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There is considerable interest in whether sensory deficiency is associated with the development of
Alzheimer’s disease (AD). Notably, the relationship between hearing impairment and AD is of high relevance
but still poorly understood. In this study,we found early-onset hearing loss in twoADmousemodels, 3xTgAD
and 3xTgAD/Polβ+/−. The 3xTgAD/Polβ+/− mouse is DNA repair deficient and has more humanized AD fea-
tures than the 3xTgAD. Both ADmousemodels showed increased auditory brainstem response (ABR) thresh-
olds between 16 and 32 kHz at 4 weeks of age, much earlier than any AD cognitive and behavioral changes.
The ABR thresholds were significantly higher in 3xTgAD/Polβ+/− mice than in 3xTgAD mice at 16 kHz, and
distortion product otoacoustic emission signals were reduced, indicating that DNA damage may be a factor
underlying earlyhearing impairment inAD. PolyADP-ribosylationandproteinexpression levels ofDNAdam-
age markers increased significantly in the cochlea of the AD mice but not in the adjacent auditory cortex.
Phosphoglycerate mutase 2 levels and the number of synaptic ribbons in the presynaptic zones of inner hair
cells were decreased in the cochlea of the ADmice. Furthermore, the activity of sirtuin 3 was downregulated
in the cochlea of these mice, indicative of impaired mitochondrial function. Taken together, these findings
provide new insights into potentialmechanisms for hearing dysfunction inAD and suggest that DNAdamage
in the cochlea might contribute to the development of early hearing loss in AD.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
order characterized by extensive accumulation of amyloid-β pla-
ques, neurofibrillary tangles consisting of hyperphosphorylated
tau protein aggregates, severe neuroinflammation, synaptopathy,
and neuronal loss1,2. Clinically, AD presents as a syndrome of
progressive memory and functional loss through cognitively unim-
paired and mild cognitive impairment3. Approxiately 5.8 million
people in the United States age 65 and older are affected, and
the prevalence is projected to increase to 13.8 million by 20504.
The identification of AD risk factors helps intercept the disease
and slow its progression. Age is the most important risk factor
for the development of AD5. AD has also been reported to be asso-
ciatedwith sensorineural hearing loss6 in humans, and hearing loss
has been proposed to be the largest modifiable risk factor for AD7.

Hearing loss is the third most common health defect in
adults, after heart disease and arthritis, affecting almost half of

individuals over the age of 758. Many neurological disorders
manifest with hearing loss along with central nervous system
symptoms9. A growing number of studies in recent years have
suggested that older people with hearing loss are more likely to
develop AD and dementia, and there has been increasing research
interest in the correlation between hearing impairment and cog-
nitive decline10. An early study of 156 patients with AD suggested
that hearing loss was an early indicator of cognitive dysfunc-
tion11. It was reported that AD patients may have difficulty with
dichotic listening12–14, understanding speech in the presence of
background noise15,16, impairment of hearing sensitivity13,17,
and impaired sound location15,18,19. Studies have addressed the
association between hearing impairment and AD; however, hear-
ing measurements in AD individuals are often complicated by a
lack of optimal communication with the patient10,20. Animal
studies provide an invaluable opportunity to investigate the
underlying mechanisms of an association between AD and hear-
ing loss. 5xFAD mouse models at 13–14 months of age exhibit
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hearing loss at frequencies between 8 and 32 kHz. At 3 months
of age, APP/PS1 ADmice had significantly higher auditory brain-
stem response (ABR) thresholds than wild-type (WT) mice at
frequencies between 8 and 40 kHz. These ADmice show elevated
ABR thresholds and apparent hair cell loss21,22. It has also been
reported that the 3xTgAD mouse, which expresses mutant forms
of human Aβ precursor protein (APP), presenilin-1 that cause
early-onset familial AD, and a taumutation that causes frontotem-
poral dementia23, showed progressively abnormal ABR from
9 months of age24. Interestingly, loss of spiral ganglion neurons,
but not hair cells, was observed in these 3xTgAD animals24.

Hair cells are the essential mechanoreceptors in the cochlea
converting sound vibrations into electrical signals, which are then
transmitted to the brain via the spiral ganglion neurons that inner-
vate the hair cells25. Hair cells in the cochlea of humans and other
mammals can accumulate damage stemming from a variety of
factors, including age, noise, and genetics26. Loss of sensory hair
cells from the inner ear is themost common cause of sensorineural
hearing loss27–29. Hair cells are particularly susceptible to oxida-
tive stress-induced death, and mitochondrial oxidative stress is
involved in noise-induced hair cell damage and hearing loss30–32.

Our lab previously created and characterized 3xTgAD/
Polβ+/−33. These mice typically have more progressive AD
features relative to the parental 3xTgAD strain33–35. Specifically,
we have observed greater memory and learning deficits, higher
αβ, phosphor-tau levels, and DNA damage marker levels, altered
mitophagy, and loss of smelling, another important sensory func-
tion35. The association of DNAdamagewith AD iswell established.
DNA damage accumulation is a risk factor for AD, and much evi-
dence suggests that it may have a causative role in AD progres-
sion36,37. Excessive oxidative DNA damage, reactive oxygen
species production, and mitochondrial dysfunction have been
demonstrated in AD, supporting the association with DNA damage
and deficient DNA repair. Accumulation of DNA oxidization has
been observed in AD patient brains38,39. DNA damage was also
detected in brains with cognitive impairment40–42 and preclinical
AD. Increased γH2AX, a well-established marker of DNA double-
strand breaks, was detected in 11 of 13 AD brains in astrocytes
of the hippocampus and cerebral cortex43. DNA damage is also
implicated in hearing impairment, and DNA damage in the blood
is significantly higher in congenital hearing loss patients than in
controls44. It remains unknown whether DNA damage or repair
deficiency is associated with hearing loss in AD. Here, we investi-
gate whether early-onset hearing loss is related to DNA damage
and/or repair deficiency in mouse models of AD.

Materials and Methods
Animals

All mouse experiments were performed using protocols
approved by the appropriate institutional animal care and use
committee of the National Institute on Aging (NIA), Baltimore,
in accordance with the national research council’s guide for the
care and use of laboratory animals. All mice were maintained
at a constant temperature with a 12-hour light/dark cycle in
the NIA. All mice are on the C57BL/6J background. The breeding
methods of Polβ and 3xTgAD/Polβ+/− strains were described pre-
viously33. Both male and female mice were used in the ABR mea-
surement experiments, with littermate controls used throughout.
All experiments were performed blindly using only mouse iden-
tification numbers.

ABR recording
Audiometric exam tests were performed in accordance with

our previous study protocol45. The ABR measurement is
a quantitative assessment of the neurological response, measured
as evoked potential, detected within 10 ms of an auditory stimu-
lus. ABR audiometry was performed on mice, which were anes-
thetized via an intraperitoneal injection with a mixture of
ketamine (100 mg/kg) and xylazine (10 mg/kg) by use of an
MF1 multi-field magnetic speaker in a soundproof chamber.
Body temperature was maintained at 36–37 °C by placing anes-
thetized mice on the deltaphase isothermal pad. Needle elec-
trodes were inserted subdermally (vertex–ventrolateral to pinna).
Tone burst stimuli (5 ms duration with a 0.1 ms rise–fall time)
were presented at variable volume (10–90 dB SPL) in 5 dB steps
at 4, 8, 16, and 32 kHz using an RZ6 system (Tucker Davis Tech-
nologies) with Biosig software (Tucker Davis Technologies). For
the data analysis, the minimum volume threshold (in dB) that
evokes a response at a given frequency was recorded as the out-
come measure. n= 7–11 mice per group in males and females.

Distortion product otoacoustic emission (DPOAE)
measurement

DPOAE quantifies the electromotility of outer hair cells in the
cochlea. DPOAEs were measured by inserting an earplug contain-
ing a small microphone (ER-10B+) and two speakers (MF1 multi-
field magnetic speaker) in the outer ear canal of each mouse.
A series of auditory stimuli were delivered, each composed of
two tones at equal decibel level but distinct frequencies, f1 and
f2, where f2> f1, f2/f1= 1.2, at f0= 10, 12, 16, and 32 kHz
(f0= (f1 × f2)1/2). The decibel level of both tones varied over
the range of 80–10 dB SPL in 5-dB steps. The cubic distortion
product at the frequency 2f1− f2 was recorded as an average
of 512 responses at each frequency tested. DPOAE measurements
were made using the RZ6 system (Tucker Davis Technologies)
with Biosig software. n= 7–11 mice per group in males and
females.

ABR waveform reconstruction
ABR waveform analysis was performed in accordance with

our previous study protocol45. Raw ABR recording data were
extracted using the BioSigRZ software. Voltage values were
sampled at a rate of 50,000 Hz (every 0.02 ms) for a duration
of 4.5 ms following stimulus presentation. Representative wave-
forms were calculated and reconstructed offline by averaging the
voltage values at each time point using TDT BioSigRZ software.
Waves I–V were identified by a series of characteristic peak-to-
following-trough forms.

Cochlea dissection and immunofluorescence
Male mice were first subjected to cardiac perfusion using 3%

PFA in PBS fixation solution, then decapitated, temporal bones
were isolated, and cochlea were directly perfused with 3% PFA
through the oval window and incubated for 12 hours in fixative,
followed by a decalcification step in 120 mM ethylenediaminete-
traacetic acid for 4 days. The organs of Corti from either the left or
right ears of WT (n= 5) and 3xTgAD/Polβ+/− mice (n = 5) were
microdissected for immunohistochemistry of ribbon synapses.
Microdissected cochlea were first permeabilized for 20 min with
0.5% Triton-X100, then blocked overnight with 30% normal goat
serum and 3% bovine serum albumin (BSA) in 0.3% Triton-X100
PBS. Primary antibodies diluted 400 times in blocking solution
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were incubated for 3 hours at RT rocking. These included mouse
anti-CtBP2 (BD Biosciences; Cat# 612044), rabbit anti-Homer1
(Genetex; Cat# GTX103278), guinea pig anti-vGlut3 (Synaptic
Systems; Cat# 135204), and chicken anti-neurofilaments (Abcam;
Cat# ab134459). Specimens were washed 3 times in 20-min-long
PBS baths, and goat secondary antibodies diluted 600 times in
blocking solution were applied for 1 hour at RT rocking (Thermo-
Fisher Scientific Cat# A-21124, A-11034, A-21450, and A48260).
Specimenswere thenwashed three times in 20-min-long PBS baths
andmountedwith ProLongDiamondAntifadeMountant (Thermo-
Fisher Scientific; Cat# P36965). Ribbon synapse stacks of
super-resolution images were taken using Zeiss AiryScan 880.
Decalcified controlateral ears were embedded in paraffin, 5-mm-
thick crossections were generated and hematoxylin and eosin-
stained, and slideswere imaged atHistoserv, Inc. Imageswere used
for a gross examination of diverse cochlea compartments and for
counting spiral ganglion neurons.

Hair cell quantification
Two 20× representative regions in each of the turns (apex,

middle, and base) of the sensory cochlear epithelium were
imaged using an Olympus CKX53 epifluorescence scope. Inner
and outer hair cells were manually quantified within two 150 μm
representative regions using a Fiji cell counter.

Synapse quantification and analysis
Cytocochleograms were generated by first imaging the individ-

ual pieces of dissected cochlear at 4×, then overlaying themwith a
frequency map using the measure line plug-in tool using Fiji.
Confocal z-stacks (110 nm z-step-size) images were obtained
using a 100× oil immersion objective on a Zeiss CSU spinning disk
microscope at specific frequency regions (4, 16, and 32 kHz). Two
images per frequency region were acquired. Max projections of
the 3D z-stack images were generated, and regions of interest
were drawn around each inner hair cell (IHC). Paired and orphan
synapses labeled with pre- and postsynaptic markers, CtBP2 and
Homer1, respectively, were manually quantified using the Fiji
plug-in cell counter. Synaptic counts were reported as the number
of paired/orphan punctae per IHC.

NAD+ measurement
Micewere anesthetized and dissectedwith cold PBS buffer, and

the cochlea and auditory cortex were weighed and placed in
NADH/NAD Extraction Buffer (Abcam, ab65348). Following
homogenization with a micropestle, the NAD+ level was mea-
sured with a commercially available NAD+/NADH assay kit
according to the manufacturer’s protocol. Two technical repli-
cates were performed on n= 3 mice per condition; NAD+/NADH
levels were normalized to total protein.

Western blot analysis
Male mouse cochlea and auditory cortex tissues in WT (n= 3),

Polβ+/− (n= 3), 3xTgAD (n= 3), and 3xTgAD/Polβ+/− (n= 3)
mice were homogenized in 1X RIPA lysis buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1.2% Triton
X-100, 0.5% sodium deoxycholate, and 0.1% SDS, Enzo Life
Sciences, #ADI-80-1496) containing protease inhibitor cocktail
and halt phosphatase inhibitor cocktail (Roche, Indianapolis,
IN, USA). The collected samples were sonicated on ice and centri-
fuged at 10,000 × g for 10 min at 4 °C. The protein concentration
was determined with a Bradford reagent. 15 μg proteins were

separated on 4%–12% Bis-Tris gel (ThermoFisher Scientific,
#NP0336BOX) and transferred to nitrocellulose membranes.
Membranes were then blocked for 1 hour at RT in TBS-T (500mM
NaCl, 20 mM Tris, 0.1% Tween 20, pH 7.4) supplemented with
5% nonfat dried milk and BSA. Subsequently, membranes were
incubated overnight at 4 °C with primary antibodies, followed
by 1 hour at RT with HRP-conjugated secondary antibodies (see
Table S1, for details of the antibodies used in the study). Proteins
were detected using an enhanced chemiluminescent detection
system (ECL, EMD Millipore) and the ChemiDoc Imaging
System (#12003153) (Bio-Rad Laboratories, USA).

Phosphoglycerate mutase 2 (Pgam2) ELISA
measurement

Male mouse Pgam2 was measured using mouse ELISA kits
(G-Biosciences, # IT5345, St. Louis, MO, USA) following theman-
ufacturer’s protocol. Briefly, the cochlea and auditory cortex tis-
sue (10 mg) in WT (n= 3), Polβ (n= 3), 3xTgAD (n= 3), and
3xTgAD/Polβ+/− (n = 3)mice were homogenizedwith precooling
PBS (pH 7.0–7.2) on ice and centrifuged at 5,000 × g for 5 min at
4 °C. The supernatants were collected and transferred to 96-well
plates coated with a specific antibody against the protein of inter-
est, Pgam2. These samples were incubated for a total of 3 hours at
37 °C and washed twice with 350 μL of 1X wash solution to each
well using a multichannel pipette for a total of 10 times. ELISA
detection substrate (TMB) solution to each well was subsequently
added and incubated for 15–20 min at 37 °C after covering with
foil. TMB was used to visualize the HRP enzymatic reaction.
The enzyme-substrate reaction was terminated by the addition
of sulfuric acid (stop solution), and the absorbance value of each
well was measured at a wavelength of 450 nm on a microplate
ELISA reader (Microplate Manager v5.2.1 software, Bio-Rad
Laboratories).

RNA extraction and quantitative real-time
PCR (qPCR)

RNA was extracted with a PureLink™ RNA Mini Kit (Thermo-
Fisher Scientific, #12183018A) as per the manufacturer’s proto-
col from mouse cochlea and auditory cortex of brain tissues in
WT (n= 3), Polβ (n = 3), 3xTgAD (n = 3), and 3xTgAD/Polβ+/−

(n= 3) mice. cDNA was synthesized using the PrimeScript™ RT
reagent kit (Takara, #RR037A), and qPCR analysis was done
with the power SYBR Green PCR master mix (ThermoFisher,
#A46109). The primers used to amplify each transcript were the
following: Pgam2 (Forward: 5 0-CAAGAGAACCGTTTCTGTGGC
T-3 0 and Reverse: 5 0-CCC ACA TTT GGT CCG TAA CAT C-3 0), sir-
tuin 3 (SIRT3) (Forward: 5 0-TGC CAG CTT GTC TGA AGC A-3 0

and Reverse: 5 0-GTC CAC CAG CCT TTC CAC A-3 0),
BAX (Forward: 5 0-AGG ATG CGT CCA CCA AGA AGC T-3 0 and
Reverse: 5 0-TCC GTG TCC ACG TCA GCA ATC A-3 0), Caspase 3
(Forward: 5 0-GGA GTC TGA CTG GAA AGC CGA A-3 0 and
Reverse: 5 0-CTT CTG GCA AGC CAT CTC CTC A-3 0), PARP1
(Forward: 5 0-GGA AAG GGA TCT ACT TTG CCG-3 0 and
Reverse: 5 0-TCG GGT CTC CCT GAG ATG TG-3 0), and GAPDH
(Forward: 5 0-AGG TCG GTG TGA ACG GAT TTG-3 0 and
Reverse: 5 0-GGG GTC GTT GAT GGC AAC A-3 0).

Gene expression analysis by NanoString
technologies

Only male mice were included in the experiments. NanoString
analysis was performed on the cochlear and auditory cortex
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tissues from WT (n= 3), Polβ+/− (n= 3), 3xTgAD (n = 3), and
3xTgAD/Polβ+/− (n= 3) mice using a mouse metabolic pathway
panel with 768 genes and 20 internal reference genes (XT-CSO-
MMP1–12). Total RNA was purified with a PureLink™ RNA
Mini Kit (Thermo Fisher Scientific, #12183018A) as per the man-
ufacturer’s protocol and quantified using a NanoDrop ND-1000
spectrophotometer. Purified RNA was diluted in nuclease-free
water to 20 ng/uL. It was hybridized in a CodeSet mix carrying
hybridization buffer, Reporter Code Set, and Capture Probe Set
at 65 °C for 16–24 hours in a thermal cycler. Hybridized samples
were loaded onto the nCounter Prep Station for immobilization in
the sample cartridge (NanoString Technologies, MAN-C0035).
The Prep Station can process up to 12 samples per run in approx-
imately 2.5–3 hours, depending on which protocol was used.
Next, the nCounter Digital Analyzer, which was a multichannel
epifluorescence scanner, collected data by taking images of the
immobilized fluorescent reporters in the sample cartridge with
a CCD camera through a microscope objective lens. The results
were downloaded from the nCounter Digital Analyzer in RCC file
format. NanoString readout was analyzed via the NanoString
nCounter nSolver 4.0 software (MAN-C0019-08) with the Nano-
String AdvancedAnalysis 2.0 plug-in (MAN-10,030-03) following
the NanoString Gene Expression Data Analysis Guidelines (MAN-
C0011-04). Both positive control and housekeeping normaliza-
tion were used to normalize all sources of variation associated
with the platform. Detection thresholds were established at the
Log2 ratio relative to the reference (Log2 fold change). A fold-
change cutoff of 1.5 was used. A p-value less than 0.05 and genes
with a fold change of 1.5 were considered statistical significance.
NanoString pathway score analysis was calculated as the expres-
sion values of constituent genes of each pathway via the Nano-
String nCounter nSolver 4.0 software. They were oriented such
that an increasing score corresponds to mostly increased gene
expression.

Statistical analysis
All data were analyzed by the Graph Pad Prism 8 software

(San Diego, CA), and statistical significance was determined by
one-way and two-way ANOVA analysis of variance with Tukey’s
multiple comparisons test, as appropriate. Results are presented
as the mean± standard deviation. The numbers of mice used in
the various experiments are denoted in the figure legends. Differ-
ences were considered statistically significant with *p< 0.05 and
**p< 0.01.

Results
Auditory impairment in 3xTgAD and
3xTgAD/Polβ+/− mice

The 3xTgAD mice develop age-dependent Aβ plaques, intra-
neuronal tau tangles, and cognitive deficits but do not exhibit
neuronal death23,33. To investigate the impact of DNA damage
and/or repair in the etiology of AD, we crossed DNA polymerase
β heterozygous mice (Polβ+/−) into the 3xTgAD mouse model to
generate a DNA repair-deficient AD mouse (3xTgAD/Polβ+/−)
that has major features of human AD, including phosphorylated
tau pathologies, neuronal death, and increased cognitive impair-
ment33,34. Our previous studies have shown that the 3xTgAD/
Polβ+/−mice accumulatemore DNA damage and exhibit neuronal
death in brain regions33. Thus, the 3xTgAD/Polβ+/− mouse has
many humanized features compared to 3xTgAD. We first charac-
terized the hearing function in four different mouse models

(WT, Polβ+/−, 3xTgAD, and 3xTgAD/Polβ+/−) by ABR recordings
(Fig. 1A). ABR assay is a neurologic test of auditory brainstem
function in response to auditory stimulus. With electric potential,
five to seven waves are recorded in the first 10 ms due to the syn-
chronous firing of nerve fibers after an auditory stimulus. We
found that 3xTgAD and 3xTgAD/Polβ+/− mice had significantly
higher thresholds than WT mice at frequencies between 16 and
32 kHz as early as 4 weeks of age (Fig. 1B,C). Interestingly,
ABR thresholds in 3xTgAD/Polβ+/− male mice were significantly
increased compared to 3xTgADmale mice at 16 kHz (Fig. 1B) but
not in female mice (Fig. 1C). To further characterize the hearing
loss in 3xTgAD and 3xTgAD/Polβ+/−mice, we analyzed their ABR
waveforms, labeled from I to VII46. The two first waves (waves I
and II) are known to be generated from auditory nerves47,48.
Waves III–V come from the higher components of the pathway,
such as the cochlear nucleus, superior olivary complex, lateral
lemniscus, and inferior colliculus. The last two waves (waves
VI and VII) are considered to come from the thalamus. As shown
in Figure 1, a reduction in wave magnitude or increase in wave
latency indicates a hearing deficit; thus, the impacted wave pro-
vides valuable information for locating deficits along the auditory
pathway. We observed significant differences in 3xTgAD and
3xTgAD/Polβ+/− mice when compared to the waves of WT and
Polβ+/− mice. Interestingly, male 3xTgAD and 3xTgAD/Polβ+/−

mice had significantly lower wave I amplitudes. In females, the
difference between WT and 3xTgAD mice was not significant
(p-value 0.0624), but the difference between 3xTgAD/Polβ+/−

mice andWTwas significant (Fig. 1D,E). The delay of the latency
of wave I, also indicative of a hearing deficit, showed a similar
pattern as their amplitudes. Male 3xTgAD and 3xTgAD/Polβ+/−

mice had increased latency compared to WT, whereas latencies
in females were changed significantly only in 3xTgAD/Polβ+/−

mice (Fig. 1F,G). Together, these results show that hearing
impairment can be detected in 3xTgAD and 3xTgAD/Polβ+/−

mice as early as 4 weeks of age, indicating very early hearing loss
in mouse models of AD. Notably, our findings show earlier hear-
ing loss than reported in previous studies21,22. We next assessed
auditory capacity with DPOAE, which provides information
about cochlear integrity and outer hair cell function. Loss of outer
hair cells causes loss of sensitivity and frequency discrimination
(see the Methods section for details). As shown in Figure 1H,
3xTgAD and 3xTgAD/Polβ+/− male mice at 4 weeks of age had
lower DPOAE signals than WT mice at 16 kHz, but this was not
the case in female mice (Fig. 1I). There were also no significant
reductions at 10, 12, 24, and 32 kHz (Supplementary Fig. 1).
Thus, we detect a loss of outer hair cell function in 3xTgAD
and 3xTgAD/Polβ+/− male mice at 16 kHz, and these results also
collectively show that male mice are more susceptible to hearing
impairment than females.

3xTgAD/Polβ+/− mice have a decreased number of
ribbon synapses

The cochlea is composed of base, middle, and apex regions; the
base region senses high-frequency and the apex region senses
low-frequency sounds45. The loss of hair cells and IHC synapses
in each area of the cochlea strongly correlate with the loss of hear-
ing function at the corresponding frequency ranges. To quantify
hair cells and synapses in the cochlea, we dissected whole-mount
organ of Corti tissue and stained with vGlut3 (IHCs), anti-CtBP2
(pre-synapse), and anti-Homer1 (postsynapse) (Fig. 2A–C).
Immunolabeling was quantified in a blinded fashion by counting
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Figure 1. Hearing loss in 3xTgAD and 3xTgAD/Polβ+/−mice. (A) Experiment scheme for auditory brainstem response (ABR) recordings at 4 weeks of
age in the 4, 8, 16, 24, and 32 kHz. WT, Polβ+/−, 3xTgAD, and 3xTgAD/Polβ+/− mice were used. (B) ABR threshold in male mice. (C) ABR threshold in
female mice. Significant elevation of ABR thresholds was observed at 4 weeks of age in 3xTgAD and 3xTgAD/Polβ+/− mice. In male, ABR thresholds
between 3xTgAD and 3xTgAD/Polβ+/− mice were significantly different at 16 kHz. (D,E) Quantification of the amplitude of wave I in each group at
16 kHz and 90 dB. (F,G) Quantification of the latency of wave I in each group at 16 kHz and 90 dB. The dots represent individual mice.
(H) Distortion product otoacoustic emission (DPOAE) recordings in male mice and (I) DPOAE recordings in female mice. A significant reduction of
DPOAE signals at 16 kHz was observed at 4 weeks of age in 3xTgAD and 3xTgAD/Polβ+/− male mice but not in female mice. n= 7–11 mice per group.
*p< 0.05, **p< 0.01, 3xTg and 3xTgAD/Polβ+/− mice compared to WT mice. #p < 0.05, 3xTgAD/Polβ+/− mice compared to 3xTg mice. Two-way
ANOVA with Tukey’s multiple comparisons test. Error bars represent the mean ± standard deviation (SD).
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paired ribbon-forming punctae in IHCs of WT and 3xTgAD/
Polβ+/−male mice. Compared toWTmice, 3xTgAD/Polβ+/−male
mice showed a significant reduction in paired ribbon synapses of
IHCs in the 32 kHz region of the cochlea, suggesting a loss of

functional synapses in the DNA repair-deficient AD mouse model
(Fig. 2D). For hair cell quantification, we analyzed 20× regions
within each third (apex, middle, and base) of WT and 3xTgAD/
Polβ+/− cochleae (Supplementary Fig. 2a). The number of

Figure 2. DNA damage in the cochlea induces defects in functional synapses in 3xTgAD/Polβ+/− mice. (A–C) Representative image of immunostaining
for synaptic ribbons in the apex (8 kHz), middle (16 kHz), and base (32 kHz) regions of the cochlea inWT and 3xTgAD/Polβ+/−mice at 4 weeks of age. A
magnification of 100×was used for all images. (D)Quantitative analysis of paired puncta per inner hair cell (IHC) in the cochlea at 8, 16, and 32 kHz. The
average number of paired puncta is reduced in 3xTgAD/Polβ+/−mice relative toWTmice. (E,F) The graphs show the average number of orphan ribbons
per IHC at 8, 16, and 32 kHz. The green puncta (anti-Ctbp2) and themagenta puncta (anti-Homer1). Each puncta represents a single synaptic ribbon in an
individual mouse. (G) Representative images of base inner and outer hair cells of WT and 3xTgAD/Polβ+/− mice at 4 weeks of age. A magnification of
20× was used for the hair cell image. (H,I) The average number of inner and outer hair cells per 150 μm in the basal region of the cochlea in WT or
3xTgAD/Polβ+/−mice. The number of IHCs decreased in 3xTgAD/Polβ+/−mice. In contrast, therewere no significant changes in the number of outer hair
cells. n= 5 male mice per group. *p< 0.05, **p< 0.01, two-way ANOVA with Tukey’s multiple comparisons test. Error bars represent the mean ± SD.
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orphan punctae immunolabeled with CtBP2 and Homer1 in IHCs
of WT and 3xTgAD/Polβ+/− male mice was quantified at 32 kHz.
We found an increase in the number of orphan CtBP2 andHomer1
puncta, specifically in the 32 kHz region of 3xTgAD/Polβ+/−male
mice (Fig. 2E,F). The number of orphan punctae in the 8 and
16 kHz regions remained unaffected, suggesting that there was
no synaptopathy in these regions at this age (Fig. 2E,F). We next
analyzed the number of inner and outer hair cells in the base,
middle, and apex regions of the cochlea in WT and 3xTgAD/
Polβ+/− male mice. There were significantly fewer IHCs in the
basal cochlear region in 3xTgAD/Polβ+/− male mice than in
WT (Fig. 2G,H), while the middle and apex regions were largely
unaffected (Supplementary Fig. 2). The outer hair cell number
tended to be reduced in the base of the cochlea region in 3xTgAD/
Polβ+/− male mice (p-value 0.0684) (Fig. 2I). The number of
paired ribbon synapses and total number of hair cells at the 8
and 16 kHz regions were not reduced in the 3xTgAD/Polβ+/−

male mice compared to the WT male mice (Fig. 2D and
Supplementary Fig. 2b,c). These data are consistent with the
ABR data showing high-frequency hearing loss in 3xTgAD/
Polβ+/− mice and decreased wave I amplitudes, which correlate
with the observed synaptopathy in the corresponding regions.

Increased DNA damage in the cochlea is associated
with NAD+ decline

To investigate the mechanism of this early hearing loss found in
theADmice,weperformedgene expression analysis byNanoString
Technologies using the mouse cochlea49 and auditory cortex50

(Fig. 3A) from 3xTgAD and 3xTgAD/Polβ+/− male mice. Since
the auditory cortex is the most highly organized sound-processing
unit in the brain,we chose the auditory cortex,which is located in a
region close to the cochlea, for comparison and investigated gene
expression changes in the cochlea and auditory cortex. We
employed the Metabolic Pathways Panel. Significantly changed
pathways were defined as those displaying an absolute z-score
of at least 1.5. Genes with a fold change of 1.5 were considered sta-
tistically significant. Heatmap analysis showed significant differ-
ences between the cochlea and the auditory cortex (Fig. 3A).
Notably, one of the most significantly altered terms in the cochlea
was DNA damage repair. When compared to age-matched male
WT, DNA damage repair was highly downregulated in Polβ,
3xTgAD, and 3xTgAD/Polβ+/−malemice (Fig. 3B). We next exam-
ined the DNA damage markers in cochlea and auditory cortex tis-
sue. Poly (ADP-ribose) (PAR) polymerase 1 (PARP1) is an enzyme
predominantly activated in response to DNA damage and modifies
proteins by a process known as PARylation, a posttranslational
modification processwith key roles in DNA repair andmetabolism.
PARylation regulates chromatin organization, DNA repair, tran-
scription, and replication. PARP1 is activated by DNA damage,
has a major role in DNA repair, and participates in several cellular
processes51,52. Compared with WT male mice, there was an in-
crease in PAR and PARP1 in the cochlea of 3xTgAD and 3xTgAD/
Polβ+/− male mice (Fig. 3E,F and Supplementary Fig. 3), which
was accompanied by increased phosphorylation of H2AX at
Ser 139 (γ-H2AX), indicative of an induction of double-strand
breaks. Interestingly, the levels of γ-H2AX in the cochlea between
3xTgAD and 3xTgAD/Polβ+/− male mice were significantly differ-
ent (Fig. 3C,G), while the auditory cortex was largely unaffected
(Fig. 3D,J).

Next, multiple signaling pathway scores in the nanostring
analysis were explored in the cochlea and auditory cortex.

Interestingly, pathways involved in cell death, oxidative stress,
reactive oxygen species, autophagy, mitogen activated protein
kinase, and AMP-activated protein kinasewere significantly upre-
gulated in the cochlea (Supplementary Fig. 4a–d), but not in the
auditory cortex (Supplementary Fig. 4e–h) of 3xTgAD and
3xTgAD/Polβ+/− male mice, suggesting that DNA damage in
the cochlea-induced signaling pathways involved in cellular
damage. Nicotinamide adenine dinucleotide (NAD) is a coenzyme
central to metabolism, which also plays vital roles in DNA repair,
cell metabolism, and cell survival53. The decline in NAD+ levels
may result in inadequate DNA repair and mitochondrial dysfunc-
tion in AD34, and is linked to hearing loss in Cockayne syn-
drome45. Many of these aging-associated diseases can be
improved by restoring NAD+ levels53. To identify how NAD+ lev-
els change in the cochlea and auditory cortex, the NAD+ levels
were measured and compared with WT mice. As shown in
Figure 3K, a significant relative decline in NAD+ levels was
detected in the cochlea, whereas there was no decline in the audi-
tory cortex tissues at 4 weeks of age.

To further investigate whether DNA damage in the cochlea
directly impacts hearing loss, we examined hearing loss induced
by gamma irradiation (IR). Male and female WT and 3xTgAD/
Polβ+/− mice were subjected to whole-body IR in a Nordion
Gamma cell 40 Exactor Irradiator. IR (6 Gy) was delivered at
a rate of 0.74 Gy/min. As shown in Figure 4A, immediately after
IR exposure (4 hours), the ABR threshold inmalemicewas signifi-
cantly increased in 3xTgAD/Polβ+/− mice but not in WT at 16 Hz
(Fig. 4B). In female mice, the ABR threshold was also slightly
higher in 3xTgAD/Polβ+/− mice exposed to IR; however, there
was no significant difference at 16 Hz (Fig. 4C). This observation
was consistent with the ABR data showing hearing loss in
between 3xTgAD and 3xTgAD/Polβ+/− male mice (Fig. 1B).
We detected significantly increased levels of γ-H2AX in the coch-
lea of WT and 3xTgAD/Polβ+/− male mice compared to the audi-
tory cortex, indicating that the cochlea responds earlier to DNA
damage than the auditory cortex (Fig. 4D–G).

DNA damage in the cochlea is associated with
Pgam2 reduction

To further explore the molecular mechanisms of hearing loss in
AD, we analyzed significantly changed genes from the cochlea
and auditory cortex of 3xTgAD and 3xTgAD/Polβ+/− male mice
compared with WT. According to the NanoString metabolic path-
way panel, the following genes were significantly changed:
Apoc3, Hnf4a, Ngfr, Alox15, Gck, Pgam2, Zap70, Gzmd, and
Slc2a5. Among these, Pgam2, which is a glycolytic enzyme, was
notably downregulated in the cochlea (Fig. 5A). Interestingly, we
observed a similar trend of decreases in protein (Fig. 5B,D) and
mRNA (Fig. 5E) levels of Pgam2 in the cochlea of male mice.
The quantitative measurement of Pgam2 (Fig. 5F) and Eno3
(Enolase 3) levels, a Pgam2-interacting protein, showed a de-
crease in the cochlea of 3xTgAD and 3xTgAD/Polβ+/− male mice
(Supplementary Fig. 5a,b). We also explored the expression of
Pgam2 in female mice. Western blot analysis showed no signifi-
cant difference in the cochlea of these mice (Supplementary
Fig. 5c,d). There was also no significant change in Pgam2
(Fig. 5C,H,I,J) and Eno3 levels (Supplementary Fig. 5c,d) in
the auditory cortex compared with WT male mice. T-box tran-
scription factor 2 (Tbx2) is an essential transcription factor in
the process of hair cell development and regeneration in the coch-
lea54. It was downregulated in the cochlea of 3xTgAD/Polβ+/−
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male mice compared with WT male mice. Of note, Tbx2 protein
expression in cochleawas significantly different between 3xTgAD
and 3xTgAD/Polβ+/− male mice (Fig. 5B,G), while auditory

cortex it was unaffected (Fig. 5C,K). Together, these data suggest
that the cochlea is an early-affected organ in AD and that reduced
Pgam2 may be associated with hearing loss in AD mice.

Figure 3. DNA damage is accumulated in the cochlea. (A) Schematic drawing of the mouse cochlea and auditory cortical regions for recording.
(B) Heatmap of pathways from NanoString analysis in the cochlea and auditory cortex. Significant pathways with a fold change of ≥1.5 from each com-
parison relative toWT. The heatmap shows significantly downregulated DNAdamage repair pathways in the cochlea. (C,D)Representative western blots
showing PAR, PARP1, and γH2AX in the cochlea and auditory cortex. (E–J) Quantification of PAR, PARP1, and γH2AX protein levels in the cochlea and
auditory cortex. The γH2AX bandwas normalized to loading controls β-actin. AC denotes the auditory cortex. (K)Relative NAD+ levels weremeasured in
the cochlea and auditory cortex of WT, Polβ+/−, 3xTgAD, and 3xTgAD/Polβ+/− mice at 4 weeks of age. n= 3 male mice per group. Note: The ratio of
NAD+/NADH in WT mice was lower in the auditory cortex compared with the cochlea. NAD+/NADH levels were normalized to total protein. *p< 0.05,
**p< 0.01, two-way ANOVA with Tukey’s multiple comparisons test. Error bars represent the mean ± SD.
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Accumulation of DNA damage and downregulation
of mitochondrial SIRT3 levels in the cochlea
increase the acetylation of SOD2

Mitochondrial SIRT3, the NAD+-dependent deacetylase, plays
an important role in hair cell survival by regulatingmitochondrial

function31,55, modulating reactive oxygen species, and limiting
oxidative damage to cellular components56–58. We hypothesized
that SIRT3 alteration in the cochlea may be involved in the hear-
ing loss in AD. We thus assessed the level of SIRT3 in Polβ,
3xTgAD, and 3xTgAD/Polβ+/− male mice. Western blot

Figure 4. Increased DNA damagemay affect the hearing adversely. (A)Outline for irradiation (IR) treatment and ABR recordings at 4weeks of age inWT
and 3xTgAD/Polβ+/− mice. (B) ABR threshold in male mice. (C) ABR threshold in female mice. n= 3–4 mice per group. (D,F) Representative western
blots showing γH2AX in the cochlea and auditory cortex of WT and 3xTgAD/Polβ+/− male mice. (E,G) Quantification of γH2AX protein levels in the
cochlea and auditory cortex. n= 3 mice per group. The γH2AX band was normalized to loading controls β-actin. #p< 0.05, IR-treated 3xTgAD/Polβ+/−

mice compared to 3xTgAD/Polβ+/− mice. Two-way ANOVA with Tukey’s multiple comparisons test. Error bars represent the mean ± SD. Note: §p is the
p value obtained with the student’s t-test as the two-way ANOVA analysis did not quite reach significance of p < 0.05.
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(Fig. 6A,B) and qPCR (Fig. 6D) analyses showed significantly
reduced expression of SIRT3 in the cochlea of AD male animals
compared toWTmice but no significant difference in the auditory
cortex (Fig. 6G,H,J). We next examined the protein expression of
SIRT3 in female mice. SIRT3 expression tended to decrease in
Polβ, 3xTgAD, and 3xTgAD/Polβ+/− female mice, but did not

reach significance (Supplementary Fig. 6). SIRT3 is a major
mitochondrial deacetylase, and we next measured its activity
by the acetylation state of its known substrate, superoxide dismu-
tase 2 (SOD2), in cochlea and auditory cortex samples. Acetylated
SOD2 (K68) was significantly increased in the cochlea of 3xTgAD
and 3xTgAD/Polβ+/− male mice compared to WT (Fig. 6C),

Figure 5. Phosphoglycerate mutase 2 (Pgam2) is downregulated in the cochlea of 3xTgAD and 3xTgAD/Polβ+/− mice. (A) Heatmap of gene expression
from NanoString analysis in the cochlea and auditory cortex. (B,C) Representative western blots show Pgam2 and Tbx2 in the cochlea and auditory
cortex. (D,H)Quantification of Pgam2 protein levels in the cochlea and auditory cortex. (E,I)Quantitative real-time PCR (qPCR) analysis for the relative
gene expression of Pgam2 in the cochlea and auditory cortex. (F,J)Quantitative measurement of Pgam2 levels in the cochlea and auditory cortex. (G,K)
Quantification of Tbx2 protein levels in the cochlea and auditory cortex. Pgam2 and Tbx2 bands were normalized to loading controls β-actin. n= 3male
mice per group. *p< 0.05, **p< 0.01, two-way ANOVA with Tukey’s multiple comparisons test. Error bars represent the mean± SD.
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indicating reduced SIRT3 activity. Notably, acetylated SOD2 was
significantly increased in 3xTgAD/Polβ+/− male mice in the audi-
tory cortex (Fig. 6I) and in female mice as well (Supplementary
Fig. 6). In the absence of SIRT3, there is increased oxidative
stress, impairment of mitochondrial function, and apoptosis
under stress59. Thus, we explored expression of the apoptosis-

related proteins, BAX and Caspase-3, in the cochlea and auditory
cortex of 3xTgAD and 3xTgAD/Polβ+/− male mice. The results
demonstrated that mRNA levels of these proteins in the cochlea
were significantly increased in 3xTgAD/Polβ+/− male mice com-
pared with WT, but not in 3xTgAD male mice (Fig. 6E,F). While
we detected a decrease in SIRT3 levels in the cochlea, we did not

Figure 6. Increased DNA damage decreases sirtuin 3 (SIRT3) levels in the cochlea of 3xTgAD and 3xTgAD/Polβ+/− mice. (A,G) Representative western
blots show SIRT3, SOD2, and Ac-SOD2 (acetyl K68) in the cochlea and auditory cortex. (B,C,H,I) Quantification of SIRT3 and Ac-SOD2 (acetyl K68)
protein levels in the cochlea and auditory cortex. (D–F,J–L) qPCR analysis for the relative gene expression of SIRT3, BAX, and Caspase-3 in the cochlea
and auditory cortex. n= 3 male mice per group. The Ac-SOD2 band was normalized to total SOD2. The other bands were normalized to loading controls
β-actin. *p< 0.05, **p< 0.01, two-way ANOVA with Tukey’s multiple comparisons test. Error bars represent the mean± SD. Note: §p is the p value
obtained with the student’s t-test.
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observe a similar difference in the auditory cortex (Fig. 6K,L).
Together, these results suggest that SIRT3 downregulation in
the cochlea may be associated with cochlear cell survival.

Discussion

In this study, we investigated hearing function in 3xTgAD and
3xTgAD/Polβ+/− mice. We first demonstrated that ABR thresh-
olds are significantly increased between 16 and 32 kHz at 4weeks
of age in both 3xTgAD and 3xTgAD/Polβ+/− mice, many months
before the earliest onset of behavioral changes in these mice
(Fig. 7). One of themost significant findings in this study was that
3xTgAD and 3xTgAD/Polβ+/−mice show earlier hearing loss than
previous studies in other AD mouse models21,22. Our data show
that 3xTgAD and 3xTgAD/Polβ+/− mice have a significantly ear-
lier onset of age-related hearing loss than WT, and this is consis-
tent with the hypothesis that hearing impairment is an early
biomarker of AD pathology. Here, it must be noted that both
WT and 3xTgAD/Polβ+/− mice in this study have the CDH23
R72W mutation common in the C57/Bl6J background strain.
Thismutation accelerates both noise and age-related hearing loss,
which can be a confounding factor but also a useful tool for study-
ing progressive hearing loss phenotypes, which may otherwise
have very long timelines.

For hearing analysis, ABR, an objective measurement of audi-
tory pathway function from the auditory nerve to the mesen-
cephalon, measures the neuronal electrophysiology in response
to sound, and DPOAE quantifies the outer hair cell function in
the cochlea. We investigated whether DNA damage or repair defi-
ciency is associated with hearing loss in AD mice. We observe no
significant differences at high frequencies (24–32 kHz) between
3xTgAD and 3xTgAD/Polβ+/− mice; however, as shown in
Figure 1B, we observed that the ABR thresholds in the DNA
repair-deficient, 3xTgAD/Polβ+/− mice were significantly in-
creased compared to 3xTgAD mice, suggesting that Polβ DNA
repair deficiency can be implicated in hearing loss. We also quan-
tified the amplitudes of individual ABR waves in each mouse
group (Fig. 1). The first wave (wave I) captures the activity of
IHCs, afferent auditory neurons, synaptic transmission, and the
synaptic connectivity between them46–48. Because wave ampli-
tude is difficult to measure at low decibel sounds, we analyzed
wave amplitude in response to higher decibel sounds (90 dB)
to account for all mice, including those with prominent hearing
dysfunction. We found that the average wave amplitude declined

significantly at 4 weeks of age in both 3xTgAD and 3xTgAD/
Polβ+/− mice compared to WT mice. We also quantified the wave
latency, which is determined by the time between the initial audi-
tory stimulus and the peak of a wave. As expected, the latency of
wave I was delayed. The reduction in the wave magnitude and
increase in wave latency indicate a hearing deficit and are corre-
lated with synapse loss as measured by immunofluorescence
imaging (Fig. 2). Together, our data indicate a deficit in the coch-
lear component of the auditory pathway, including hair cell and
synapse loss. However, the hair cell and synapse loss were not suf-
ficient to explain the magnitude of hearing loss, suggesting addi-
tional defects in other cell types and structures in the cochlea.

Here, we find that biological sex differences affect the hearing
dysfunction of AD. The ABR thresholds in males are significantly
higher in 3xTgAD/Polβ+/− mice than in 3xTgAD mice at 16 kHz,
but not in female mice. Notably, the ABR waveforms, particularly
wave I, showed a difference in 3xTgAD and 3xTgAD/Polβ+/−mice
in both male and female. We observed that 3xTgAD and 3xTgAD/
Polβ+/− male mice had increased latency compared to WT mice;
however, latency in female was largely changed only in 3xTgAD/
Polβ+/−mice (Fig. 1F,G). Furthermore, we found that DPOAE lev-
els at 16 kHz in these male mice were significantly reduced com-
pared with WTmice (Fig. 1H), but this was not the case in female
mice (Fig. 1I). Consistent with previous studies60,61, our results
collectively showed that male mice are more susceptible to hear-
ing impairment than females. It has been suggested that men are
twice as likely to have hearing loss as women among adults aged
20–6960. Themale cochleawas found to be longer than the female
cochlea by approximately 1.11mm. It has been hypothesized that
variations in the cochlea length can influence the rigidity of the
basilar membrane61. On the other hand, women are more likely
than men to be diagnosed with any dementia, including AD62.
While the mechanisms and causality of the gender-specific asso-
ciation for the relationship between hearing loss and AD remain
unclear, a few theories have been proposed. Sex differences in
hearing and dementia may result from hormonal differences
between males and females63. Specifically, estrogen plays a sig-
nificant role in both the development of the inner ear and the
hearing process64. Furthermore, our previous research investi-
gated whether biological sex impacts systemic metabolic altera-
tions in 3xTgAD and 3xTgAD/Polβ+/− mice. Sex differences in
brain mitochondrial metabolism were observed65. We found a
mitochondrial complex I-specific impairment in cortical synaptic
brain mitochondria in female AD mice but not male mice. In the

Figure 7. Schematic drawing of the time sequence of occurrence of hearing loss and typical Alzheimer’s disease (AD) phenotypes in 3xTgAD and 3xTgAD/
Polβ+/− mice. Hearing analyses (ABR and DPOAE) in the 3xTgAD and 3xTgAD/Polβ+/− mice were performed and significant elevation of ABR thresholds
and reduction of DPOAE signal were observed at 4 weeks of age. Hearing impairment was much earlier than the occurrence of the AD phenotype, which
appeared from 4 months of age. Cognitive impairment and smell loss (6 months). Amyloid plaque (14 months). Tau tangles (24 months).
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hippocampus, Polβ haploinsufficiency caused synaptic complex I
impairment in male and female mice65. Future studies investigat-
ing longitudinal changes to both the brain and cochlea of ADmice
and humans will hopefully yield new insights into the sex-depen-
dent relationship between hearing loss and dementia.

DNA damage accumulation is observed in the brains of AD
patients and is well established as a significant causal factor in
aging and neurodegeneration36,37. We compared two regions
and identified an association between increased DNA damage
and hearing loss in the cochlea and auditory cortex, which is
the first region of the cerebral cortex to receive auditory inputs66.
Auditory input arriving at the cochlea is transmitted through the
auditory nerve to the cochlear nucleus, which is divided into dor-
sal and ventral regions in the brainstem. The superior olivary
complex, traveling through several of its nuclei, receives input
from the cochlear nucleus and has three nuclei involved in audi-
tory input processing: the lateral superior olive, the medial supe-
rior olive, and the medial nucleus of the trapezoid body. The
superior olivary complex then projects to the inferior colliculus
in the midbrain through the fibers of the lateral lemniscus, syn-
apsing in the lateral lemniscus nucleus. From the inferior collicu-
lus, information travels to the medial geniculate body, which lies
in the thalamus and is the last auditory center before reaching the
auditory cortex, integrating information from several regions of
the auditory system66–68.

Compared to WT male mice, increased PAR, PARP1, and γ-
H2AX were detected in the cochlea of 3xTgAD and 3xTgAD/
Polβ+/− male mice at 4 weeks of age, whereas the auditory cortex
was not significantly affected (Fig. 3). Interestingly, we also
observed significant differences between the cochlea and the
auditory cortex in diverse signaling pathways. In addition, a sig-
nificant decline in NAD+ levels was observed in the cochlea com-
pared with the auditory cortex (Fig. 3). Of note, we found a
potential mechanism through IR treatment indicating that DNA
damage in the cochlea may be related to early hearing loss in
AD mice. We found a significantly different DNA damage
response to IR stress between the cochlea and cerebral cortex
in 3xTgAD/Polβ+/− male mice. Changes in the audiometry of
3xTgAD/Polβ+/− male mice and an increase in phosphorylation
of H2AX at Ser139 in the cochlea following IR stress suggest that
the cochlea responds earlier to DNA damage than the auditory
cortex (Fig. 4). Thus, evaluation of DNA repair markers indicates
that the cochlea tissues might have less DNA damage repair
capacity or a higher damage load than the auditory cortex.

It is thought that most hearing loss, both age-related and early-
onset, is due to damage to components of the middle or inner
ear. In mammals, hair cells lack regenerative capacity, and their
death leads to permanent hearing loss and vestibular
dysfunction27–29,69. We investigated potential underlying molecu-
lar mechanisms, including DNA damage and impairment of hair
cells in early hearing loss. To address this, we performed gene
expression analysis by NanoString Technologies in the cochlea
and auditory cortex. According to the NanoString metabolic path-
way panel, the Pgam2 gene was highly downregulated in the coch-
lea of 3xTgAD and 3xTgAD/Polβ+/− male mice compared to WT
mice (Fig. 5). One of the significant findings was that the Pgam2
gene was significantly changed only in the cochlea of male mice
and not in female mice (Supplementary Fig. 6). This finding is
interesting because both Pgam2 and Eno3 are genes involved in
the development of the inner ear sensory organs70,71, and in
humans, men tend to have higher rates of hearing loss thanwomen
at a similar age60,72. Pgam is involved in a critical energy-producing

process known as glycolysis and gluconeogenesis, which catalyzes
the transformation between3-phosphoglycerate and2-phosphogly-
cerate and is widely found in various tissues73. Pgam2 is mainly
expressed in the muscle tissue (skeletal muscle and cardiacmuscle)
and is expressed highly at skeletal muscle development stages74.
Pgam2-K176Rmutation significantly impairs cell glycolysis, which
is much involved in various tissues and degenerative disorders as
well as mitochondrial dysfunction that causes lower basal oxygen
consumption rates, spare respiratory capacity, proton leaks, and
ATP production74,75. Notably, Pgam2 levels are downregulated in
the prefrontal cortex of AβPP/PS1mice brain76. Pgam2 is also asso-
ciated with the development of the inner ear sensory organs70,71.
We examined whether the expression of Pgam2 or the number of
hair cells (inner and outer) declined in the cochlea of AD mice.
The levels of Pgam2, IHCs, and the synaptic ribbon counts in the
base regions were reduced in 3xTgAD/Polβ+/− male mice relative
toWTmalemice (Figs. 2 and 5). Despite the dramatic hearing loss,
the number of outer hair cells was not significantly affected in the
cochlea of 3xTgAD/Polβ+/− male mice; however, we found that
the outer hair cell number tended to be reduced in the cochlea of
the base region, and DPOAE levels in these mice were significantly
reduced compared with WT mice (Fig. 1H,I). We also detected a
significant difference in Tbx2 levels, which is an essential transcrip-
tion factor in the process of hair cell development, in the cochlea
between 3xTgAD and 3xTgAD/Polβ+/− male mice (Fig. 5G), indi-
cating that DNA damage or DNA repair deficiency in the cochlea
may impair developing earhair cells, and itwas also associatedwith
early hearing impairment. In line with these findings, we suggest
that a reduction in IHCs and a decrease of functional synapses, as
well as downregulation of Pgam2, in the cochlea, might be contrib-
uting to early hearing loss in AD. However, the magnitude of hear-
ing loss is not fully explained by the observed levels of synaptopathy
or hair cell loss. Future studies are needed to identify key targets.

Mitochondrial health plays a key role in regulating the cellular
functions of hair cells. It is widely considered that mitochondrial
impairment leads to hearing loss and that hearing dysfunction is
often observed in patients withmitochondrial disorders. Previous
studies suggested that mitochondrial dysfunction is one of the
potential risk factors for sensorineural hearing loss77,78. Our cur-
rent work suggests that increased DNA damage in the cochlea of
AD mice is associated with the impairment of hair cells. We show
that Polβ+/−, 3xTgAD, and 3xTgAD/Polβ+/− male mice expressed
lower levels of SIRT3 than WT male mice in the cochlea and then
examined the acetylation state of SOD2, a target protein for
SIRT3, in maintaining mitochondrial function79. Interestingly,
alterations in SIRT3 have been observed in the cochlea of male
but not female mice (Supplementary Fig. 6), suggesting that
biological sex differences might affect SIRT3 alteration in the
cochlea. The ratio of acetylated SOD2 on lysine 68 to SOD2 was
significantly increased in AD (Fig. 6), demonstrating reduced
activity of SIRT3. Furthermore, an increase in oxidative stress,
reactive oxygen species, autophagy, and upregulation of apopto-
sis-related proteins were observed in the cochlea of 3xTgAD and
3xTgAD/Polβ+/−malemice. The NAD+-dependent mitochondrial
SIRT3 has been reported to play an important role in maintaining
mitochondrial integrity, energymetabolism, and regulatingmito-
chondrial oxidative pathways56,57. Experimental evidence sup-
ports SIRT3’s role in protection against hearing loss and hair
cell dysfunction by regulating mitochondrial function. Adminis-
tration of the NAD+ precursor, nicotinamide riboside, can prevent
spiral ganglia neurite degeneration and noise-induced hearing
loss, which is mediated by SIRT380. In vitro, increased SIRT3
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expression protects cells from oxidative stress-induced cell death
and inhibits apoptosis in age-related SGNs and hair cells81. SIRT3
overexpression reduced axonal degeneration induced by noise
exposure80 and significantly attenuated hair cell injury by activat-
ing SIRT3-mediated SOD2 deacetylation31. We suggest that
decreased SIRT3 in the cochlea leads to impaired mitochondrial
health and that this contributes to a decrease in the number of hair
cells in the cochlea and increased hair cell damage by activating
SOD2 acetylation. Interestingly, mitochondrial dysfunction has
been shown to have particularly deleterious effects on the stria
vascularis, which were not investigated in this study but perhaps
should be prioritized for future investigations82,83.

Collectively, our findings show the earliest hearing loss in AD
mice reported so far, suggesting that hearing loss may be an ear-
lier diagnostic measure compared with the occurrence of other
AD features21,22. We found that the increased DNA damage in the
cochlea was associated with a decreased number of ribbon synap-
ses and with NAD+ decline, Pgam2, and SIRT3 downregulation.
Our results indicate that the DNA damage in the cochlea may
be associated with the early-onset hearing loss in AD. Further
studies will be necessary to address a potentially causal relation-
ship between DNA damage accumulation and hearing loss.
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