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Abstract. Presbycusis is the most common sensory impair-
ment associated with aging; however, the underlying 
molecular mechanism remains unclear. Autophagy has been 
demonstrated to serve a key role in diverse diseases; however, 
no studies have examined its function in central presbycusis. 
The aim of the present study was to investigate the changes 
of autophagy in the physiological processes of the auditory 
cortex and its role in the degeneration of the auditory cortex, as 
well as the related mechanisms using naturally aging rats and 
a d-galactose (d-gal)-induced mimetic rat model of aging. 
The present study demonstrated that autophagy increased 
from 3 months to 15 months in the normal saline (NS) control 
group, while it decreased in the d-gal group. compared with 
the age-matched NS group, the d-gal group demonstrated 
significantly increased levels of the autophagy‑related proteins, 
Lc3 and Beclin 1 (BEcN1) and the anti-apoptotic proteins 
B-cell lymphoma (BcL)2 and BcL-extra large (BcL-xL) at 
3 months, with no obvious changes in cell apoptosis level and 
neuron ultrastructural morphology. However, Lc3, BEcN1, 

BcL2 and BcL-xL were decreased at 15 months in the d-gal 
group, with cell apoptosis significantly increased and substan-
tial neuron degeneration. Additionally, 5' AMP-activated 
protein kinase (AMPK) activity was enhanced, and mecha-
nistic target of rapamycin (mTOR) and ULK1 phosphorylation 
(Ser 757) activities were inhibited at 3 months compared with 
those of the NS group, while the opposite was observed at 9 
and 15 months. The present results suggested that autophagy 
increases from young to adult and decreases at old age in 
the physiological processes of the auditory cortex, and has 
anti-apoptotic as well as anti-aging functions in the degen-
eration of the auditory cortex. Additionally, autophagy was 
regulated through AMPK activation and mTOR suppression, 
and impairment of autophagy may serve a key role in the 
degeneration of the auditory cortex, even in the pathogenesis 
of central presbycusis.

Introduction

Age-related hearing loss (ARHL), also known as presbycusis, 
is a complex degenerative disease characterized by declining 
auditory function, including increased hearing thresholds and 
reduced frequency resolution (1). ARHL is one of the most 
prevalent and chronic conditions of older populations, affecting 
tens of millions of people worldwide (2), and may cause social 
isolation, depression, and even dementia (3). In addition to 
degeneration of the peripheral auditory organs, auditory cortex 
degeneration has been demonstrated to serve a crucial role in 
ARHL pathogenesis (4,5); however, the molecular mechanism 
is not well understood.

d-galactose (d-gal) is a reducing sugar and is oxidized 
into aldehydes and H2O2 when present at high levels (6). 
chronic systemic exposure of rats to d-gal has been used as 
an aging model for many years and is widely used to study 
atherosclerosis (7), reproductive system diseases (8,9) and 
neurodegenerative diseases, including Alzheimer's disease (10) 
and ARHL (11,12).

Autophagy is a ubiquitous process that occurs in plant, 
animal, and fungal cells (13), and three types of autophagy 
have been described: Macroautophagy (hereafter referred 
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to as autophagy), microautophagy and chaperone-mediated 
autophagy (14). In mammals, autophagy maintains homeostasis 
by regulating the degradation of cellular organelles and macro-
molecules and may be activated by starvation, hypoxia and 
exposure to toxic agents (13,15-18). ULK1 is a serine/threonine 
kinase, a homologue of yeast autophagy-related protein (Atg)1. 
In combination with Atg13, FIP200 and Atg101, ULK1 
initiates the autophagy process (19). Notably, ULK1 may be 
phosphorylated by mechanistic target of rapamycin (mTOR) 
and 5' AMP-activated protein kinase (AMPK) at different sites 
and perform dual functions (20). mTOR is a well-known nega-
tive regulator of autophagy, it phosphorylates ULK1 at Ser 757 
when nutrient levels are sufficient and represses its protein 
kinase activity, thereby blocking the initiation of autophagy (21). 
However, in response to nutrient deprivation, AMPK is acti-
vated and stimulates autophagy by directly activating ULK1 
via phosphorylation of Ser 317 and Ser 777 (20). In addition, 
AMPK promotes activation of autophagy by inhibiting the 
activity of mTOR complex 1 through phosphorylation of 
either Raptor or tuberous sclerosis complex 2, which subse-
quently suppresses the activity of mTOR (22,23). In addition 
to changes in nutrient levels, AMPK and mTOR may be acti-
vated by oxidative stress (24,25), and studies have indicated 
that AMPK and mTOR are essential modulators of the aging 
process (26,27). Additionally, previous studies have indicated 
that AMPK- and mTOR-dependent autophagy is involved in 
neurodegenerative diseases (28-30). Therefore, it was hypoth-
esized that AMPK and mTOR are involved in the regulation 
of autophagy in the degeneration of the auditory cortex in 
the present model. Furthermore, Tsuchihashi et al (25) 
suggested that 4E binding protein 1 (4EBP1), a key substrate 
of mTOR, impairs autophagy independent of mTOR, leading 
to premature senescence in auditory cells (25). However, 
there were no further studies on this, and whether 4EBP1 
regulates autophagy in the degeneration of the auditory 
cortex is unknown. Thus, this issue was investigated in the 
present study.

Autophagy has been demonstrated to serve important roles 
in various diseases, including cancer, heart disease, neurode-
generation, autoimmune diseases, aging and infection (31-35). 
At the organismal and cellular levels, autophagy has pro-death 
or pro-survival functions and has different interactions with 
apoptosis depending on the context (36-38). Nevertheless, to 
the best of our knowledge, no studies have focused on the role 
of autophagy and its interactions with apoptosis in central 
presbycusis.

changes of autophagy in the physiological/pathological 
processes of the auditory cortex are unclear, and the role of 
autophagy, as well as its related mechanisms, in the degen-
eration of the auditory cortex has not been studied. Therefore, 
the present study assessed changes of autophagy in the audi-
tory cortex of naturally aging rats and mimetic aging rats by 
8 weeks of d-gal injection, and further investigated the role of 
autophagy and its related mechanism in the degeneration of 
the auditory cortex.

Materials and methods

Ethics statement. All animal procedures were performed in 
strict accordance with the recommendations of the guide 

for the care and Use of Laboratory Animals of the National 
Institutes of Health (39). The experimental procedures were 
performed with the approval of the committee on the Ethics 
of Animal care and Use of Huazhong University of Science 
and Technology (Wuhan, china; permit no. IAcUc S512).

Animal procedures. A total of 180 male Sprague dawley 
(Sd) rats (70.10±11.46 g, 3-weeks old) were obtained from 
the Experimental Animal centre of Tongji Medical college, 
Huazhong University of Science and Technology. The rats 
were individually maintained in a temperature-controlled 
(23±2˚C with 50‑60% relative humidity) room with a 12‑h 
light/dark cycle and free access to water and food. Prior to 
treatment, the rats were allowed to acclimate for 1 week and 
were then randomly divided into a control group (n=90) and 
a mimetic aging group (n=90). The rats in the mimetic aging 
group were treated with d-gal (500 mg/kg/day; Sigma-Aldrich; 
Merck KgaA, darmstadt, germany) via subcutaneous injec-
tion for 8 weeks. The rats in the control group were injected 
with normal saline (NS; 500 mg/kg/day) on the same schedule. 
After the 8-week injection protocol, the rats in the two groups 
were further divided into a 3-month-old subgroup (just after 
the last injection), a 9-month-old subgroup (6 months after the 
last injection), and a 15-month-old subgroup (12 months after 
the last injection), in which the rats were sacrificed at 3, 9 and 
15 months, respectively.

DNA extraction and quantification of the mitochondrial (mt)
DNA 4,834‑bp deletion. Total dNA of the auditory cortex was 
extracted using a Genomic DNA Purification kit (Tiangen 
Biotech co., Ltd., Beijing, china), and TaqMan (Tiangen 
Biotech co., Ltd.) quantitative polymerase chain reaction 
(qPcR) analysis was used to determine the proportion of the 
mtdNA common deletion (cd). The d-Loop region copy was 
used as the conservative segment. The primers and probes for 
the mtdNA cd and mtdNA d-loop are listed in Table I, as 
previously described (40). PCR amplification was performed 
using a Lc-480 real-time PcR system (Roche diagnostics, 
Basel, Switzerland) in a 20-µl reaction volume. The cycling 
conditions included an initial phase at 95˚C for 30 sec, followed 
by 40 cycles at 95˚C for 5 sec and at 60˚C for 30 sec. Δcq 
(cqdeletion-cqd-loop) was used to reflect the abundance of the 
mtdNA 4,834-bp deletion. The relative expression indicating 
the factorial difference in the deletions between the NS group 
and the d-gal-treated group was calculated using the 2-ΔΔcq 

method (41), where ΔΔcq=ΔcqmtdNA deletion in d-gal-treated group - 

ΔcqmtdNA deletion in NS group.

Transmission electron microscopy (TEM). Following deep 
anesthesia, a total of 36 rats (n=6/subgroup) were perfused 
transcardially with 2.5% glutaraldehyde subsequent to brief 
perfusion with 0.9% sodium chloride. Following perfusion, the 
brain was dissected from the skull, and the auditory cortex was 
separated from the brain. Subsequently, the auditory cortex 
was fixed with the 2.5% glutaraldehyde at 4˚C for 12 h, and 
further fixation was performed using 1% osmium tetroxide 
at 4˚C. After 2 h, the auditory cortex was dehydrated using a 
series of ascending graded ethanol (50, 70, 80, 85, 90, 95 and 
100%). Next, the auditory cortex was treated with propylene 
oxide for ~0.5 h at room temperature and then embedded in 
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graded araldite (A3183; Sigma-Aldrich; Merck KgaA; 1/3 and 
1/2, pure araldite) for 12 h per step at 37˚C. Following this, 
the embedded samples were placed in a 60˚C incubator for 
48 h. Serial ultrathin sections (60-100 nm) were collected on 
copper grids and stained at room temperature with uranyl 
acetate for 30 min and then lead citrate for 10 min. A Tecnai 
g220 TWIN (FEI; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) transmission electron microscope was used to 
observe the ultrastructure of the sections at x1,700 and x5,000 
magnification.

Terminal deoxynucleotidyl‑transferase‑mediated dUTP nick 
end labelling (TUNEL) staining. Apoptosis was detected 
using TUNEL staining. Following deep anesthesia, a total 
of 36 rats (n=6/subgroup) were transcardially perfused with 
0.9% sodium chloride and 4% paraformaldehyde solution. 
Following the perfusion, separated brain sections were 
fixed with 4% paraformaldehyde solution overnight at 4˚C. 
Following rinsing with distilled water, brain sections were 
dehydrated in a graded alcohol series (70, 80, 90, 95, 100, 100 
and 100%), and immersed in paraffin after clearing in xylene. 
Serial 5-mm coronal sections containing the auditory cortex 
were deparaffinized in xylene and rehydrated through graded 

concentrations of ethanol (100, 100, 95, 90, 80 and 70%). 
Following a 0.5-h incubation with proteinase K (20 µg/ml; 
Roche Diagnostics) at 37˚C, the sections were stained using 
an In Situ cell death detection kit (Roche diagnostics), 
according to the ratio 1:9 of solution A and B, and incubated 
at 37˚C for 1 h. A DAPI staining solution (1 µg/ml; Beyotime 
Institute of Biotechnology, Haimen, china) was employed to 
counterstain the nuclei at room temperature for 10 min. The 
labelled cells were observed using a laser scanning confocal 
microscope (Nikon Corporation, Tokyo, Japan), and six fields 
of view for each section were observed.

RNA extraction and reverse transcription (RT)‑qPCR 
analysis. The auditory cortex tissues from 6 rats in each 
subgroup were separated and prepared for RNA extraction 
using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). 
Following this, an aliquot of the extracted RNA was imme-
diately reverse transcribed to cdNA using a PrimeScript 
RT Reagent kit (Takara Bio, Inc., Otsu, Japan). qPcR was 
performed with a Lightcycler 480 RT-PcR system (Roche 
diagnostics) using SYBR-green II PcR Master Mix (Takara 
Bio, Inc.). The primers were designed by Takara Bio, Inc., and 
are listed in Table II. β-actin was included as an endogenous 

Table II. Primers used for reverse transcription-quantitative polymerase chain reaction analysis.

genes Primer sequence (5'-3') Accession no.

Lc3 F: gTTAAgccccTAccAAggcA NM_022867.2
 R: AgggAcTgTTTccAgggAcT 
BEcN1 F: gAATggAggggTcTAAggcg NM_001034117.1
 R: cTTccTccTggcTcTcTccT 
BcL2-associated X protein F: gggccTTTTTgcTAcAgggT NM_017059.2
 R: TTcTTggTggATgcgTccTg 
BcL-extra large F: ATcTTggcTTTggATccTgg NM_031535.2
 R: ggggcTTcAgTccTgTTcTc 
BcL2 F: TcgcgAcTTTgcAgAgATgT NM_016993.1
 R: cAATccTcccccAgTTcAcc 
β-actin F: gcAggAgTAcgATgAgTccg NM_031144.3
 R: AcgcAgcTcAgTAAcAgTcc 

F, forward; R, reverse; BcL, B-cell lymphoma.

Table I. Probes and primers used for quantitative polymerase chain reaction analysis of mtdNA.

Name Probe/primer direction Sequence (5'-3')

d-Loop Probe TTggTTcATcgTccATAcgTTccccTTA
 Forward primer ggTTcTTAcTTcAgggccATcA
 Reverse primer gATTAgAcccgTTAccATcgAgAT
common deletion Probe TcAcTTTAATcgccAcATccATAAcTgcTgT
 Forward primer gATTAgAcccgTTAccATcgAgAT
 Reverse primer cgAAgTAgATgATccgTATgcTgTA
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control. The amplification conditions were as follows: 95˚C for 
5 min; 45 cycles of 95˚C for 10 sec, 60˚C for 20 sec, and 72˚C 
for 20 sec; followed by 95˚C for 5 sec and 65˚C for 60 sec. The 
relative mRNA expression levels in the control and mimetic 
aging groups were calculated using the 2-ΔΔcq method.

Protein extraction and western blotting. The protein expres-
sion levels were examined using western blotting. A total of 
36 rats (n=6/subgroup) were sacrificed, and their auditory 
cortices were dissected and lysed in radioimmunoprecipita-
tion assay lysis solution (Beyotime Institute of Biotechnology) 
containing phosphatase inhibitors and PMSF. A BcA 
Protein Assay kit (Beyotime Institute of Biotechnology) was 
used to determine the protein concentrations. The proteins 
were loaded onto 6 and 12% SDS‑PAGE, separated, and 
transferred to polyvinylidene difluoride membranes (EMD 
Millipore, Billerica, MA, USA). The membranes were incu-
bated in blocking solution [5% non‑fat milk (BD Biosciences, 
Franklin Lakes, NJ, USA) in Tris-buffered saline] for 1 h at 
room temperature. Subsequently, the membranes were incu-
bated overnight at 4˚C with the following primary antibodies: 
Lc3B (ab192890; 1:1,000; Abcam, cambridge, MA, USA), 
Beclin 1 (BEcN1; ab217179; 1:1,000; Abcam), p62 (ab155686; 
1:1,000; Abcam), cleaved caspase 3 (cASP3; 9664; 1:500; 
cell Signaling Technology, Inc., danvers, MA, USA), B-cell 
lymphoma 2 (BcL2)-associated X protein (BAX; 34260; 
1:500; Signalway Antibody LLc, college Park, Md, USA), 
BcL-extra large (BcL-xL; 21061; 1:500; Signalway Antibody 
LLc), BcL2 (ab59348; 1:500; Abcam), phosphorylated 
(p)-AMPK (sc-33524; 1:1,000, Santa cruz Biotechnology, 
Inc., dallas, TX, USA), p-mTOR (SAB4504476; 1:800; 
Sigma-Aldrich; Merck KgaA), p-ULK1 (14202; 1:1,000; 
cell Signaling Technology, Inc.), Atg13 (ab201467; 1:1,000; 
Abcam), Atg5 (44254; 1:2,000; Signalway Antibody LLc), 
Atg7 (38148; 1:500; Signalway Antibody LLc), p-4EBP1 
(2855; 1:800; cell Signaling Technology, Inc.) and β-actin 
(ab8227; 1:3,000; Abcam). The membranes were incubated 
with the corresponding secondary antibodies (ANT019; 
ANT020; 1:4,000; Antgene Biotech co., Ltd., Wuhan, china) 
for 60 min at room temperature. Enhanced chemiluminescent 
Plus (Beyotime Institute of Biotechnology) was used to visu-
alize the membranes. The protein levels were normalized to 
the level of β-actin in the corresponding lanes and ImageJ 10.0 
software (National Institutes of Health, Bethesda, Md, USA) 
was used for densitometry.

Immunofluorescence. The cleaved cASP3, Lc3, BEcN1, p62 
and BcL2 protein levels were also examined using immu-
nofluorescence. Following deep anesthesia, a total of 36 rats 
(n=6/subgroup) were transcardially perfused, and separated 
brain sections were fixed with 4% paraformaldehyde solution 
overnight at 4˚C. Subsequent to rinsing with distilled water, 
brain sections were dehydrated in graded alcohol series (70, 
80, 90, 95, 100, 100 and 100%), and immersed in paraffin after 
clearing in xylene. A 5‑um paraffin section was deparaffinized 
in xylene and rehydrated through graded concentrations of 
ethanol (100, 100, 95, 90, 80 and 70%). Following 10‑min 
citrate solution antigen repair in boiling water, donkey serum 
albumin (ANT051; Antgene Biotech co., Ltd.) was used to 
block nonspecific binding for 30 min at room temperature. 

Subsequently, the sections were incubated overnight at 4˚C 
with the aforementioned primary antibodies diluted to 1:200. 
The sections were then incubated with a secondary antibody 
(ANT024; 1:200; Antgene Biotech co., Ltd.) for 2 h after 
repeated washes with Tris-buffered saline-Tween-20. Sections 
that were not incubated with a primary antibody were used as 
the negative controls. A laser scanning confocal microscope 
(Nikon corporation) was used to observe the staining at x200 
and x600 magnifications.

Statistical analyses. The data were presented as the 
mean ± standard error of the mean. The statistical analyses 
were performed using SPSS 20.0 software (IBM corp., 
Armonk, NY, USA). Statistically significant differences 
between the groups were determined using one-way analysis 
of variance followed by Tukey's post hoc test, and P<0.05 was 
considered to indicate a statistically significant difference.

Results

D‑gal treatment elevates mtDNA CD in the auditory cortex. 
cds are also called mt 4,834-bp deletions and correspond to 
mtdNA 4,977-bp deletions in humans (42). Previous research 
has indicated an association between cd levels and presby-
cusis (43). TaqMan qPcR analysis demonstrated that d-gal 
treatment induced significantly higher CD levels in the D‑gal 
groups at all ages compared with the levels in the age-matched 
NS groups (Fig. 1). In addition, the cds accumulated with age 
in both the natural aging group and the mimetic aging group.

D‑gal treatment accelerates neurodegeneration and 
activates apoptosis. Neurons in the auditory cortex in the 
NS group did not display obvious ultrastructural changes in 
the 3- and 9-month-old rats (Fig. 2A and B). However, in the 
15-month-old rats in the NS group, swollen mitochondria, 
disrupted myelin and lipofuscin were observed (Fig. 2c). In 
the d-gal-treated groups, normal nuclei, mitochondria, golgi 
apparatus and rough endoplasmic reticulum were observed 
in the 3-month-old subgroup (Fig. 2d), whereas in the 
9-month-old d-gal-treated rats, irregular nuclei, condensed 
chromatin, accumulated lipofuscin, swollen mitochondria 
and disrupted myelin were identified (Fig. 2E). Additionally, 
these changes were more pronounced in the 15-month-old 
d-gal-treated rats (Fig. 2F). Furthermore, more autophago-
somes and auto-lysosomes were observed in the 15-month-old 
NS group and the 3- and 9-month-old d-gal subgroups, while 
few autophagosome and auto‑lysosomes were identified in the 
3- and 9-month-old NS subgroups and 15-month-old d-gal 
subgroup, particularly in the 15-month-old d-gal subgroup.

The detected protein level of cleaved cASP3 by western 
blotting and immunofluorescence assays, as well as the results 
of TUNEL staining (Fig. 3), revealed that apoptosis levels 
were significantly increased in the 9‑ and 15‑month‑old D‑gal 
groups compared with the levels in the respective NS control 
groups, and this level increased with age in both groups.

D‑gal treatment enhances autophagy activity and p62 
degradation. The mRNA levels of Lc3 and BEcN1 were 
increased at 3 and 9 months in the d-gal-treated groups; 
however, these levels were decreased at 15 months compared 
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with those in the age-matched NS control groups (Fig. 4A a-c). 
The same trend was observed for the protein expression levels 
of LC3 and BECN1 (Fig. 4A d‑f). The immunofluorescence 
images demonstrating the protein levels of Lc3 and BEcN1 
in the auditory cortex with aging are shown in Fig. 4B. It was 
demonstrated that autophagy was increased from 3 months to 
15 months in the NS group, while it decreased with aging in 
the d-gal group.

Furthermore, in addition to Lc3 and BEcN1, p62 protein 
expression levels were detected using western blotting and 
immunofluorescence assays. p62 expression levels were 
significantly decreased in the 3‑month‑old D‑gal subgroup 
compared with the levels in the age-matched NS group, 
while these levels were significantly increased at 15 months 
compared with those in the NS groups (Fig. 5). Additionally, 
these autophagy-related proteins demonstrated approximately 
equivalent levels in the 9-month-old d-gal induced mimetic 
aging group and 15-month-old NS group.

Apoptosis and autophagy levels in the auditory cortex change 
with aging. By investigating the levels of cd, and cell apop-
tosis and neuronal degeneration at 3, 9 and 15 months in the 
two groups, the present results demonstrated that the aging 
level in the 15-month-old rats in the NS group was higher than 
those in 9-month-old NS subgroup. Additionally, the present 
results indicated that 9-month-old rats in the d-gal-treated 
group presented an approximately similar life status compared 
with that of the 15-month-old rats in NS group, which was 
further confirmed by immunofluorescence analyses of LC3 
and BEcN1. Furthermore, neuronal degeneration and cell 
apoptosis were more apparent in the 15-month-old d-gal 
subgroup than the 9-month-old d-gal subgroup. The present 
results revealed that the function of d-gal exposure that 
accelerated the aging in rats was confirmed in the present 
study, which is consistent with previously research (6,44). 
The lifespan of the majority of Sd rats is 2.5-3 years, and 
15 months is equivalent to the late adult period of rats and 
roughly equivalent to 40-year-old humans (45). In other words, 

Figure 1. cd levels increase in d-gal-induced mimetic aging rats. A quantita-
tive polymerase chain reaction analysis was used to measure the accumulation 
of mtdNA cd. The cd levels in the d-gal-induced mimetic aging rats were 
higher than those in the age-matched NS subgroups, and the cd levels 
increased with aging in both groups. data are expressed as mean + standard 
error of the mean. *P<0.05 and **P<0.01 vs. the age-matched NS subgroups; 
^P<0.01 vs. the 3-month-old NS subgroup; #P<0.05 vs. the 3-month-old d-gal 
group. cd, common deletion; d-gal, d-galactose; mtdNA, mitochondrial 
dNA; NS, normal saline.

Figure 2. Ultrastructural morphology changes with aging in the NS and d-gal groups. Transmission electron microscopy demonstrated ultrastructural 
changes in the auditory cortex of the NS and d-gal groups at different ages. Transmission electron microscopy images of the NS groups at (A) 3, (B) 9 and 
(c) 15 months, and the d-gal groups at (d) 3, (E) 9 and (F) 15 months. The red asterisks indicate the mitochondria; the black arrows indicate the disrupted 
myelin; the yellow arrows indicate the autophagosomes; the red arrows indicate the auto-lysosomes; the white arrows indicate the endoplasmic reticulum; and 
the black arrowheads indicate the lipofuscin. Scale bar, 2 mm at magnification, x1,700 and 1 mm at magnification, x5,000. Sections were stained with uranyl 
acetate and lead citrate. N, nucleus; g, golgi apparatus; NS, normal saline; d-gal, d-galactose.
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rats in the 15-month-old NS subgroup and 9-month-old d-gal 
subgroup were classified as late adults; 15‑month‑old rats in 
the d-gal-induced mimetic aging group demonstrated more 
severe aging than that of other subgroups and should be clas-
sified in the old period.

Based on the present results, it was demonstrated that cell 
apoptosis level increased with aging in the auditory cortex of 
Sd rats, while the level of autophagy showed an increasing 
trend from young to adult rats and decreased at an old 
age (Fig. 6).

Figure 3. cell apoptosis level is altered at different ages in the auditory cortex in NS- and d-gal-treated rats. The results of (A) cleaved cASP3 protein 
expression by western blotting, and (B) immunofluorescence and TUNEL staining were used to reflect the apoptosis level. β-actin was included as a loading 
control, and dAPI was used to stain the nuclei. *P<0.05, **P<0.01 and ***P<0.001 vs. the age-matched NS subgroup; ^P<0.001 vs. the 3-month-old NS subgroup; 
#P<0.001 vs. the 3‑month‑old D‑gal subgroup. Data are expressed as mean + standard error of the mean. Scale bar, 50 mm at magnification, x600. NS, normal 
saline; d-gal, d-galactose; cASP3, caspase 3; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end labelling.
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Figure 4. mRNA and protein expression levels of Lc3 and BEcN1 in the natural aging group and d-gal-induced mimetic aging group. (Aa-c) Reverse 
transcription-quantitative polymerase chain reaction was used to determine the changes in the mRNA expression levels in the d-gal group compared with 
those in the age-matched NS group. (Ad-f) Western blot analysis was used to detect the protein expression levels of Lc3-II and BEcN1. β-actin was included 
as a loading control. (B) Changes in LC3 and BECN1 protein expression with aging were demonstrated using immunofluorescence, and the nuclei were stained 
with dAPI. data are expressed as mean + standard error of the mean. *P<0.05, **P<0.01 and ***P<0.001 vs. the age-matched NS subgroup; ^P<0.01 vs. the 
3-month-old NS subgroup; #P<0.001 vs. the 3‑month‑old D‑gal subgroup. Scale bar, 100  mm at magnification, x200 and 50 mm at magnification, x600. NS, 
normal saline; d-gal, d-galactose; BEcN1, Beclin 1.
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D‑gal treatment initially increases anti‑apoptotic proteins, 
including BCL2 and BCL‑xL, and then impairs them. 
Previous research has suggested that autophagy has an 
anti-apoptotic effect in injured spinal cord neurons (46). To 
investigate the role of autophagy in the present study, in addi-
tion to the detection of apoptosis level by TUNEL analysis 
and cleaved cASP3, the changes in the BcL2 family proteins 
(BcL2, BcL-xL and BAX) were also assessed. mRNA 
and protein expression levels of anti-apoptotic proteins, 
BcL2 and BcL-xL, as well as the ratio of BcL2/BAX and 

BCL‑xL/BAX were significantly increased at 3 months in the 
mimetic aging groups but decreased at 15 months compared 
with those in the age-matched NS control groups. However, 
the mRNA and protein levels of pro-apoptotic protein, 
BAX, demonstrated no significant changes at 3 months in 
the mimetic aging groups, but increased significantly at 9 
and 15 months compared with those in the age-matched NS 
control groups (Fig. 7A). The immunofluorescence images 
demonstrated that BcL2 was increased from 3 to 15 months 
in the NS group, while it decreased with aging in the d-gal 
group (Fig. 7B).

D‑gal treatment induces activation of the AMPK‑mTOR‑ULK1 
signaling pathway in the auditory cortex. To investigate the 
hypotheses regarding the activation and inhibition of autophagy, 
the protein expression levels of the AMPK-mTOR-ULK1 
signaling pathway in the auditory cortex were detected using 
western blotting. Representative western blots demonstrated 
that the expression of p‑AMPK was significantly increased 
in a compensatory manner at 3 months, but significantly 
decreased at 9 and 15 months in the d-gal groups compared 
with its expression in the age-matched NS group. However, 
p-mTOR and p-ULK1 demonstrated an inverse trend with 
p-AMPK. Additionally, the autophagy-related protein Atg13 
was significantly increased at 3 and 9 months in the D‑gal 
group compared with the levels in the age-matched NS 
group (Fig. 8), which was consistent with the expression results 
for Lc3-II and BEcN1.

The 4EBP1 phosphorylation level was also investigated. As 
demonstrated in Fig. 9, the expression level of p-4EBP1 was 

Figure 5. Protein expression levels of p62 in the auditory cortex at different ages in NS- and d-gal-treated rats. Western blot analysis of the NS and d-gal 
groups at (A) 3, (B) 9 and (C) 15 months. (D) Immunofluorescence assays were used to detect p62 protein expression levels, the nuclei were stained with DAPI 
and (E) the levels were quantified. β-actin was included as a loading control. data are expressed as mean + standard error of the mean. *P<0.05 and **P<0.01 vs. 
the age-matched NS subgroup; ^P<0.05 vs. the 3-month-old NS subgroup; #P<0.001 vs. the 3‑month‑old D‑gal subgroup. Scale bar, 100 mm at magnification, 
x200 and 50 mm at magnification, x600. NS, normal saline; D‑gal, D‑galactose.

Figure 6. Time-dependent changes in apoptosis and autophagy in the audi-
tory cortex of Sprague dawley rats. (A) The trend in cell apoptosis with aging 
was based on the results of terminal deoxynucleotidyl-transferase-mediated 
dUTP nick end labelling staining. (B) The trend in autophagy changes with 
aging was based on the results of the immunofluorescence analysis of the 
autophagy marker, Lc3. The 3-, 9- and 15-month-old rats in the normal saline 
groups and the 15-month-old rats in d-galactose group represent the young 
period, early adult period, late adult period and old period, respectively.
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Figure 7. mRNA and protein expression levels of BcL2, BcL-xL and BAX in the NS natural aging group and d-gal-induced mimetic aging group. 
(Aa-c) Reverse transcription-quantitative polymerase chain reaction and (Ad-f) western blotting were used to study the mRNA and protein expression levels 
in the d-gal group and NS group, respectively. β-actin was used as a loading control. (B) Visualization of changes of BcL2 protein expression with aging was 
demonstrated using immunofluorescence, and the nuclei were stained with DAPI. Data are expressed as mean ± standard error of the mean. *P<0.05, **P<0.01 
and ***P<0.001 vs. the age-matched NS subgroup; ^P<0.01 vs. the 3-month-old NS subgroup; #P<0.001 vs. the 3-month-old d-gal subgroup. Scale bar, 100 mm 
at magnification, x200 and 50 mm at magnification, x600. NS, normal saline; D‑gal, D‑galactose; BCL2, B‑cell lymphoma 2; BCL‑xL, B‑cell lymphoma‑extra 
large; BAX, B-cell lymphoma 2-associated X protein. 
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significantly increased at 3 and 9 months in the D‑gal groups 
compared with that in the age-matched NS groups. However, 
the autophagy‑related proteins Atg5 and Atg7 were signifi-
cantly increased at 3 months, while significantly decreased at 
15 months in d-gal groups compared with the levels in the 
age-matched NS group. These results suggest that there is no 
obvious relevance between 4EBP1 activity and autophagy 
regulation. Based on these findings, it was hypothesized that 
p-4EBP1 was not involved in the inhibition of autophagy in the 
present model. Additionally, the potential relationships among 
AMPK, mTOR, p-ULK1 (Ser 757), autophagy and apoptosis 
in the present model are presented in Fig. 10.

Discussion

Autophagy is a cellular catabolic process that is essential for 
survival, differentiation, development and homeostasis (47). A 
large body of evidence indicates that autophagy declines with 
aging (48,49). However, age-related increases of autophagy 
in rat nucleus pulposus and pancreatic islet cells have also 
been reported (50,51). Recent research has suggested that 
autophagy increases from the perinatal period to adulthood 
and then declines after the age of 12 months in the inner ear 
of mice (52). However, no studies have examined autophagy 
in the auditory cortex and the changes with age. In the present 
study, 3-, 9- and 15-month-old rats in the natural aging and 
d-gal induced mimetic aging groups were observed. The 
present results demonstrated that autophagy-related proteins, 
Lc3 and BEcN1, were increased from 3 months to 15 months 
in the natural aging group and decreased at 15 months in 
the mimetic aging group, while the degradation of p62 
demonstrated an inverse trend. These results suggest that 
autophagy level is time-dependent and increases from young 
to adult rats and decreases at an old age in the auditory cortex 
of Sd rats.

Ultrastructural morphology of neurons and cell apoptosis 
level in the mimetic aging group demonstrated no significant 
differences with those of the age-matched NS group, while 
the autophagy level increased. However, at 15 months, it was 
observed that autophagy in the mimetic aging group was 
significantly decreased compared to that in the age‑matched 
natural aging group, and neuron degeneration and cell 
apoptosis were more severe than that in the NS group, as 
expected. It was concluded that autophagy serves a protec-
tive role in the degeneration of the auditory cortex, and a 
compensatory increase in autophagy at 3 months protected 
the auditory cortex from d-gal-induced premature senes-
cence. deficient or impaired autophagy lost its protective 
function, leading to the acceleration of apoptosis and finally 
senescence.

The protective role of autophagy was further demonstrated by 
investigating anti-apoptotic protein levels of BcL2 and BcL-xL 
in the present study. It was demonstrated that autophagy had a 
similar trend to that of BcL2 and BcL-xL in natural aging and 
mimetic aging rats, and it was concluded that autophagy cooper-
ated with BcL2 and BcL-xL to exert anti-apoptotic effects in 
the present rat model. However, BcL2 and BcL-xL have been 
reported to suppress autophagy by binding BEcN1 directly via 
its BH3 domain, preventing activation of autophagy (53,54); 
however, relevant evidence showing that autophagy was inhibited 

Figure 9. changes to the p-4EBP1 protein expression levels in the audi-
tory cortex with aging in the NS and d-gal-induced mimetic aging rats. 
The effects of d-gal treatment on the expression of p-4EBP1 in the (A) 3-, 
(B) 9- and (c) 15-month-old NS and d-gal groups as determined by 
western blotting. There was no obvious correlation between p-4EBP1 and 
autophagy-related proteins. β-actin was used as a loading control. data are 
expressed as mean + standard error of the mean. *P<0.05 and **P<0.01 vs. 
the age-matched NS subgroups. NS, normal saline; d-gal, d-galactose; p, 
phosphorylated; Atg, autophagy-related protein.

Figure 8. Effects of d-gal treatment on the AMPK-mTOR-ULK1 signaling 
pathway in the auditory cortex. Western blotting was used to detect the 
protein expression levels of the AMPK-mTOR-ULK1 signaling pathway 
in the (A) 3-, (B) 9- and (c) 15-month-old NS and d-gal groups. β-actin 
was included as a loading control. data are expressed as mean + standard 
error of the mean. *P<0.05, **P<0.01 and ***P<0.001 vs. the age-matched NS 
subgroups. NS, normal saline; d-gal, d-galactose; AMPK, 5' AMP-activated 
protein kinase; mTOR, mechanistic target of rapamycin; p, phosphorylated; 
Atg, autophagy-related protein.
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by BCL2 and BCL‑xL was not identified in the present study. In 
addition, Pattingre et al (55) demonstrated that BcL2 interacts 
with BEcN1 to maintain autophagy at levels that are compatible 
with cell survival rather than cell death, and Al-Shenawy (56) 
found a positive correlation between BEcN1 and BcL-XL/BcL2 
expression in studies on autophagy-related marker, BEcN1, and 
its relationship with apoptotic markers in chronic hepatitis and 
hepatocellular carcinoma. Hence, the present study assumed that 
BcL2 and BcL-xL acted as anti-apoptotic proteins rather than 
inhibitors of autophagy.

Activation of AMPK was significantly increased in the 
mimetic aging group at 3 months, and p-mTOR and p-ULK1 
(Ser 757) levels decreased, which could account for the rise of 
autophagy at 3 months in the mimetic aging group. However, 
an accordant decrease of autophagy at 9 months in the d-gal 
group was not identified, while AMPK activity was notably 
decreased and p-mTOR and p-ULK1 were increased. It 
was hypothesized that the loss of activation by AMPK and 
increased inhibition by mTOR failed to suppress autophagy 
activity until 15 months. As a major inhibitor of autophagy, 
high mTOR activity prevents ULK1 activation by phosphory-
lating it at Ser 757, disrupting the interaction between ULK1 
and AMPK, and finally suppressing autophagy (20). Previous 
research has indicated that increased 4EBP1 activity results 
in the impairment of autophagy in H2O2-induced premature 
senescence in auditory cells (25). However, by detecting 4EBP1 
activity and autophagy-related proteins, Atg5 and Atg7, the 
present study demonstrated that 4EBP1 phosphorylation was 
increased at 3 and 9 months in the d-gal group compared with 
that in the age‑matched NS group, and no significant difference 
was observed at 15 months. Atg5 and Atg7 were increased at 

3 months and decreased at 15 months, indicating that 4EBP1 
activity may be not involved in the regulation of autophagy in 
the present model. Additionally, the present results revealed 
that 4EBP1 phosphorylation may be independent of mTOR, 
which is consistent with previous studies (25,57). We hypoth-
esized that 4EBP1 may have different functions in tissues and 
cells, and the specific role of 4EBP1 in regulating autophagy 
and its related mechanisms require further study. The present 
results demonstrated that AMPK and mTOR, as well as ULK1, 
are involved in the regulation of autophagy; however, the 
relationships between AMPK and autophagy, and mTOR and 
autophagy, need to be clarified. Research has demonstrated 
that death-associated protein 1 is a novel mTOR substrate and 
has an inhibitory role in autophagy (58).

In summary, by studying autophagy and apoptosis, as well as 
the AMPK-mTOR-ULK1 signaling pathway, in naturally aging 
rats and mimetic aging rats at 3, 9 and 15 months, the present 
study demonstrated that autophagy increased in a time-depen-
dent manner (from young to adult) and then decreased at old 
age. Furthermore, autophagy acts in a compensatory manner to 
block apoptosis and maintain homeostasis in the body, whereas 
the loss of AMPK activity and increased inhibition of mTOR 
signaling impaired autophagy. This may be one mechanism 
underlying the degeneration of the auditory cortex and may be 
partially responsible for the pathogenesis of ARHL. Although 
the molecular mechanisms involved in ARHL have yet to be 
fully elucidated, the present results provide important insights 
into the role of autophagy during d-gal-induced premature 
senescence of the auditory cortex. Based on these results, the 
activation of AMPK and the suppression of mTOR signaling may 
upregulate autophagy, which may delay the neurodegenerative 

Figure 10. Schematic of the interrelationships among p-AMPK, p-mTOR, p-ULK1, autophagy and apoptosis. Accumulated ROS results in the phosphorylation 
and activation of AMPK. Activated AMPK suppresses mTOR, thereby activating autophagy and exerting an anti-apoptotic function. Additionally, AMPK may 
directly activate autophagy through other mechanisms. However, excessive ROS and metabolites lead to impairment of AMPK activity, and increased activity 
of mTOR phosphorylates ULK1 at Ser 757, leading to the suppression of autophagy initiation. Autophagy and BcL2 cooperate against apoptosis and delay the 
process of senescence. AMPK, 5' AMP-activated protein kinase; mTOR, mechanistic target of rapamycin; p, phosphorylated; ROS, reactive oxygen species; 
BcL2, B-cell lymphoma 2; NS, normal saline; d-gal, d-galactose.
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process. However, further studies are required to elucidate 
the mechanisms of AMPK-mTOR-ULK1 signaling and other 
pathways that regulate autophagy, as well as the connections 
between autophagy and apoptosis, to determine how senescence 
and autophagy affect auditory cortex function and contribute to 
the pathology of hearing impairments.
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