the ACC, which controls behavior under high cognitive load conditions, increases'**.
However, GABA in the temporal lobe auditory center of ARHL patients decreases*", and increasing the
GABA or the sensitivity of its receptors in the AC can enhance the response of the auditory center to sound
stimuli™*.

CONCLUSION

In conclusion, the accumulating evidence highlights the importance of hearing loss in relation to aging and
neurodegeneration. The impact of varying degrees of hearing loss on AD is varied. Specifically, there is a
clear upward trend in the risk of developing AD as the severity of hearing loss increases. This observation
strongly suggests a potential dose-response relationship between the degree of hearing loss and AD, offering
a novel perspective for understanding the interaction between these two conditions. This review is based on
the in-depth discussion regarding the correlation between ARHL and AD, demonstrating significant
practical implications and potential applications. Primarily, by elucidating the intricate relationship between
these two conditions, it offers novel perspectives and insights for clinicians. In the process of diagnosing and
treating elderly patients with multiple intertwined diseases, healthcare professionals often encounter
complex scenarios. Thus, recognizing the association between hearing loss and Alzheimer’s disease can
serve as a crucial starting point. Nevertheless, there are still a few critical links between ARHL and AD that
remain unresolved. For instance, (1) which condition occurs first, ARHL or AD? Or do they both result
from a common underlying mechanism? (2) How does the deposition of Af and tau proteins in the inner
ear take place? and (3) What molecular mechanisms drive AD-related ARHL? Understanding these
connections enables researchers to comprehensively assess patients’ overall health status while further
developing precise diagnosis and treatment plans.
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