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A B S T R A C T

Presbycusis has become a common sensory deficit in humans. Oxidative damage to mitochondrial DNA and
mitochondrial dysfunction is strongly associated with the aging of the auditory system. A previous study es-
tablished a mimetic rat model of aging using D-galactose (D-gal) and first reported that NADPH oxidase-de-
pendent mitochondrial oxidative damage and apoptosis in the ventral cochlear nucleus (VCN) might contribute
to D-gal-induced central presbycusis. In this study, we investigated the effects of apocynin, an NADPH oxidase
inhibitor, on mitochondrial dysfunction and mitochondria-dependent apoptosis in the VCN of D-gal-induced
aging model in rats. Our data showed that apocynin decreased NADPH oxidase activity, H2O2 levels, mi-
tochondrial DNA common deletion, and 8-hydroxy-2-deoxyguanosine (8-OHdG) expression and increased total
superoxide dismutase (T-SOD) and glutathione peroxidase (GSH-Px) activity in the VCN of D-gal-induced aging
model in rats. Moreover, apocynin also decreased the protein levels of phospho-p47phox (p-p47phox), tumor
necrosis factor alpha (TNFα), and uncoupling protein 2 (UCP2) in the VCN of D-gal-induced aging model in rats.
Meanwhile, apocynin alleviated mitochondrial ultrastructure damage and enhanced ATP production and mi-
tochondrial membrane potential (MMP) levels in the VCN of D-gal-induced aging model in rats. Furthermore,
apocynin inhibited cytochrome c (Cyt c) translocation from mitochondria to the cytoplasm and suppressed
caspase 3-dependent apoptosis in the VCN of D-gal-induced aging model in rats. Consequently, our findings
suggest that neuronal survival promoted by an NADPH oxidase inhibitor is a potentially effective method to
enhance the resistance of neurons to central presbycusis.

1. Introduction

Presbycusis, also known as age-related hearing loss, is characterized
by the decline of auditory function associated with the age-related
degeneration of the peripheral and central auditory systems (Roth,
2015). Central presbycusis refers to age-related degeneration in the
auditory portion of the central nervous system, which negatively affects
auditory perception or speech discrimination or both (Humes et al.,
2012). The cochlear nucleus is the first relay station in the central au-
ditory pathway and consists of two major divisions, the dorsal cochlear

nucleus (DCN) and the ventral cochlear nucleus (VCN). They receive
the output of the auditory portion of the cochlea and set up parallel
analysis and perception (Frisina and Walton, 2006). In our previous
study, we found that the activation of NADPH oxidase might be an
important source of reactive oxygen species (ROS) in the VCN of D-
galactose (D-gal)-induced aging rats. However, the exact effects of
NADPH oxidase on the VCN are largely unknown.

Because the tissue of the auditory system is not acquirable from
humans during life and because the development of aging, the aging of
auditory system, in normal humans and animals is a very slow pross,
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the investigation of presbycusis are relatively limited. Natural aging can
be experimentally modelled by the chronic administration of D-gal.
Animals treated in this way exhibit poor learning and memory, an at-
tenuated immune response, increased oxidative damage, and dysfunc-
tional mitochondria (Kumar et al., 2009; Lu et al., 2010; Rehman et al.,
2017). Mitochondrial DNA is highly susceptible to ROS-induced oxi-
dative damage during the process of aging because of its paucity of
protective histones (Druzhyna et al., 2008). Mitochondrial DNA muta-
tions are key players in aging and age-related diseases (Hiona and
Leeuwenburgh, 2008). The mitochondrial DNA 4977-bp deletion, also
known as the common deletion, in humans and the corresponding mi-
tochondrial DNA 4834-bp deletion in rats are the most frequent aging-
associated mitochondrial DNA mutations (Meissner et al., 2008; Yowe
and Ames, 1998). Therefore, common deletion has been used as a
biomarker for aging. In our previous study, we demonstrated that the
expression of NADPH oxidase and the accumulation of common dele-
tion largely increased in the VCN of D-gal-induced aging model in rats
(Du Z et al., 2015), but the relationship between NADPH oxidase and
common deletion remains unclear.

Aside from mitochondria, the NADPH oxidase system is another
main ROS-generating site and is composed of two membrane-bound
subunits (gp91phox and p22phox) and three cytosolic subunits (p47phox,
p67phox, and p40phox). This enzyme transports electrons across the
plasma membrane to generate superoxide and downstream ROS
(Bedard and Krause, 2007; Leto et al., 2009). Apocynin, also known as
acetovanillone, is a selective blocker of NADPH oxidase activity
(Kleniewska et al., 2012; Stefanska and Pawliczak, 2008). Currently, its
protective role as an oxygen scavenger to reduce oxidative stress and
role inhibiting association of p47phox with the membrane heterodimer
in leukocytes, monocytes, and endothelial cells have gained much at-
tention (Johnson et al., 2002; Mohammed and Kowluru, 2013;
Olukman et al., 2010). In this study, we used D-gal-induced aging
model in rats to evaluate the neuroprotective effect of apocynin in the
central auditory system. Our hypothesis was that an intraperitoneal
administration of apocynin in rats could down-regulate D-gal-induced
increased NADPH oxidase activity, prevent NADPH oxidase-dependent
mitochondrial oxidative damage and apoptosis in the VCN of D-gal-
induced aging model in rats. This study may shed light on the disease
etiology of and provide a novel therapeutic target for central presby-
cusis.

2. Material and methods

2.1. Animals and drug administration

One hundred and four 1-month-old male Sprague-Dawley rats were
obtained from the Experimental Animal Centre of Capital Medical
University. The rats were housed in a temperature-controlled
(20–22 °C) room and had free access to food and drinking water. After
acclimation for a week, all rats were randomly allocated into four
groups (n= 26 per group): Control group: rats were injected sub-
cutaneously with 0.9% saline (the vehicle of D-gal) once a day for 8
weeks; D-gal group: rats were injected subcutaneously with 500mg/kg
D-gal (Sigma-Aldrich, USA) once a day for 8 weeks (Du Z et al., 2015;
Sun et al., 2015); D-gal + vehicle (DMSO) group: rats were injected
subcutaneously with 500 mg/kg D-gal and intraperitoneally adminis-
tered DMSO (Sigma-Aldrich, USA) once a day for 8 weeks (DMSO was
used as the vehicle for apocynin at a final concentration of 1% (Lu et al.,
2014)); and D-gal + APO group: rats were injected subcutaneously
with 500 mg/kg D-gal and intraperitoneally administered 50 mg/kg
apocynin (APO; Sigma-Aldrich, USA) (Lu et al., 2014; Song et al., 2013)
once a day for 8 weeks. After treatment and behavioral analysis, the rats
were killed, and the VCNs were dissected for the determination of
NADPH oxidase activity, H2O2, total superoxide dismutase (T-SOD)
activity, glutathione peroxidase (GSH-Px) activity, ATP, and mi-
tochondrial membrane potential (MMP) levels and the extraction of

genomic DNA, protein, and mitochondria. Alternatively, the rats were
perfused with 2.5% glutaraldehyde for ultrastructural studies using
transmission electron microscopy or with 4% paraformaldehyde for
immunohistochemistry and terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end-labeling (TUNEL)
staining. All protocols were conformed to the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health. The
protocols were approved by the Committee on the Ethics of Animal
Experiments of Capital Medical University.

2.2. Behavioral analysis

After D-gal treatment, the spatial learning and memory of 16 rats
(n= 8 per group from the Control group and D-gal group) were ana-
lyzed by Morris water maze tests. The water maze made up a circular
water tank with a 200 cm diameter and 50 cm height. A transparent
platform was put inside the tank. The tank was filled with water
(23 ± 1 °C) that was made opaque using carbon black ink. At the be-
ginning of each water maze test, a rat was randomly placed in the water
at one of the five starting positions facing the wall of the tank. The swim
test was terminated when the rat reached the hidden platform or when
120 s had passed. The dwell time was set to 2 s throughout training. If
the rat found the platform within 120 s, it was allowed to stay there for
15 s and then sent back to its home cage. If the rat did not find the
platform within 120 s, it was guided to the platform and allowed to stay
on the platform for 30 s. The rats underwent the test for 5 consecutive
days, twice a day, with each session dividing into two trials (intertrial
interval= 20min; intersession interval= 3 h). The mean latency of
four trials a day was considered as its mean escape latency. A probe trial
(without the platform in the pool) was conducted after the last training
session. The rats were allowed to swim for 120 s, and spatial bias was
evaluated by dwell time and the swim path length in the pool's quad-
rants. The percentages of time spent and distance traveled in the target
quadrant were applied to statistical analysis (Chen et al., 2008).

2.3. Determination of NADPH oxidase activity

Bilateral VCN tissues were dissected from 24 rats’ brains (n= 6 per
group) and homogenized in 50mM phosphate buffer including 1mM
EDTA and 1mM PMSF. The homogenate was centrifugated at 600×g
for 10min at 4 °C, then the supernatant was collected and centrifuged at
7000×g for 10min at 4 °C. After centrifugation, the supernatant was
collected and used to measure the NADPH oxidase activity. The che-
miluminescence assay was used to measure the NADPH oxidase activity
(Kashiwagi et al., 1999). Additionally, the lucigenin concentration was
5 μM in the final reaction mixture, and the NADPH oxidase activity was
measured based on the amount of superoxide anion produced in the
reaction mixture.

2.4. H2O2, T-SOD, GSH-Px, and ATP assay

Bilateral VCN tissues from 24 rats’ brains (n=6 per group) were
rapidly separated and homogenized in cold saline in closely comparably
ways so that paired sample-to-sample comparisons could be made. The
right side was used for H2O2, T-SOD, and ATP assays, and the left side
was used to measure the mitochondrial membrane potential (MMP).
The right tissue homogenate was centrifuged at 4000×g for 15min at
4 °C, and the supernatant was used for H2O2, T-SOD, GSH-Px, and ATP
assays. Protein concentrations were determined by an Enhanced BCA
Protein Assay Kit (Beyotime, China). The levels of H2O2, T-SOD, GSH-
Px, and ATP in the VCN were quantified by colorimetric kits (Nanjing
Jiancheng Bioengineering Institute, China).

2.5. Measurement of MMP

Mitochondria of the VCN were extracted immediately with a Tissue
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Mitochondria Isolation Kit (Beyotime, China) and then used for the
measurement of MMP. MMP in the VCN was determined by the fluor-
escent, lipophilic, and cationic JC-1 probe (Nanjing Jiancheng
Bioengineering Institute, China) according to the manufacturer's in-
structions.

2.6. Genomic DNA isolation and determination of common deletion

Both sides of the VCN tissue were departed from 24 rats (n=6 per
group). The right side VCN tissue was used for genomic DNA extraction,
and the other side tissue was used for western blotting. A Genomic DNA
Isolation Kit was used for total DNA extraction (Tiangen Biotech Co.,
LTD, China) by the manufacturer's instructions. The DNA concentration
of each specimen was determined by using the GeneQuant pro DNA/
RNA Calculator (Amersham Pharmacia Biotech, Sweden). TaqMan real-
time PCR assay was used for confirm the quantity of common deletion.
Due to rare deleted, the D-Loop region can be used to represent the
conserved segment. The primers and probes for the D-loop and common
deletion were the same as before (Nicklas et al., 2004). Moreover, The
PCR amplification was performed on a StepOne™ Real-Time PCR
System (Applied Biosystems, USA) in a 20 μl reaction volume. The re-
action mixture contained 10 μl of 2× TaqMan PCR mix (TaKaRa,
China), 0.4 μl of 50×ROX reference dye, 0.4 μl each of forward and
reverse primers (10 μM), 0.2 μl of each probe (10 μM), and 4.6 μl of
distilled water, 4 μl of the sample DNA (10 ng/μl). And the cycling
conditions including an initial phase at 95 °C for 30 s and then 40 cycles
at 95 °C for 5 s and 60 °C for 30 s. The cycle number at which a sig-
nificant increase in the normalized fluorescence was first detected was
named as the threshold cycle number (Ct). And the ΔCt (= Ct common

deletion - Ct D-loop) could be used to express the ratio of common deletion.
The relative expression (RE) could indicates the factorial difference in
the deletions between the experimental and the control group. The RE
was calculated as 2−ΔΔCt, where ΔΔCt= ΔCt common deletion in the ex-
perimental group - ΔCt common deletion in the control group.

2.7. Immunohistochemical analysis

A biomarker of DNA oxidative damage, the levels of 8-hydroxy-2-
deoxyguanosine (8-OHdG) (Prabhulkar and Li, 2010), were analyzed by
immunohistochemical method. Brains from 16 rats (n=4 per group)
were fixed by 4% buffered paraformaldehyde at 4 °C overnight, dehy-
drated, and embedded in paraffin wax finally. Subsequently, the
brainstem was cut into 5-μm-thick slices at VCN level serially. The VCN
tissue from one side was used for immunohistochemical analysis, and
the other side of the VCN was used for TUNEL assay. After deparaffining
in xylene and rehydrated through graded concentrations of ethanol.
After dehydration, samples were incubated with anti-8-OHdG antibody
(diluted 1:200; Abcam, USA) and anti-COX IV antibody (diluted 1:100,
Proteintech, China) overnight at 4 °C. The slides treated with 8-OHdG
antibody so that it could be used to visualize DNA oxidative damage
and COX IV antibody to observe mitochondria. After washing in PBS 3
times, they were incubated with Goat Anti-Mouse IgG H&L (Alexa
Fluor®488) and Goat Anti-Rabbit IgG H&L (Alexa Fluor®568) as the
secondary antibody (diluted 1:500; Abcam, USA) for 1 h at room tem-
perature. Nuclei were counterstained with DAPI staining solution (Be-
yotime, China). Subsequently, the sections were observed under a laser
scanning confocal microscope (Leica TCS SP8, Germany). The expres-
sion of 8-OHdG was measured by Image-Pro Plus 6.0 software (Media
Cybernetics, Inc., USA). In view of a negative control, sections were
treated in the same way, except the omitting of incubation with primary
antibody.

2.8. Western blot analysis

The protein expression levels of phospho-p47phox (p-p47phox), tumor
necrosis factor alpha (TNFα), uncoupling protein 2 (UCP2), cytochrome

c (Cyt c), and cleaved caspase-3 (C-cas3) in the VCN were determined
via western blot analysis. Cytosolic and mitochondrial fractions were
treated with a commercially available cytosol/mitochondria fractiona-
tion kit (Beyotime, China) in accordance to the manufacturer's protocol.
Protein was extracted using RIPA Lysis and Extraction Buffer
(Beyotime, China) following the manufacturer's instructions. An
Enhanced BCA Protein Assay Kit (Beyotime, China) was used to de-
termine protein concentrations. Thirty micrograms of each protein ly-
sate were separated by 10% SDS-polyacrylamide gels and then trans-
ferred to polyvinylidene difluoride (PVDF) membranes which were
incubated for 1 h in a Tris-buffered saline (TBS) with 5% skimmed milk,
then washed briefly in TBS, and incubated overnight at 4 °C with the
appropriate dilution of antibodies: anti-p-p47phox (diluted 1:500;
Invitrogen, USA), anti-p47phox (diluted 1:500; Abcam, USA), anti-TNFα
(diluted 1:1000, Cell Signaling Technology, USA), anti-UCP2 (diluted
1:500; Abcam, USA), anti-Cyt c (diluted 1:500; Abcam, USA), or anti-C-
cas3 (diluted 1:1000; Cell Signaling Technology, USA). After washing
the membranes, the membranes were incubated for 1 h at room tem-
perature with the appropriate horseradish peroxidase (HRP)-con-
jugated secondary antibody (diluted 1:5000; ZSGB-BIO, China).
Furthermore, membranes were visualized using BeyoECL Plus
(Beyotime, China). Quantitation of the detected bands was performed
with Image-Pro Plus 6.0 software as previously described (Media
Cybernetics, Inc., USA). β-actin was used as an internal control for total
protein, and COX IV was used as an internal control for mitochondrial
protein.

2.9. Transmission electron microscopy

Transmission electron microscopy was used to performe the ultra-
structure of mitochondria in the VCN. Sixteen rats (n=4 per group)
were sacrificed, and both sides of the VCN from each rat were perfused
with 2.5% glutaraldehyde overnight at 4 °C. After incubating in 1%
osmium tetroxide for 2 h at room temperature for post-fixation, the
tissues were dehydrated in the graded ethanol and acetone series, im-
mersed in an acetone/Epon 812 mixture for 2 h and then in Epon 812
for 2 h, and embedded in Epon 812 for 10 h at 80 °C finally. Serial ul-
trathin sections (50 nm) were placed onto copper grids and stained with
uranyl acetate followed by lead citrate. The ultrastructure was mea-
sured under a transmission electron microscope (JEM-2100, JEOL Ltd.,
Tokyo, Japan).

2.10. TUNEL staining

Apoptotic cells were detected in situ by TUNEL staining (TUNEL
POD kit; Roche Molecular Biochemicals, Germany). Briefly, a section
was deparaffinized and rehydrated. After treatment with proteinase K
(20 μg/ml in 10mM Tris-HCl, pH 7.6) for 15min at 37 °C, the sections
were washed with PBS, and the labelling reaction was performed by a
labelling solution containing terminal deoxynucleotidyl transferase, its
buffer and fluorescein deoxyuridine triphosphate at 37 °C for 1 h in a
humidity chamber. After washing with PBS, each section was examined
under a fluorescence microscope (Leica DM2500, Germany). For the
number of TUNEL-positive stained cells, it was counted using Image-Pro
Plus 6.0 software (Media Cybernetics, Inc., USA).

2.11. Statistical analysis

All the data are presented as the mean ± standard deviation (SD).
Statistical tests were performed with SPSS 13.0 software (SPSS Inc.,
USA). The data on memory impairment were analyzed via independent-
samples t-tests, whereas the other data were analyzed using one-way
ANOVA. Therefore, the least significant difference (LSD) post hoc test
was used to evaluate the differences between groups. Of all these, dif-
ferences with a P < 0.05 were considered to be statistically significant.
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3. Results

3.1. Memory impairment in D-gal-induced aging model in rats

To confirm the establishment of the aging model induced by D-gal
treatment, the spatial learning and memory of rats in the D-gal group
and Control group were observed using Morris water maze tests. As
shown in Fig. 1A, the mean latency to find the platform decreased
gradually during training days in the D-gal group and the Control
group. However, the D-gal group showed longer latencies to the plat-
form than the Control group (P < 0.01). Next, Fig. 1B illustrates the
significant difference in the percentage of time spent in the target
quadrant between the D-gal group and the Control group (P < 0.01).
Finally, Fig. 1C illustrates the significant difference found in the per-
centage of distance traveled in the target quadrant between the D-gal
and the Control group (P < 0.01). These results show the impaired
spatial learning and memory ability in D-gal-induced aging model in
rats.

3.2. Apocynin alleviates NADPH oxidase-associated oxidative stress in the
VCN of D-gal-induced aging model in rats

To investigate the effects of the NADPH oxidase inhibitor apocynin
on oxidative stress in the VCN of D-gal-induced aging model in rats, we
measured the levels of NADPH oxidase activity, H2O2, T-SOD and GSH-
Px activity. As shown in Fig. 2A, the levels of NADPH oxidase activity in
the Control group, D-gal group, D-gal + DMSO group, and D-
gal + APO group were 300.67 ± 61.22 μmol/mg/min,
1208.67 ± 182.34 μmol/mg/min, 1135.67 ± 171.73 μmol/mg/min,
and 589.17 ± 126.51 μmol/mg/min, respectively. The level of
NADPH oxidase activity in the D-gal group was significantly higher
than that in the Control group (P < 0.01). The level of NADPH oxidase
activity in the D-gal + APO group was significantly lower than that in
the D-gal group (P < 0.01). There was no significant difference be-
tween the D-gal group and the D-gal + DMSO group. As shown in
Fig. 2B, the levels of H2O2 in the Control group, D-gal group, D-
gal + DMSO group, and D-gal + APO group were
15.01 ± 1.65 mmol/g protein, 32.71 ± 2.15 mmol/g protein,
32.45 ± 2.04 mmol/g protein, and 19.71 ± 2.80 mmol/g protein,
respectively. The level of H2O2 in the D-gal group was significantly
higher than that in the Control group (P < 0.01). The level of H2O2 in
the D-gal + APO group was significantly lower than that in the D-gal
group (P < 0.01). There was no significant difference between the D-
gal group and the D-gal + DMSO group. As shown in Fig. 2C, the levels
of T-SOD activity in the Control group, D-gal group, D-gal + DMSO
group, and D-gal + APO group were 134.36 ± 14.72 U/mg protein,
73.61 ± 5.89 U/mg protein, 74.70 ± 8.62 U/mg protein, and
105.49 ± 10.95 U/mg protein, respectively. The level of T-SOD

activity in the D-gal group was significantly lower than that in the
Control group (P < 0.01). The level of T-SOD activity in the D-
gal + APO group was significantly higher than that in the D-gal group
(P < 0.01). There was no significant difference between the D-gal
group and the D-gal + DMSO group. As shown in Fig. 2D, the levels of
GSH-Px activity in the Control group, D-gal group, D-gal + DMSO
group, and D-gal + APO group were 18.24 ± 1.05 U/mg protein,
7.53 ± 0.77 U/mg protein, 7.4 ± 0.87 U/mg protein, and
12.51 ± 1.57 U/mg protein, respectively. The level of GSH-Px activity
in the D-gal group was significantly lower than that in the Control
group (P < 0.01). The level of GSH-Px activity in the D-gal + APO
group was significantly higher than that in the D-gal group (P < 0.01).
There was no significant difference between the D-gal group and the D-
gal + DMSO group. Thus, these findings indicated that apocynin de-
creased NADPH oxidase-associated oxidative stress in the VCN of D-gal-
induced aging model in rats.

3.3. Apocynin alleviates mitochondrial DNA damage in the VCN of D-gal-
induced aging model in rats

To investigate the effect of the NADPH oxidase inhibitor apocynin
on mitochondrial DNA oxidative damage in the VCN of D-gal-induced
aging model in rats, we measured the expression of 8-OHdG (a bio-
marker of DNA oxidative damage) and the accumulation of common
deletion. As shown in Fig. 3A, the expression of 8-OHdG (red) was
mainly in the mitochondria (green) of neurons of the VCN of the D-gal
group and D-gal + DMSO group. The levels of 8-OHdG in the D-gal
group, D-gal + DMSO group, and D-gal + APO group were
4.90 ± 0.83-fold, 4.81 ± 0.97-fold, and 1.98 ± 0.49-fold compared
with that in the Control group, respectively. The level of 8-OHdG in the
D-gal group was significantly higher than that in the Control group
(P < 0.01). The level of 8-OHdG in the D-gal + APO group was sig-
nificantly lower than that in the D-gal group (P < 0.01). There was no
significant difference between the D-gal group and the D-gal + DMSO
group (Fig. 3B). As shown in Fig. 3C, the levels of common deletion in
the D-gal group, D-gal + DMSO group, and D-gal + APO group were
2.45 ± 0.36-fold, 2.30 ± 0.35-fold, and 1.51 ± 0.25-fold compared
with that in the Control group. The levels of common deletion in the D-
gal group were significantly higher than that in the Control group
(P < 0.01). The level of common deletion in the D-gal + APO group
was significantly lower than that in the D-gal group (P < 0.01). There
was no significant difference between the D-gal group and the D-
gal + DMSO group. These findings indicated that apocynin largely
alleviates mitochondrial DNA oxidative damage in the VCN of D-gal-
induced aging model in rats.

Fig. 1. Spatial learning and memory of rats in the D-gal group and the Control group. (A) Histogram of the mean escape latency time during training. (B) The
percentage of time spent in the target quadrant during probe tests immediately after the end of acquisition training. (C) The percentage of distance traveled in the
target quadrant during probe tests immediately after the end of acquisition training. Data are expressed as the mean ± SD. *P < 0.01 versus the Control group.
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3.4. Apocynin decreases the protein expression of p-p47phox, TNFα, and
UCP2 in the VCN of D-gal-induced aging model in rats

To evaluate the protein levels of p-p47phox, TNFα, and UCP2 in the
VCN of the different groups, western blot analysis was performed. As
shown in Fig. 4, the protein levels of p-p47phox in the D-gal group, D-
gal + DMSO group, and D-gal + APO group were 3.88 ± 0.56-fold,
3.74 ± 0,21-fold, and 1.99 ± 0.37-fold compared with that in the
Control group, respectively; the protein levels of TNFα in the D-gal
group, D-gal + DMSO group, and D-gal + APO group were
6.58 ± 0.75-fold, 6.50 ± 1.13-fold, and 2.44 ± 0.86-fold compared
with that in the Control group, respectively; the protein levels of UCP2
in the D-gal group, D-gal + DMSO group, and D-gal + APO group were
4.79 ± 0.54-fold, 5.24 ± 0.67-fold, and 2.77 ± 0.37-fold compared
with that in the Control group, respectively. The protein levels of p-
p47phox, TNFα, and UCP2 in the D-gal group were significantly higher
than those in the Control group (P < 0.01). The protein levels of p-
p47phox, TNFα, and UCP2 in the D-gal + APO group were significantly
lower than those in the D-gal group (P < 0.01). There was no sig-
nificant difference between the D-gal group and the D-gal + DMSO
group.

3.5. Apocynin protects the mitochondrial ultrastructure in the VCN of D-gal-
induced aging model in rats

To investigate the effect of the NADPH oxidase inhibitor apocynin
on the mitochondrial structure in the VCN of D-gal-induced aging
model in rats, we assessed the mitochondrial ultrastructure using
transmission electron microscopy. As shown in Fig. 5A, E, the shape and
size of mitochondria in the VCN of rats from the Control group were
normal. In contrast, numerous mitochondria in the VCN of rats from the
D-gal group were swollen with a reduced electron density in the matrix

or had undergone serious degeneration (Fig. 5B and C). Additionally,
lipofuscin granules frequently appeared in the cytoplasm of neurons in
the VCN of rats from the D-gal group (Fig. 5D). In the D-gal + APO
group (Fig. 5F, G, H), the shape and size of mitochondria in the VCN of
rats were close to normal; some mitochondria appeared only a little
swollen, and less lipofuscin was observed in the cytoplasm of neurons in
the VCN of rats.

3.6. Apocynin improves mitochondrial function in the VCN of D-gal-
induced aging model in rats

To further characterize the effect of the NADPH oxidase inhibitor
apocynin on mitochondrial function in the VCN of D-gal-induced aging
model in rats, we detected the levels of ATP and MMP. As shown in
Fig. 6A, the levels of ATP in the Control group, D-gal group, D-
gal + DMSO group, and D-gal + APO group were 13.26 ± 1.07 nmol/
mg protein, 6.58 ± 0.99 nmol/mg protein, 7.20 ± 2.21 nmol/mg
protein, and 10.56 ± 1.34 nmol/mg protein, respectively. The level of
ATP in the D-gal group was significantly lower than that in the Control
group (P < 0.01). The level of ATP in the D-gal + APO group was
significantly higher than that in the D-gal group (P < 0.01). There was
no significant difference between the D-gal group and the D-
gal + DMSO group. As shown in Fig. 6B, the levels of MMP in the
Control group, D-gal group, D-gal + DMSO group, and D-gal + APO
group were 8.25 ± 0.88, 5.05 ± 0.63, 5.42 ± 0.85, and
7.45 ± 0.96, respectively. The level of MMP in the D-gal group was
significantly lower than that in the Control group (P < 0.01). The level
of MMP in the D-gal + APO group was significantly higher than that in
the D-gal group (P < 0.01). There was no significant difference be-
tween the D-gal group and the D-gal + DMSO group.

Fig. 2. The levels of NADPH oxidase activity, H2O2, T-SOD and GSH-Px activity in the VCN of rats in the different groups. (A) Levels of NADPH oxidase
activity in the VCN of rats in the different groups. (B) Levels of H2O2 in the VCN of rats in the different groups. (C) Levels of T-SOD activity in the VCN of rats in the
different groups. (D) Levels of GSH-Px activity in the VCN of rats in the different groups. Data are expressed as the mean ± SD. *P < 0.01 versus the Control group;
ˆP < 0.01 versus the D-gal group. T-SOD, total superoxide dismutase; GSH-Px, glutathione peroxidase.
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Fig. 3. The levels of 8-OHdG and common deletion in the VCN of rats in the different groups. (A) The expression and localization of 8-OHdG in the VCN of rats
in the different groups using immunohistochemical staining. (B) Quantitative assessment of 8-OHdG expression in the VCN of rats in the different groups. (C) Levels
of common deletion in the VCN of rats in the different groups. Data are expressed as the mean ± SD. *P < 0.01 versus the Control group; ˆP < 0.01 versus the D-
gal group. Scale bar= 20 μm or 5 μm. 8-OHdG, 8-hydroxy-2-deoxyguanosine.

Fig. 4. Protein expression of p-p47phox, TNFα, and UCP2 in the VCN of rats in the different groups. (A) Protein expression of p-p47phox in the VCN of rats in the
different groups. (B) Protein expression of TNFα and UCP2 in the VCN of rats in the different groups. Data are expressed as the mean ± SD. *P < 0.01 versus the
Control group; ˆP < 0.01 versus the D-gal group. p-p47phox, phosphos-p47phox; TNFα, tumor necrosis factor alpha; UCP2, uncoupling protein 2.
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3.7. Apocynin inhibits mitochondria-dependent apoptosis in the VCN of D-
gal-induced aging model in rats

To determine the effects of the NADPH oxidase inhibitor apocynin
on mitochondria-dependent apoptosis in the VCN of D-gal-induced
aging model in rats, we detected mitochondrial and cytoplasmic Cyt c
protein levels using western blot analysis. As shown in Fig. 7A, the
mitochondrial protein levels of Cyt c in the D-gal group, D-gal + DMSO
group, and D-gal + APO group were 0.27 ± 0.10-fold, 0.29 ± 0.12-
fold, and 0.63 ± 0.22-fold compared with that in the Control group,
respectively. The mitochondrial protein levels of Cyt c in the D-gal
group were significantly lower than that in the Control group
(P < 0.01). The mitochondrial protein levels of Cyt c in the D-
gal + APO group were significantly higher than that in the D-gal group

(P < 0.01). As shown in Fig. 7B, the cytoplasmic protein levels of Cyt c
in the D-gal group, D-gal + DMSO group, and D-gal + APO group were
9.14 ± 1.05-fold, 8.96 ± 1.59-fold, and 3.41 ± 0.88-fold compared
with that in the Control group, respectively. The cytoplasmic protein
levels of Cyt c in the D-gal group were significantly higher than that in
the Control group (P < 0.01). The cytoplasmic protein levels of Cyt c
in the D-gal + APO group were significantly lower than that in the D-
gal group (P < 0.01). There was no significant difference between the
D-gal group and the D-gal + DMSO group. Thus, these findings in-
dicated that apocynin inhibits Cyt c translocation from mitochondria to
the cytoplasm in the VCN of D-gal-induced aging model in rats.

To further investigate the effect of the NADPH oxidase inhibitor
apocynin on mitochondria-dependent apoptosis in the VCN of D-gal-
induced aging model in rats, we detected C-cas3 protein levels using

Fig. 5. Mitochondrial ultrastructure in the VCN of rats in the different groups. (A, E) Normal mitochondria (white arrows) in the Control group. (B, C, D)
Swollen mitochondria with reduced electron density (black arrows), vacuolar mitochondria (asterisks), and lipofuscin granules (double arrows) in the D-gal group.
(F, G, H) Less swollen mitochondria with reduced electron density (black arrows) and lipofuscin granules (double arrows) in the D-gal + APO group compared to
those in the D-gal group. A, B, C, E, F, and G: Scale bar = 0.5 μm; D and H: Scale bar = 1 μm.

Fig. 6. Mitochondrial function in the VCN of rats in the different groups. (A) Levels of ATP in the VCN of rats in the different groups. (B) Levels of MMP in the
VCN of rats in the different groups. Data are expressed as the mean ± SD. *P < 0.01 versus the Control group; ˆP < 0.01 versus the D-gal group. MMP,
mitochondrial membrane potential.
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western blot analysis (Fig. 7C) and apoptotic cells in situ using TUNEL
staining (Fig. 7D). As shown in Fig. 7C, the protein levels of C-cas3 in
the D-gal group, D-gal + DMSO group, and D-gal + APO group were
9.99 ± 1.87-fold, 9.34 ± 1.58-fold, and 4.21 ± 0.90-fold compared
with that in the Control group, respectively. The protein levels of C-cas3
in the D-gal group were significantly higher than that in the Control
group (P < 0.01). The protein levels of C-cas3 in the D-gal + APO
group were significantly lower than that in the D-gal group (P < 0.01).
As shown in Fig. 7D, the numbers of TUNEL-positive cells in the Control
group, D-gal group, D-gal + DMSO group, and D-gal + APO group
were 1.00 ± 0.82, 12.75 ± 2.5, 12.80 ± 2.94, and 6.75 ± 1.89,
respectively. The number of TUNEL-positive cells in the D-gal group
was significantly higher than that in the Control group (P < 0.01). The
number of TUNEL-positive cells in the D-gal + APO group was sig-
nificantly lower than that in the D-gal group (P < 0.01). There was no
significant difference between the D-gal group and the D-gal + DMSO
group. These findings further indicated that apocynin inhibits the

activation of the mitochondria-dependent apoptotic pathway in the
VCN of D-gal-induced aging model in rats.

4. Discussion

It was reported that D-gal can induce memory loss, oxidative stress,
and mitochondrial damage, similar to what occurs in natural aging in
rats. Therefore, D-gal has been used as an animal aging model for aging
and anti-aging research (Chen et al., 2010; Li et al., 2018; Rehman
et al., 2017). In our study, the rats treated with D-gal exhibited sig-
nificantly impaired performance in water maze tests coupled with
oxidative stress, mitochondrial DNA common deletion accumulation,
and mitochondrial ultrastructure damage in the VCN. These findings
demonstrated that the chronic administration of D-gal induced aging in
the VCN of the central auditory system of rats. Currently, the increase in
life expectancy has resulted in an increase in the prevalence of pres-
bycusis. We used D-gal-induced aging model in rats to investigate the

Fig. 7. Mitochondria-dependent apoptosis in the VCN of rats in the different groups. (A) The protein expression of mitochondrial Cyt c in the VCN of rats in the
different groups using western blotting. (B) The protein expression of cytoplasmic Cyt c in the VCN of rats in the different groups using western blotting. (C) The
protein expression of C-cas3 in the VCN of rats in the different groups using western blotting. (D) Apoptotic cells in the VCN of rats in the different groups using
TUNEL staining. Data are expressed as the mean ± SD. *P < 0.01 versus the Control group; ˆP < 0.01 versus the D-gal group. Scale bar= 50 μm. Cyt c, cyto-
chrome c; C-cas3, cleaved caspase 3; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end-labeling.
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neuroprotective role and possible mechanism of the NADPH oxidase
inhibitor apocynin in reducing D-gal-induced NADPH oxidase-asso-
ciated oxidative stress, mitochondrial damage, and mitochondria-de-
pendent apoptosis in the VCN, parameters related to the aging of the
central auditory system.

In addition to mitochondria, NADPH oxidase is a main source of
ROS in the aging process of the auditory system and might be re-
sponsible for oxidative stress in the inner ear (Du Z et al., 2012a), VCN
(Du Z et al., 2015), and hippocampus (Du Z et al., 2012b). In our
previous study, we demonstrated that the overexpression of NADPH
oxidase 2 (also known as gp91phox) and its corresponding subunits
(p22phox, p47phox, and p67phox) might contribute to the increase in
mitochondrial oxidative damage and the decrease in ATP production
and MMP and lead to the activation of the mitochondria-dependent
apoptotic pathway in the VCN of D-gal-induced aging model in rats (Du
Z et al., 2015). In this study, we found that the administration of the
NADPH oxidase inhibitor apocynin decreased the level of NADPH oxi-
dase activity, H2O2 production, and mitochondrial DNA oxidative da-
mage and increased the level of T-SOD and GSH-Px activity in the VCN
of D-gal-induced aging model in rats. Our current results suggest that
apocynin efficiently decreased NADPH oxidase-associated oxidative
stress in the VCN of D-gal-induced aging model in rats.

According to the western blot results, apocynin also prevented D-
gal-induced p-p47phox, TNFα, and UCP2 protein overexpression in the
VCN of rats. Phosphorylation of p47phox is a key event in NADPH oxi-
dase activation (el et al., 1994; El et al., 1996; Okamura et al., 1988;
Rotrosen and Leto, 1990), and previous studies demonstrated that
apocynin inhibited p47phox activation (Dang et al., 2016) and that
TNFα induced clear p47phox phosphorylation (Dewas et al., 2003).
Moreover, mitochondrial uncoupling by UCP2 can be activated by ROS.
The mild uncoupling caused by the activation of UCP2 may decrease
the proton-motive force and attenuate mitochondrial ROS production at
the cost of efficient ATP synthesis (Divakaruni and Brand, 2011;
Mailloux and Harper, 2011; Toda and Diano, 2014). Therefore, apoc-
ynin alleviates NADPH oxidase-associated oxidative stress in the VCN of
D-gal-induced aging model in rats via regulating the expression of p-
p47phox, TNFα, and UCP2.

Oxidative stress and the accumulation of mitochondrial DNA mu-
tations have a strong association with the molecular process of aging
(Harman, 2001; Hiona and Leeuwenburgh, 2008). Common deletion is
the most frequent age-associated mitochondrial DNA mutation, and it
has been used as a biomarker for aging (Meissner et al., 2008; Nicklas
et al., 2004; Yowe and Ames, 1998). The association between elevated
common deletion and presbycusis has been observed in a number of
studies (Bai et al., 1997; Chen et al., 2010; Markaryan et al., 2009; Ueda
et al., 1998). The accumulation of common deletion in the tissue of the
auditory system may lead to mitochondrial dysfunction, resulting in
increased mitochondrial ROS generation and decreased ATP production
and MMP (Harman, 2001; Hiona and Leeuwenburgh, 2008). In this

study, we demonstrated for the first time that apocynin efficiently de-
creased the accumulation of common deletion and improved mi-
tochondrial function in the VCN of D-gal-induced aging model in rats.

Mitochondrial dysfunction and mitochondrial ultrastructure da-
mage may initiate apoptosis by releasing pro-apoptotic factors, such as
Cyt c, from the mitochondrial intermembrane space into the cytoplasm
to trigger the mitochondria-dependent apoptosis pathway (Green and
Kroemer, 2004; Hengartner, 2000). In this study, we demonstrated that
apocynin efficiently blocked the translocation of Cyt c from mi-
tochondria to the cytoplasm. To further investigate the effect of apoc-
ynin on mitochondria-dependent apoptosis in the VCN of D-gal-induced
aging model in rats, we measured a key effector protease in the mi-
tochondrial pathway of apoptosis, C-cas3 (Green and Kroemer, 2004),
and the number of apoptotic cells in situ by TUNEL staining. We found
that apocynin significantly decreased the protein level of C-cas3 and the
number of apoptotic cells in the VCN of D-gal-induced aging model in
rats. A recent study also demonstrated that apocynin attenuated mi-
tochondrial dysfunction and mitochondria-dependent apoptosis via
inhibition of harmful ROS following ischemic injury in the rat brain
(Kapoor et al., 2018). Consequently, these findings suggest that the
NADPH oxidase inhibitor apocynin prevents the activation of the mi-
tochondrial pathway of apoptosis not only through blocking the
translocation of Cyt c from mitochondria to the cytoplasm but also
through suppressing the protein expression of C-cas3. However, we also
found that apocynin did not totally eliminate apoptotic cells, indicating
that, in addition to the mitochondrial pathway of apoptosis, there might
be other apoptotic pathways involved in the VCN of D-gal-induced
aging model in rats.

5. Conclusions

Based on the current results, we concluded the following (Fig. 8):
(1) D-gal injection induces oxidative stress, mitochondrial dysfunction,
and apoptosis in the VCN and mimics the biologic aging process of the
central auditory system. (2) NADPH oxidase-associated ROS generation
is responsible for mitochondrial dysfunction and mitochondria-depen-
dent apoptosis in the VCN of D-gal-induced aging model in rats. (3) The
NADPH oxidase inhibitor apocynin protects neurons in the VCN of D-
gal-induced aging model in rats via decreasing ROS generation, im-
proving mitochondrial function, and blocking the mitochondrial
pathway of apoptosis. (4) Although apocynin did not totally eliminate
apoptotic cells, it largely improved mitochondrial function and reduced
apoptotic cells in the VCN of D-gal-induced aging. Apocynin may be a
useful therapeutic agent to prevent or slow the development of central
presbycusis.
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