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Abstract—Aging has been associated with oxidative stress

and the accumulation of mitochondrial DNA (mtDNA) muta-

tion. The previous study has established a mimetic rat

model of aging using D-galactose (D-gal) and revealed that

chronic injection of D-gal can increase NADPH oxidase

(NOX)-dependent oxidative stress, mitochondrial damage

and apoptosis in the peripheral auditory system. However,

the effects of NOXs in the central auditory system (CAS)

were still obscure. The current study was designed to inves-

tigate potential causative mechanisms of central presbycu-

sis by using the D-gal-induced aging rats. We found that

the levels of H2O2 and the expression of NADPH oxidase 2

(NOX2) and its corresponding subunits P22phox, P47phox

and P67phox were greatly increased in the ventral cochlear

nucleus (VCN) of D-gal-treated rats as compared with con-

trols. And, the levels of a typical biomarker of oxidative

stress, 8-hydroxy-2-deoxyguanosine (8-OHdG), and the

accumulation of mtDNA common deletion (CD) were also

increased in the VCN of D-gal-treated rats as compared with

controls. Moreover, the damage of mitochondrial ultrastruc-

ture, a decline in ATP levels, the loss of mitochondrial mem-

brane potential (MMP), an increase in the amount of

cytochrome c (cyt c) translocated to the cytoplasm and cas-

pase-3 activation were observed in the VCN induced by

D-gal. In addition, we also found that the terminal deoxynu-

cleotidyl transferase (TdT)-mediated deoxyuridine triphos-

phate (dUTP) nick-end-labeling (TUNEL)-positive cells in

the VCN were increased in D-gal-treated rats. Taken

together, these findings suggest that NOX2-dependent

oxidative stress may contribute to mitochondrial damage
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and activate a caspase-3-dependent apoptosis pathway

in the CAS during aging. This study also provides

new insights into the development of presbycusis.

� 2014 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Aging is the universal physiological phenomenon

occurring in living organisms that is characterized by

progressive degenerative changes in many organs.

Age-related hearing loss, also known as presbycusis, is

thought to result from age-related degeneration of the

peripheral and central components of the auditory

system (Frisina and Walton, 2006; Howarth and Shone,

2006). The cochlear nucleus (CN) is the first relay station

in the central auditory pathway and consists of two major

divisions, the dorsal cochlear nucleus (DCN) and the ven-

tral cochlear nucleus (VCN). They receive the output of

the auditory portion of the cochlear and set up parallel

analysis and perception (Frisina and Walton, 2006).

According to the previous studies, although age-related

degeneration of peripheral and central auditory system

(CAS) is well described, the exact pathogenesis of pres-

bycusis is largely unknown.

Oxidative stress-induced oxidative damage to various

biological molecules has been proposed as important

factors in the process of aging (Ozawa, 1997). In the pre-

vious study, it has been demonstrated that the NADPH

oxidase 3 (NOX3) might be an important source of the

reactive oxygen species (ROS) in the cochlear of D-gal-

actose (D-gal)-induced aging rats and revealed that

chronic injection of D-gal can increase NOX3-dependent

oxidative stress, mitochondrial damage and apoptosis in

the peripheral auditory system (PAS) (Du et al., 2012b).

However, the effects of NADPH oxidases (NOXs) in the

CAS were still obscure. NOXs, including NOX1, NOX2,

NOX3, NOX4, NOX5, DUOX1 and DUOX2, are an impor-

tant source of ROS production, NADPH oxidase 2

(NOX2) is not restricted to phagocytic cells, but it is pres-

ent in a wide variety of nonphagocytic cells and tissues,

including neurons (Serrano et al., 2003; Quinn et al.,

2006). NOX2 and its corresponding subunits P22phox,

http://dx.doi.org/10.1016/j.neuroscience.2014.11.061
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P47phox and P67phox form the active NOX2 enzyme com-

plex that transports electrons from cytoplasmic NADPH to

extracellular or phagosomal oxygen to generate superox-

ide (Bedard and Krause, 2007).

Oxidative damage to mitochondria and the

accumulation of mitochondrial DNA (mtDNA) mutations

are heavily implicated in the process of aging (Hamilton

et al., 2001; Hiona and Leeuwenburgh, 2008). In humans,

a 13-bp direct repeat (at 8470–8482 and 13,447–13,459)

in the mtDNA leads to the frequent occurrence of a

4977 bp deletion (also known as the ‘‘common deletion’’,

CD) by recombination between the repeats. A similar

common mtDNA deletion occurs in rats due to a 16-bp

direct repeat at 8103–8118 and 12,937–12,952; recombi-

nation between these repeats leads to a 4834-bp deletion.

Therefore, CD has been used as a biomarker for aging

(Yowe and Ames, 1998; Nicklas et al., 2004; Meissner

et al., 2008; Markaryan et al., 2009). D-Gal has been used

to induce oxidative stress in vivo to mimic natural aging in

rats and the levels of mtDNA CD were significant

increased in the CAS of D-gal-treated rats (Chen et al.,

2010a,b; Zhong et al., 2012). However, there is no direct

evidence to demonstrate that the accumulation of mtDNA

CD caused by oxidative damage in the CAS of D-gal-

induced aging rats.

Apoptosis may also play a key role in the age-related

decline of physiological function in multiple organs

(Youle and Strasser, 2008), including aging in the periph-

eral and central components of the auditory system

(Someya et al., 2007, 2008; Chen et al., 2010a). Although

the previous studies demonstrated that apoptosis cells

were significantly increased in the CAS of D-gal-induced

aging rats (Chen et al., 2010a,b), the cell apoptosis path-

way has not been fully elucidated. In this study, we inves-

tigated the levels of H2O2 and the expression of NOX2 and

its corresponding subunits P22phox, P47phox and P67phox,

8-hydroxy-2-deoxyguanosine (8-OHdG), cytosolic cyto-

chrome c (cyt c) and cleaved caspase-3, the accumulation

of mtDNA CD, the alteration of mitochondrial ultrastruc-

ture, the levels of ATP and mitochondrial membrane

potential (MMP) and the occurrence of apoptosis in the

VCN of D-gal-induced aging rats. Furthermore, we also

explored the possible mechanism involved in presbycusis

using D-gal-induced aging rats.
EXPERIMENTAL PROCEDURES

Animals and treatments

One hundred and seventy-six 1-month-old male Sprague–

Dawley rats were obtained from the Experimental

Animal Centre of the Guangxi Medical University. The

rats were individually housed in a temperature-controlled

(20–22 �C) room with a 12-h light–dark cycle and had

free access to food and drinking water. The body weight

of the experimental animals was monitored during the

experiment as a general measure of health. The

injection of D-gal to induce aging was administered

following an established method. After acclimation for

2 weeks, the rats were randomly divided into four groups

(n= 44 for each group) depending on the dosage of

D-gal (Sigma, St. Louis, MO, USA): low, medium, high
and a control group. Each day rats were injected

subcutaneously with 150 mg/kg (low-dose), 300 mg/kg

(medium-dose) and 500 mg/kg (high-dose) D-gal for

8 weeks; control rats were given the same volume of the

vehicle (0.9% saline) for 8 weeks. After the experiment

termination, the rats were anaesthetized with ketamine

(30 mg/kg, i.p.) and chlorpromazine (15 mg/kg, i.m.), and

blood was taken from the heart. Serum was obtained by

centrifugation at 800 � g for 15 min at 4 �C and stored at

�80 �C until the measurements of H2O2, total

superoxide dismutase (T-SOD) activity and

malondialdehyde (MDA) were performed. The VCN were

dissected and used for the determination of H2O2 and

ATP levels and the extraction of total RNA, genomic

DNA, protein and mitochondria. Alternatively, they were

perfused with 2.5% glutaraldehyde for morphological

studies by transmission electron microscopy (TEM) or

with 4% paraformaldehyde for immunohistochemical

analysis and terminal deoxynucleotidyl transferase

(TdT)-mediated deoxyuridine triphosphate (dUTP)

nick-end-labeling (TUNEL) staining. All experiments

were carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health.

The protocol was approved by the Committee on the

Ethics of Animal Experiments of the Guangxi Medical

University (Permit Number: SYXK2006-0003).
Serum H2O2, T-SOD activity and MDA assay

Using the serum from forty-eight rats (n= 12 per group),

the H2O2, T-SOD activity and MDA were quantified using

colorimetric kits (Jiancheng, Nanjing, China) according to

the manufacturer’s instructions.
Tissue H2O2 assay

After the last injection, twenty-four rats (n= 6 per group)

were killed, and both sides of VCN from each rat were

rapidly removed and homogenized in cold saline. The

homogenate was centrifuged at 4000 � g for 15 min at

4 �C, and the supernatant was used for H2O2 assay.

Protein concentrations were determined using an

Enhanced BCA Protein Assay Kit (Beyotime, Haimen,

China). H2O2 in the VCN was quantified using

colorimetric kits (Jiancheng, Nanjing, China) according

to the manufacturer’s instructions.
RNA preparation and quantitative real-time
polymerase chain reaction (RT-PCR)

The mRNA expression levels of NOX2, p22phox, p47phox

and p67phox were determined by quantitative real-time

SYBR Green PCR. After the last injection, twenty-four

rats (n= 6 per group) were killed, and both sides of

VCN from each rat were rapidly removed. One side of

the VCN was used for RNA extraction, and the other

side of the VCN was used for mtDNA analysis (see

below). Total RNA was extracted with TRIzol reagent

(TaKaRa, Dalian, China) according to the

manufacturer’s protocol. cDNA was reverse transcribed

using a PrimeScript RT reagent Kit (TaKaRa, Dalian,



Table 1. The nucleotide sequences of the primers that were used in real-time

Gene Sequence (50–30) Product size (bp)

NOX2 Forward ACATTTTCGTCAAGCGTCCC 260

Reverse CCCAGCTCCCACTAACATCA

P22phox Forward ACCGTCTGCTTGGCCATTG 74

Reverse TCAATGGGAGTCCACTGCTCAC

P47phox Forward GAGACATACCTGACGGCCAAAGA 91

Reverse AGTCAGCGATGGCCCGATAG

P67phox Forward GGACAACAGAGCCTCAGCCTAA 143

Reverse CCCTTCCAGCCATTCTTCATTCAC

b-Actin Forward CCTGGAGAAGAGCTATGAGC 112

Reverse ACAGGATTCCATACCCAGG
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China). The RNA and cDNA of each sample were

analyzed using a GeneQuant pro DNA/RNA Calculator

to assess the concentrations and purity. The cDNA

samples were stored at �20 �C until use. Quantitative

real-time PCR was performed by applying the real-time

SYBR Green PCR technology with the use of a

StepOnePlus� Real-time PCR System (Applied

Biosystems, Foster City, CA, USA). The primer pairs for

NOX2, P22phox, P47phox, P67phox and an internal

standard (b-actin) were listed in Table 1. The

amplification conditions were as follows: 30 s at 95 �C,
and then 40 cycles of 5 s at 95 �C, 30 s at 60 �C, and
30 s at 72 �C. An internal standard was used to

normalize the relative gene expression levels. A melting

curve analysis was performed for each gene, and the

specificity and integrity of the PCR products were

confirmed by the presence of a single peak. The relative

expressions (REs) were calculated from the differences

in the Ct values between the target mRNA and an

internal standard (b-actin). The change in the relative

mRNA levels between the experimental group and the

control group was analyzed by using the 2�DDCt

method, as previously reported (Livak and Schmittgen,

2001).
Immunohistochemical analysis

The protein levels of NOX2 and 8-OHdG, a biomarker of

DNA oxidative damage (Kujoth et al., 2005; Ma et al.,

2011), were determined by immunohistochemistry. Six-

teen rats (n= 4 per group) were killed, and brains were

fixed with 4% buffered paraformaldehyde overnight, dehy-

drated, and embedded in paraffin wax. Subsequently,

serial sections of the brainstem were cut for 5-lm thick

at the level of the VCN. The VCN from one side was used

for immunohistochemical analysis, and the other side

VCN was used for TUNEL assay. A section was deparaff-

inized in xylene and rehydrated through graded concen-

trations of ethanol. Samples were incubated with an

anti-NOX2 antibody (diluted 1:200; Boster, Wuhan,

China) and anti-8-OHdG antibody (diluted 1:4000,

Abcam, Cambridge, MA, USA) overnight at 4 �C. After

washes in phosphate-buffered saline (PBS), slides were

then incubated with fluorescein isothiocyanate (FITC)-

conjugated anti-rabbit and CY3-conjugated anti-mouse

secondary antibody (diluted 1:200; Boster, Wuhan,

China) for 30 min at room temperature. Nuclei were
counterstained with a 40,6-diamidino-2-phenylindole

(DAPI) staining solution (Beyotime, Haimen, China) for

5 min at room temperature. Images were captured using

a laser scanning confocal microscope (Nikon, Tokyo,

Japan). The number of NOX2-positive and 8-OHdG-posi-

tive stained cells were counted using the Image-Pro Plus

6.0 software (Media Cybernetics, Inc., Silver Spring, MD,

USA). As a negative control, sections were treated in the

same manner, except that incubation with primary

antibody was omitted.
Western blot analysis

The protein expression levels of p22phox, p47phox, p67phox,

cleaved caspase-3 and cytosolic cyt c in the VCN were

determined using Western blot analysis. Fourty-eight

rats (n= 12 per group) were killed, and the both sides

of VCN from each rat were dissected. Preparation of

cytosolic fractions was achieved using a commercially

available cytosol/mitochondria fractionation Kit

(Beyotime, China) according to the manufacturer’s

protocol. Total protein and cytosolic protein were

extracted using a RIPA Lysis Buffer (Beyotime, China)

following the manufacturer’s instructions. Protein

concentrations were determined using an Enhanced

BCA Protein Assay Kit (Beyotime, Haimen, China).

Twenty-five micrograms of each protein lysate was

separated by 10% (p22phox, p47phox, p67phox, cleaved

caspase-3) or 12% (cytosolic cyt c) sodium dodecyl

sulfate (SDS)–polyacrylamide gels and transferred to

polyvinylidene difluoride (PVDF) membranes.

Membranes were incubated for 1 h in a blocking

solution (Tris-buffered saline (TBS) containing 5%

skimmed milk), then washed briefly in TBS and

incubated overnight at 4 �C with the appropriate dilution

of antibodies: anti-p22phox (diluted 1:100; Boster, China),

anti-p47phox (diluted 1:500; Bioworld Technology, Inc.,

Louis Park, MN, USA), anti-p67phox (diluted 1:1000,

Epitomics, Inc., Burlingame, CA, USA), anti-cleaved

caspase-3 (diluted 1:1000; Cell Signaling Technology,

Inc., Beverly, MA, USA), anti-cyt c (diluted 1:200; Santa

Cruz, Santa Cruz, CA, USA). After washing the

membranes to remove excess primary antibody, the

membranes were incubated for 1 h at room temperature

with the appropriate horseradish peroxidase (HRP)-

conjugated secondary antibody (diluted 1:5000; Santa

Cruz, Santa Cruz, CA, USA). Membranes were
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visualized using BeyoECL Plus (Beyotime, Haimen,

China). A quantitation of the detected bands was

performed with the Image-Pro Plus 6.0 software (Media

Cybernetics, Inc., Silver Spring, MD, USA). b-Actin was

used as an internal control.
DNA isolation and determination of the mtDNA CD

Total DNA was extracted using the Genomic DNA

Purification Kit (Tiangen Biotech Co., LTD, Beijing,

China) according to the manufacturer’s instructions. The

DNA concentration of each specimen was measured

using the GeneQuant pro DNA/RNA Calculator

(BioChrom, Cambridge, UK). The quantity of the mtDNA

CD was determined using a TaqMan real-time PCR

assay. Because the D-Loop region is rarely deleted, it

can represent the conserved segment. Primers and

probes for the mtDNA D-loop and the mtDNA CD were

previously described (Nicklas et al., 2004). The PCR

amplification was performed on a StepOnePlus� Real-

time PCR System (Applied Biosystems, Foster City, CA,

USA) in a 20-ll reaction volume consisting of 10 ll of a
2� TaqMan PCR mix (TaKaRa, Dalian, China), 0.4 ll of
a 50� ROX reference dye, 0.4 ll of each forward and

reverse primer (10 lM), 0.2 ll of each probe (10 lM),

4 ll of the sample DNA (10 ng/ll), and 4.6 ll of distilled
water. The cycling conditions include an initial phase at

95 �C for 30 s, then 40 cycles at 95 �C for 5 s and at

60 �C for 30 s. The cycle number at which a significant

increase in the normalized fluorescence was first detected

was designated as the threshold cycle number (Ct). The

ratio of the mtDNA CD to the mtDNA was calculated by

DCt (=CtmtDNA deletion � CtmtDNA D-loop). The RE indicates

the factorial difference in the deletions between the

experimental groups and the control group. The RE was

calculated as 2�DDCt, where DDCt = DCtmtDNA deletion in

experimental group � DCtmtDNA deletion in the control group.
TEM

The ultrastructure of mitochondria in the VCN was

observed by TEM. Sixteen rats (n= 4 per group) were

sacrificed, and both sides of VCN from each rat were

fixed and perfused with 2.5% glutaraldehyde overnight

at 4 �C. After post-fixation in 1% osmium tetroxide for

2 h at room temperature, the tissues were dehydrated in

an ascending graded ethanol and acetone series,

immersed in an acetone/Epon 812 mixture for 2 h and

then in Epon 812 for 2 h, and finally embedded in Epon

812 for 10 h at 80 �C. Serial ultrathin sections (50 nm)

were collected onto copper grids and stained with uranyl

acetate followed by lead citrate. The ultrastructure of the

stained sections was examined under a transmission

electron microscope (FEI TecnaiG212, Phillips, Holland).
Detection of ATP levels

After the last injection, twenty-four rats (n= 6 per group)

were killed, and both sides of the VCN from each rat were

rapidly removed and homogenized in cold saline. The

homogenized was centrifuged at 4000 � g for 15 min at

4 �C, and the supernatant was used for ATP detection.
Protein concentrations were determined using an

Enhanced BCA Protein Assay Kit (Beyotime, Haimen,

China). ATP in the VCN was quantified using

colorimetric kits (Jiancheng, Nanjing, China) according

to the manufacturer’s instructions.

Measurement of MMP

After the last injection, twenty-four rats (n= 6 per group)

were killed, and both sides of the VCN from each rat were

rapidly removed. Mitochondria in the VCN were quickly

extracted using Tissue Mitochondria Isolation Kit

(Beyotime, Haimen, China), and then used for the

measurement of MMP. MMP in the VCN was quantified

using the fluorescent, lipophilic and cationic probe, JC-1

(Jiancheng, Nanjing, China) according to the

manufacturer’s instructions.

TUNEL assay

Apoptotic cells were detected in situ using the TUNEL

assay (TUNEL POD kit; Roche Molecular Biochemicals,

Germany). Briefly, a section was deparaffinized and

rehydrated. After treatment with proteinase K (20 lg/ml

in 10 mM Tris–HCl, pH 7.6) for 10 min at 37 �C, sections
were washed in PBS, and the labeling reaction was

performed using a labeling solution containing terminal

deoxynucleotidyl transferase, its buffer, and fluorescein

deoxyuridine triphosphate (dUTP) at 37 �C for 60 min in

a humidity chamber. Nuclei were counterstained with a

DAPI staining solution (Beyotime, Haimen, China) for

5 min at room temperature. After washing with PBS,

sections were examined under a laser scanning

confocal microscope (Nikon, Tokyo, Japan).

Statistical analysis

Data are presented as mean ± standard deviation (SD).

The analysis was performed with the SPSS 13.0

software (SPSS Inc., Chicago, IL, USA). Statistical

significance was tested with a one-way analysis of

variance (ANOVA). The least significant difference post

hoc test was used to evaluate the differences between

groups. Differences with a P-value <0.05 were

considered to be statistically significant.

RESULTS

Oxidative stress in the blood induced by D-gal

To evaluate oxidative stress induced by D-gal in this

model, the serum H2O2, T-SOD activity and MDA

levels were measured. The levels of serum H2O2 in the

low-dose, medium-dose and high-dose groups of

D-gal-treated rats were 17.04 ± 2.07 lmol/ml, 19.47 ±

2.66 lmol/ml, 25.89 ± 2.15 lmol/ml, respectively, which

were significantly higher than those in the control group

(12.31 ± 2.28 lmol/ml) (P< 0.01); Levels of serum

MDA in the low-dose, medium-dose and high-dose

groups of D-gal-treated rats were 5.12 ± 0.95 nmol/ml,

6.48 ± 1.04 nmol/ml, 8.23 ± 1.05 nmol/ml, respectively,

which were significantly higher than those in the

control group (3.23 ± 0.78 nmol/ml) (P< 0.01); Levels



Table 2. Serum H2O2, T-SOD activity and MDA levels

Control D-Gal (L) D-Gal (M) D-Gal (H)

H2O2 (lmol/ml) 12.31 ± 2.28 17.04 ± 2.07⁄⁄ 19.47 ± 2.66⁄⁄ 25.89 ± 2.15⁄⁄

T-SOD (U/ml) 126.02 ± 6.93 114.13 ± 5.61⁄⁄ 96.16 ± 7.77⁄⁄ 74.30 ± 5.82⁄⁄

MDA (nmol/ml) 3.23 ± 0.78 5.12 ± 0.95⁄⁄ 6.48 ± 1.04⁄⁄ 8.23 ± 1.05⁄⁄

Data are expressed as mean ± SD of 12 rats per group. ⁄⁄P< 0.01 versus the control group. MDA, malondialdehyde; T-SOD, total superoxide dismutase. D-gal (L), low-

dose D-gal group; D-gal (M), medium-dose D-gal group; D-gal (H), high-dose D-gal group.

Fig. 2. Quantitative analysis of NOX2, p22phox, p47phox and p67phox in

the VCN of rats in the different groups. The expression levels of

NOX2, p22phox, p47phox and p67phox were significantly increased in

D-gal-treated rats as compared with control rats. All experiments were

repeated three times. Data are expressed as mean ± SD of six rats

per group. ⁄⁄P< 0.01 versus the control group. D-gal (L), low-dose

D-gal group; D-gal (M), medium-dose D-gal group; D-gal (H), high-dose

D-gal group.
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of T-SOD in the low-dose, medium-dose and high-dose

groups of D-gal-treated rats were 114.13 ± 5.61 U/ml,

96.16 ± 7.77 U/ml, 74.30 ± 5.82 U/ml, respectively,

which were significantly lower than those in the control

group (126.02 ± 6.93 U/ml) (P< 0.01) (Table 2). These

findings indicated that we could establish the animal

model of mimetic aging by D-gal.

Increased H2O2 levels in the VCN induced by D-gal

To investigate the generation of ROS in the VCN, we

detected the levels of H2O2. As shown in Fig. 1, the

levels of H2O2 in the low-dose, medium-dose and

high-dose groups of D-gal-treated rats were

20.93 ± 0.82 mmol/g protein, 26.54 ± 0.65 mmol/g

protein, 34.35 ± 0.63 mmol/g protein, respectively,

which were significantly higher than those in the control

group (15.31 ± 0.67 mmol/g protein) (P< 0.01). These

findings indicated that oxidative stress was induced by

D-gal in the VCN.

Increased mRNA levels of NOX2, p22phox, p47phox and
p67phox in the VCN induced by D-gal

To investigate the effect of NOX2-dependent oxidative

stress induced by D-gal in the VCN, we measured the

mRNA levels of NOX2, p22phox, p47phox and p67phox

with a quantitative real-time SYBR Green PCR assay.

As shown in Fig. 2, the mRNA levels of NOX2, p22phox,

p47phox and p67phox were significantly higher in the

D-gal-treated groups than that in the control group. In

comparison with the control group, NOX2 expression in

the low-dose, medium-dose and high-dose D-gal groups
Fig. 1. Levels of H2O2 in the VCN of rats in the different groups.

Levels of H2O2 in the VCN were significantly increased in D-gal-

treated rats as compared with control rats. All experiments were

repeated three times. Data are expressed as mean ± SD of six rats

per group. ⁄⁄P< 0.01 versus the control group. D-gal (L), low-dose

D-gal group; D-gal (M), medium-dose D-gal group; D-gal (H), high-dose

D-gal group.
was increased by 3.17-fold, 4.85-fold, 7.14-fold,

respectively (P< 0.01); p22phox expression in the low-

dose, medium-dose and high-dose D-gal groups was

increased by 2.81-fold, 5.27-fold, 7.48-fold, respectively

(P< 0.01); p47phox expression in the low-dose,

medium-dose and high-dose D-gal groups was

increased by 3.97-fold, 8.37-fold, 8.58-fold, respectively

(P< 0.01); p67phox expression in the low-dose,

medium-dose and high-dose D-gal groups was

increased by 3.06-fold, 4.09-fold, 7.34-fold, respectively

(P< 0.01). These findings indicated that the over-

expression of NOX2 may be the source of ROS in the

VCN of D-gal-induced aging rats.
Increased protein levels of NOX2 and 8-OHdG
expression in the VCN induced by D-gal

To investigate the protein levels of NOX2 and 8-OHdG

expression in the VCN, we performed an

immunohistochemical analysis. As shown in Fig. 3A, B,

the NOX2-positive cells in the low-dose, medium-dose

and high-dose groups of D-gal-treated rats were

12.72 ± 2.21, 26.33 ± 4.50, 56.91 ± 7.62, respectively,

which were significantly increased compared with those

in the control group (5.82 ± 1.31) (P< 0.01); the 8-

OHdG-positive cells in the low-dose, medium-dose and

high-dose groups of D-gal-treated rats were

9.13 ± 1.81, 18.42 ± 3.23, 43.31 ± 5.84, respectively,

which were significantly increased compared with those

in the control group (5.20 ± 0.73) (P< 0.01). Moreover,

we noticed that almost all the NOX2-positve cells are

also 8-OHdG-positive in the VCN (Fig. 3A). These

findings further indicated that the over-expression of

NOX2 may be the source of ROS and NOX2-dependent



Fig. 3. The protein expression of NOX2 and 8-OHdG in the VCN of rats in the different groups. (A) Triple staining of the brain section with anti-

NOX2 (green), anti-8-OHdG (red) and the nuclei of cells (blue). Note that almost all the NOX2-positve cells are also 8-OHdG-positive in the VCN.

Scalar bar = 50 lm. (B) Quantitative assessment of NOX2- and 8-OHdG-positive cells in the VCN. The NOX2- and 8-OHdG-positive cells in the

VCN were significantly increased in D-gal-treated rats as compared with control rats. All experiments were repeated three times. Data are expressed

as mean ± SD of four rats per group. ⁄⁄P< 0.01 versus the control group. D-gal (L), low-dose D-gal group; D-gal (M), medium-dose D-gal group; D-

gal (H), high-dose D-gal group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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oxidative stress may cause DNA damage in the VCN

of D-gal-induced aging rats.
Increased protein levels of p22phox, p47phox and
p67phox in the VCN induced by D-gal

To determine the protein levels of p22phox, p47phox and

p67phox in the VCN, western blot analysis was

performed. As shown in Fig. 4A, B, the protein levels of

p22phox, p47phox and p67phox were significantly higher in

the D-gal-treated groups than that in the control group.

In comparison with the control group, p22phox protein

expression in the low-dose, medium-dose and high-dose

D-gal groups was increased by 3.15-fold, 4.98-fold, 7.56-

fold, respectively (P< 0.01); p47phox protein expression
in the low-dose, medium-dose and high-dose D-gal

groups was increased by 4.24-fold, 8.27-fold, 8.68-fold,

respectively (P< 0.01); p67phox protein expression in

the low-dose, medium-dose and high-dose D-gal groups

was increased by 3.62-fold, 5.23-fold, 7.22-fold,

respectively (P< 0.01). These findings further indicated

that the over-expression of NOX2 may be the source of

ROS in the VCN of D-gal-induced aging rats.
Age-related accumulation of the mtDNA CD in the
VCN induced by D-gal

To evaluate the mtDNA damage induced by D-gal in the

VCN, the mtDNA CD was determined by a TaqMan

real-time PCR assay. The dual-labeled fluorescent DNA



Fig. 4. Western blot and densitometric analysis of p22phox, p47phox and p67phox in the VCN. (A) Representative western blots showing the

expression levels of p22phox, p47phox and p67phox in the different groups. (B) The relative abundances of the p22phox, p47phox and p67phox proteins

were significantly increased in the D-gal-treated groups compared to the control group. All experiments were repeated three times. Data are

expressed as mean ± SD of six rats per group. ⁄⁄P< 0.01 versus the control group. D-gal (L), low-dose D-gal group; D-gal (M), medium-dose D-gal

group; D-gal (H), high-dose D-gal group.
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probe was specific for the new fusion sequence, which

was present only in mutant mtDNA that harbored the

CD. As shown in Fig. 5, levels of the mtDNA CD were

significantly higher in the D-gal-treated groups than that

in the control group. In comparison with the control

group, the accumulation of mtDNA CD in the low-dose,

medium-dose and high-dose D-gal groups was

increased by 1.70-fold, 2.41-fold, 3.67-fold, respectively

(P< 0.01). These findings indicated that mtDNA

damage was induced by D-gal in the VCN.
Fig. 5. Quantitative analysis of levels of the mtDNA CD in different

groups. The level of the mtDNA common deletion was significantly

increased in the D-gal-treated groups compared to the control group.

All experiments were repeated three times. Data are expressed as

mean ± SD of six rats per group. ⁄P< 0.05, ⁄⁄P< 0.01 versus the

control group. CD, common deletion; D-gal (L), low-dose D-gal group;

D-gal (M), medium-dose D-gal group; D-gal (H), high-dose D-gal group;

mtDNA, mitochondrial DNA.
Mitochondrial ultrastructural damage in the VCN
induced by D-gal

To observe the changes to the mitochondrial

ultrastructure induced by D-gal in the VCN, we

compared the mitochondrial morphology between the

D-gal-induced aging rats and control rats by TEM. As

shown in Fig. 6, TEM revealed that the shape and size

of mitochondria in the VCN of control rats were normal.

In contrast, numerous mitochondria from the rats in the

D-gal-treated groups were swollen with a reduced

electron density in the matrix or serious degeneration.

Additionally, lipofuscin granules frequently appeared in

the cytoplasm of neurons in the VCN of rats in the high-
dose D-gal group. These findings indicated that the

mitochondrial ultrastructure was damaged by D-gal in

the VCN.



Fig. 6. Alterations in the mitochondrial ultrastructure in the VCN of rats in the D-gal-treated groups. Normal mitochondria (arrowheads) in the control

group, swollen with a reduced electron density in the matrix of mitochondria (arrows) in the D-gal (L), D-gal (M) and D-gal (H) groups, the serious

degeneration of mitochondria (asterisks) in the D-gal (M) and D-gal (H) groups, lipofuscin granules (double arrows) in the D-gal (H) group. n= 4 rats

per group. Scale bar = 0.5 lm. D-gal (L), low-dose D-gal group; D-gal (M), medium-dose D-gal group; D-gal (H), high-dose D-gal group.

Fig. 7. Mitochondrial function in the VCN exposed to D-gal. (A)

Levels of the ATP were significantly decreased in the D-gal-treated

groups compared to the control group. (B) Levels of the MMP were

also significantly decreased in the D-gal-treated groups compared to

the control group. All experiments were repeated three times. Data

are expressed as mean ± SD of six rats per group. ⁄P< 0.05 versus

the control group; ⁄⁄P< 0.01 versus the control group. D-gal (L), low-

dose D-gal group; D-gal (M), medium-dose D-gal group; D-gal (H),

high-dose D-gal group; MMP, mitochondrial membrane potential.
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Mitochondrial dysfunction in the VCN induced by D-
gal

To evaluate the mitochondrial function in the VCN, we

measured the levels of ATP and MMP. As shown in

Fig. 7A, B, the levels of ATP in the low-dose, medium-

dose and high-dose groups of D-gal-treated rats were

10.73 ± 0.66 nmol/mg protein, 9.38 ± 1.14 nmol/mg

protein, 7.39 ± 1.44 nmol/mg protein, respectively,
which were significantly lower than those in the control

groups (12.20 ± 0.59 nmol/mg protein) (P< 0.05 or

P< 0.01); the levels of MMP in the low-dose, medium-

dose and high-dose groups of D-gal-treated rats were

7.27 ± 0.62, 6.17 ± 0.50, 5.00 ± 0.44, respectively,

which were significantly higher than those in the control

groups (8.26 ± 0.72) (P< 0.05 or P< 0.01). These

findings indicated that the mitochondrial function was

damaged by D-gal in the VCN.

The mitochondrial apoptotic pathway in the VCN
activated by D-gal

To investigate whether the mitochondrial apoptotic

pathway was activated by D-gal in the VCN, the protein

levels of cytosolic cyt c and cleaved caspase-3 were

measured by western blot analysis and the apoptotic

cells were detected by TUNEL staining. As shown in

Fig. 8A–D, the protein levels of cytosolic cyt c and

cleaved caspase-3 were significantly higher in the D-gal-

treated groups than that in the control group. In

comparison with the control group, cytosolic cyt c

protein expression in the low-dose, medium-dose and

high-dose D-gal groups was increased by 8.34-fold,

12.94-fold, 19.68-fold, respectively (P< 0.01); cleaved

caspase-3 protein expression in the low-dose, medium-

dose and high-dose D-gal groups was increased by

6.25-fold, 8.48-fold, 14.31-fold, respectively (P< 0.01).

As shown in Fig. 9A, B, the TUNEL-positive cells in the

low-dose, medium-dose and high-dose groups of D-gal-

treated rats were 4.00 ± 0.41, 7.25 ± 0.48,

12.00 ± 0.91, respectively, which were also significantly

increased compared with those in the control group

(0.50 ± 0.29) (P< 0.01). These findings indicated that

the mitochondrial apoptotic pathway was activated by

D-gal in the VCN (Fig. 10).

DISCUSSION

In this study, we found that H2O2 and MDA increased and

T-SOD activity decreased in the blood of D-gal-treated

rats, which indicated that we could establish the animal



Fig. 8. Western blot and densitometric analysis of cytosolic cytochrome c and cleaved caspase-3 in the VCN. (A and C) Representative western

blots showing the expression levels of cytosolic cytochrome c and cleaved caspase-3 in the different groups. (B and D) The relative abundances of

the cytosolic cytochrome c and cleaved caspase-3 proteins were significantly increased in the D-gal-treated groups compared to the control group.

All experiments were repeated three times. Data are expressed as mean ± SD of six rats per group. ⁄⁄P< 0.01 versus the control group. D-gal (L),

low-dose D-gal group; D-gal (M), medium-dose D-gal group; D-gal (H), high-dose D-gal group.
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model of mimetic aging by D-gal (Ho et al., 2003). We also

found that H2O2, one of the major types of ROS (Mates

et al., 2012), significantly increased in the VCN of

D-gal-treated rats, which also indicated that D-gal induced

oxidative stress in the VCN. This study showed for the

first time that NOX2 and its corresponding subunits

P22phox, P47phox and P67phox were significantly increased

in the VCN of D-gal-treated rats, suggesting that D-gal

might induce oxidative stress in the CAS via NOXs path-

way and NOX2-dependent oxidative stress might play an

essential role in the aging process of CAS. As opposed to

mitochondria, which generate ROS as a byproduct of their

metabolism, NOXs are professional ROS generators

(Krause, 2007). The previous studies have demonstrated

that NOX3 represents the primary source of ROS gener-

ation in the cochlea, which contributes to cisplatin-

induced ROS production in the cochlea, while knockdown

of NOX3 by siRNA can reduce NOX3-dependent ROS

generation and against cisplatin-induced ototoxicity

(Banfi et al., 2004; Mukherjea et al., 2010, 2011). The pre-

vious studies also indicated that NOX3-dependent ROS

generation might be partially responsible for the degener-

ation in the PAS and NOX2-dependent oxidative stress

might contribute to the mtDNA CD and mitochondrial

ultrastructural damage in the hippocampus of D-gal-

induced aging rats (Du et al., 2012a,b). Therefore, the

over-expression of NOX2 might be also an important

source of ROS in the aging process of CAS. Meanwhile,

we also found that the over-expression of NOX2 corre-

lated with increased 8-OHdG expression, a biomarker of

DNA oxidative damage (Kujoth et al., 2005; Ma et al.,

2011), in the VCN, suggesting that NOX2-dependent

oxidative stress might be an important reason for the

oxidative damage of DNA in the aging process of CAS.
Oxidative damage to mtDNA is the basis of Harman’s

free radical theory of aging (Harman, 2001). The mtDNA

4977-bp deletion (also known as the ‘‘common deletion’’,

CD) in humans, and the corresponding mtDNA 4834-bp

deletion in rats, is the most frequent aging-associated

occurrence of mtDNA damage. Therefore, CD has been

used as a biomarker for aging (Yowe and Ames, 1998;

Nicklas et al., 2004; Meissner et al., 2008; Markaryan

et al., 2009). An association between elevated mtDNA

CD and presbycusis has been observed in a number of

studies (Bai et al., 1997; Ueda et al., 1998; Meissner

et al., 2008; Markaryan et al., 2009; Chen et al., 2010b).

Although there was no significant difference in elevation

of auditory brainstem response (ABR) threshold between

the rats with mtDNA CD induced by D-gal and control rats,

the hearing threshold in the rats carrying mtDNA CD

increased significantly following aminoglycoside antibiotic

injection compared to the control rats. These results indi-

cated that the mtDNA CD may not directly lead to hearing

loss, but rather act as a predisposing factor that can

greatly enhance the sensitivity of the inner ear to amino-

glycoside antibiotics (Kong et al., 2006). The previous

studies have demonstrated that the accumulation of

mtDNA CD increased in the PAS (Kong et al., 2006;

Zhong et al., 2011a,b; Du et al., 2012b) and CAS (Chen

et al., 2010a,b; Zhong et al., 2012) of D-gal-induced aging

rats. In this study, we also found that the accumulation of

mtDNA CD increased in the VCN of D-gal-treated rats and

the increased accumulation of mtDNA CD correlated with

DNA oxidative damage. To further evaluate mitochondrial

damage in the VCN of D-gal-induced aging rats, we inves-

tigated changes in the mitochondrial ultrastructure by

TEM. We observed that numerous mitochondria under-

went degeneration in the VCN of D-gal-treated rats.



Fig. 9. Apoptotic cells in the VCN of rats in the different groups. (A) Representative images show apoptotic cells (red) in the VCN of rats in the

different groups by TUNEL staining. Scalar bar = 50 lm. (B) Quantitative assessment of TUNEL-positive cells in the VCN. The TUNEL-positive

cells in the VCN were significantly increased in D-gal-treated rats as compared with control rats. All experiments were repeated three times. Data are

expressed as mean ± SD of four rats per group. ⁄⁄P< 0.01 versus the control group. D-gal (L), low-dose D-gal group; D-gal (M), medium-dose D-gal

group; D-gal (H), high-dose D-gal group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

Fig. 10. Model of D-gal-induced oxidative stress and apoptosis in the VCN. D-Gal induces NOX2 and its corresponding subunits P22phox, P47phox

and P67phox form the active NOX2 enzyme complex to generate ROS, excess ROS impairs the mitochondrion and leads to the increase of mtDNA

CD, mtDNA damage and the damage of mitochondrial ultrastructure and the decrease of mitochondrial function (ATP; and MMP;), the impaired

mitochondrion can also generate more ROS that increase the damage of the mitochondrion, this is a vicious cycle. At last, the impaired

mitochondrion releases cyt c from the mitochondrial intermembrane space into the cytoplasm and triggers apoptosis via a caspase-3-dependent

pathway. CD, common deletion; Cas3, caspase3; cyt c, cytochrome c; D-gal, D-galactose; MMP, mitochondrial membrane potential; mtDNA,

mitochondrial DNA; NOX2, NADPH oxidase 2; ROS, reactive oxygen species; VCN, ventral cochlear nucleus.
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Therefore, these findings suggest that mitochondrial dam-

age in the VCN of D-gal-induced aging rats might be

caused by oxidative damage.
The accumulation of mtDNA mutations and

mitochondrial ultrastructure damage may lead to

mitochondrial dysfunction and an energy deficiency. The
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decline of ATP levels and the collapse of MMP may

initiate apoptosis by releasing cyt c from the

mitochondrial intermembrane space into the cytoplasm

and trigger apoptosis via a caspase-3-dependent

pathway (Hengartner, 2000; Green and Kroemer, 2004;

Priyadarsini et al., 2010). The previous studies have dem-

onstrated that apoptotic cells were increased in the CAS

(Chen et al., 2010a,b) and caspase-3-dependent apopto-

tic pathway was activated in the PAS (Du et al., 2012b) of

D-gal-induced aging rats. In the current study, the

over-expression of cytosolic cyt c and cleaved caspase-

3 and increased TUNEL-positive cells in the VCN of

D-gal-induced aging rats indicated that the activation of

caspase-3-dependent mitochondrial apoptotic pathway

may be a central mechanism driving aging in the CAS.

CONCLUSION

The present findings indicate that a remarkable increase

in NOX2 expression is involved in the accumulation of

mtDNA mutations, the decline of ATP and MMP and the

activation of caspase-3-dependent apoptosis in the CAS

of D-gal-induced aging rats. NOX2 may be a useful

therapeutic target to prevent or slow the development of

presbycusis.
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