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Background: p66Shc, a Src homologue and collagen homologue (Shc) adaptor protein,
mediates oxidative stress signaling. The p66Shc-null mice have increased lifespan and
enhanced resistance to oxidative stress. Studies have also indicated its potential role in
inner ear aging, which can lead to deafness.

Objective: The aim of this study was to determine the effects of p66Shc down-regulation on
the marginal cells (MCs) of the inner ear stria vascularis.

Methods: Primary MCs were isolated from neonatal rats and treated with glucose oxidase to
induce oxidative stress. The cells were transduced with adenovirus expressing siRNA, and
the knockdown was verified by Western blotting. The reactive oxygen species (ROS) levels
and apoptosis were analyzed using the DCFH-DA probe and Annexin-V/7-AAD staining
respectively. The ultrastructure of the differentially-treated cells was examined by transmis-
sion electron microscopy (TEM).

Results: The in vitro oxidative stress model was established successfully in rat MCs.
Knockdown of p66Shc alleviated the high ROS levels and apoptosis in the glucose oxi-
dase-treated cells. In addition, glucose oxidase significantly increased the number of peroxi-
somes in the MCs, which was decreased by p66Shc inhibition.

Conclusion: Oxidative stress increases p66Shc levels in the marginal cells of the inner ear,
which aggravates ROS production and cellular injury. Blocking p66Shc expression can
effectively reduce oxidative stress and protect the MCs.
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Introduction

Oxidative stress is a critical driver of cellular dysfunction, and is associated with
numerous pathological conditions, including deafness.' Studies show increased oxidative
stress levels during aging, noise and drug-induced hearing impairment.>™* A globally
aging population has increased the incidence of aging-related disorders like presbycusis,
which seriously affect the quality of life. According to the theory of oxidative stress in
aging, excessive production of reactive oxygen species (ROS) and/or impaired antiox-
idant defense system disrupts the cellular redox balance, resulting in accumulation of free
radicals, macromolecular damage and cellular dysfunction.” Mitochondria are the main
sites of ROS generation. Mitochondrial aging significantly increases ROS levels, result-
ing in cellular senescence, mitochondrial dysfunction and an increase in the number of
peroxisomes.”

submit your manuscript

Dove n

http:

in 3

Drug Design, Development and Therapy 2019:13 3199-3206 3199

© 2019 Hao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

e 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Hao et al

Dove

ShcA is a member of the proto-oncogene Shc family,
and encodes proteins p46shc, p52shc and p66She.” All
three proteins have highly conserved N-terminal phos-
photyrosine binding (PTB), central proline enrichment
region 1 (CHI) and C-terminal Src homology region 2
(SH2) domains.® P46shc and p52shc are involved in
signal transduction during proliferation and mitosis,
whereas p66Shc has inhibitory effects on both.” p66Shc
has an additional collagen-homology domain (CH2) with
oxidoreductase function, which regulates cellular oxida-
tive stress levels.' Downregulation of p66Shc is asso-
ciated with lower ROS levels and increased resistance to
oxidative stress, and the life span of p66Shc knockout
mice is prolonged by 30%.

The marginal cells (MCs) of the stria vascularis form
the innermost layer of the cochlear lateral wall, and are
adjacent to the endolymphatic fluid and the microvascula-
ture. MCs participate in the formation of endolymphatic
fluid and ion transport, and maintain the high osmotic
pressure, high potassium levels and high cochlear potential
of cochlear endolymphatic fluid, which are necessary for
electro-mechanical ~ signal transduction.''  Numerous
studies'>'> have shown that the oxidative damage of
striatum cells can lead to hearing loss, indicating that
reversing oxidative stress can potentially treat deafness.

We isolated MCs from the stria vascularis of neonatal
rats, and established an in vitro model of oxidative stress
using glucose oxidase, which oxidizes glucose to produce
low levels of hydrogen peroxide.'®'” The oxidative stress
induced by glucose oxidase was accompanied by increased
levels of p66Shc, and knocking down the latter alleviated
the high ROS and apoptosis levels.

Materials and methods

The neonatal (3 days old) Sprague Dawley (SD) rats were
obtained from the department of laboratory animals, central
south university. the department of laboratory animals, central
south university has qualification for raising and breeding
animals. Animals were fed according to the standard protocols
approved by the Laboratory Animal Management Statute of
the China. All of theanimal experiments followed the instruc-
tions of the Laboratory Animal Management Statute of China.
The protocol was approved by the Center for Medical Ethics
Central South University (Permit Number: 201403088).

Isolation and primary culture of MCs
Six neonatal (3 days old) SD rats were anesthetized with
ethylether, and disinfected by swabbing with 75% ethanol.

The bilateral temporal bones were removed, and the stria
vascularis from the apical turn to basal turn was dissected.
The tissues were chopped into 0.5 mm thick pieces and
digested with 0.1% type II collagenase for 30 min at 37 °C.
After centrifuging for 5 min at 1000 rpm, the cells were
harvested and re-suspended in Epithelial Cell Medium-animal
(EpiCM-animal; ScienCell, USA). The MCs were seeded in
tissue culture plates, and cultured at 37 °C under 5% CO2.
Cells of the third to the tenth passages were used

Immunofluorescence

The MCs were seeded onto glass slides and once a mono-
layer was formed, the culture medium was discarded and
the cells were washed with PBS. After fixing with 4%
paraformaldehyde for 15 min at room temperature, the
MCs were rinsed thrice with PBS, permeabilized in 0.3%
Triton x-100 (Sigma, USA) for 20 min, and washed again.
The samples were blocked with 5% BSA (bovine serum
albumin) for 10 min, and incubated overnight with anti-
CK18 antibody (1:500; Abcam, USA). After washing
thrice with PBS, the cells were incubated with anti-rabbit
IgG (diluted 1:100 to 1:200 with 1% BSA) for 30 min. The
slides were suitably processed, mounted and observed
under a fluorescence electron microscope.

Establishment of MCs oxidative stress

model

To establish the MCs oxidative stress model using glucose
oxidase, the optimum concentration of the enzyme was
first determined. Briefly, MC monolayers were harvested
and the cells were re-suspended and seeded into 96-well
plates. After allowing the cells to adhere, they were treated
with 0, 2, 5, 10, 20, 40, 50, 75 and 100 U/L glucose
oxidase (Sigma, USA) for 48 h, and each concentration
was tested in triplicates. To determine the viability of the
cells, 20 pl of CCK8 test solution (Cell Counting Kit-8;
Dojindo, Japan) was added to each well, and the cells were
incubated for another 1.5 h. The absorbance at 450 nm was
then measured using a microplate reader. Based on the
results, the cells were then treated with 50 U/L glucose
oxidase for 0, 2, 4 and 8 h in triplicates to determine the
optimum treatment duration.

Adenoviral transfection and experimental
grouping

The MCs were seeded in 6-well plates at the density of
5x10° cells/well, and allowed to adhere and form a
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monolayer. The cells were randomized into the (A) trans-
duced + oxidative stress, (B) transduced, (C) oxidative stress,
and (D) untreated negative control groups. The group A and
B cells were transduced with recombinant adenovirus
p66Shc-RNAi, and 12 h later the group A and C cells were
treated with 50 U/L glucose oxidase for 4 h.The recombinant
adenovirus p66Shc-RNAi concentration is 4x10° PFU/mL.

Western blotting

The treated MCs were harvested, washed with PBS, and
homogenized in ice-cold RIPA lysis buffer (Beyotime,
China) for a few seconds. The lysates were precipitated by
centrifuging at 12,000x g at 4 °C for 10 min, and the super-
natants were quantified using the BCA reagent (Beyotime,
China). Equal amounts of protein per sample (20 pug) was
mixed with the loading buffer (1/4th the volume of super-
natants) and denatured by boiling for 10 min at 100 °C.The
samples were resolved by SDS-PAGE (Bio-Rad, USA), and
transferred onto polyvinylidene fluoride (PVDF) mem-
branes (Millipore, USA). The membranes were blocked
with 5% skimmed milk dissolved in TBS with 0.1%
Tween 20 (TBST), and incubated overnight with the pri-
mary antibody (dilution) at 4 °C. After washing with TBST,
the HRP-conjugated secondary antibody (1:10,000) was
added and the blots were incubated at room temperature
for 1 h. The membranes were washed again with TBST, and
the protein bands were detected using the ECL reagent
(Beyotime, China).

Annexin V/7-AAD double staining

The suitably-treated MCs were rinsed twice with cold
PBS, and harvested using trypsin. The detached cells
were centrifuged at 1000 rpm for 5 min, and the pellet
was washed twice with cold PBS. Around 1x10° cells per
sample were re-suspended in 100 pl of 1x binding buffer
containing 5 pl Annexin-APC and 10 pl 7-AAD, and
incubated for 15 min at room temperature in the dark.
The stained cells were washed once, and analyzed by
flow cytometry (BD Biosciences, Carlsbad, CA).

DCFH-DA staining

The MCs were harvested and washed as described above,
and incubated with DCFH-DA for 20 min in the dark, with
periodic mixing every 3—5 min. The stained cells were
centrifuged to remove the dye, washed twice with serum-
free medium, and analyzed by flow cytometry.

Transmission electron microscopy (TEM)

observation

The cells were harvested and washed as described, and the
pellets were fixed overnight with glutaraldehyde. The fixed
cells were rinsed thrice with PBS, immobilized with 1%
osmium fixative, and dehydrated through the following
gradient: 50% acetone, 70% acetone, 80% acetone, 90%
acetone twice (each 10 min), 100% acetone twice (each
15 min). The dehydrated samples were embedded in epoxy
resin, and cut into ultrathin sections that were stained with
uranium acetate. The stained sections (3 per sample) was
examined using TEM (HT7700, Hitachi, Japan) to deter-
mine cellular ultrastructure.

Statistical analyses

Statistical analysis was conducted using GraphPad Prism
5.0. Data were presented as the mean + S.E.M of three
independent experiments. The data in Figure 2 were ana-
lyzed by Student’s unpaired or unpaired r-test with
Welch’s correction. The data in Figure 3—5 were analyzed
by one-way ANOVA followed by Student-Newman-Keuls
multiple comparison test. and P-values less than 0.05 were
considered statistically significant.

Results
The in vitro model of oxidative stress was

successfully established using rat MCs

As shown in Figure 1, the isolated primary MCs formed a
compact “paved stone” monolayer by the 3rd day of cul-
ture, and formed the characteristic dome structure on the
7th day, and were characterized by high expression levels
of CK-18. Glucose oxidase significantly decreased the
viability of the MCs is a concentration and time-dependent
manner (p<0.05; Figure 2A and B respectively), and in
subsequent experiments the cells were treated with 50 U/L
glucose oxidase for 4 h. The oxidative stress was evaluated
on the basis of p66Shc expression levels, ROS levels and
apoptosis rates. As shown in Figure 3, glucose oxidase
significantly increased p66Shc protein levels relative to the
untreated controls (p<0.05, SNK-q test). In addition, both
intracellular ROS levels (Figure 4) and percentage of
apoptotic cells (Figure 5) were significantly higher in the
glucose oxidase-treated cells compared to untreated con-
trols. Taken together, glucose oxidase induced oxidative
stress in the MCs, which was accompanied by upregula-
tion of p66Shc.
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MCs CK18 DAPI Merge

Figure | Characterization of MCs isolated from the striae of neonatal rats. Morphology of MCs on day 3 and 7 of culture (100x magnification). This picture shows the
marginal cells, which present as polygons with a pleomorphic growth pattern and are dark with clear boundaries. Representative fluorescence images showing in situ CK-18
(green) in the cytoplasm of primary MCs on day 3 and 7 of culture. Because CK18 is mainly expressed in cytoplasm, the green fluorescence is distributed in the cytoplasm.

The nuclei are stained with DAPI (blue).
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Figure 2 Viability of glucose oxidase-treated MCs. ODy4so of MCs treated with (A) different concentrations of glucose oxidase for 48 h (n=5), and (B) 50 U/L glucose
oxidase for varying durations (n=5). The data are presented as the means + SEM. *p<0.05 vs control group; **p<0.01 vs control group.
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Figure 3 The expression levels of p66Shc protein in MCs. The data are presented as the means * SEM (n=3). One-way ANOVA followed by Student-Newman-Keuls

multiple comparison test, *p<0.05 vs control group.
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Figure 4 Detection of ROS levels. (A) Representative images showing the fluorescent intensity of DCFH-DA in the treated MCs. (B) Bar graph showing ROS levels. The
data are presented as the means *+ SEM (n=3). One-way ANOVA followed by Student-Newman-Keuls multiple comparison test, *p<0.01 vs control group; **p<0.01 vs
glucose oxidase group.
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Figure 5 Apoptosis and oxidative stress in differentially-treated MCs. (A) Detection of apoptosis rate by flow cytometry. (B) Detection of ROS levels. Data are presented
as the mean % SEM (n=3). One-way ANOVA followed by Student-Newman-Keuls multiple comparison test, *5<0.01 vs control group; *p<0.01 vs glucose oxidase group.
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P66Shc silencing abrogates glucose

oxidase-induced oxidative stress in MCs

To determine the role of p66Shc in oxidative stress, the
MCs were transduced with adenovirus expressing specific
siRNA against p66Shc, which significantly decreased the
protein levels (p<0.05, SNK-q test) (Figure 3). P66Shc
knockdown significantly decreased the fluorescence inten-
sity of DCFH-DA (Figure 4), as well as the percentage of
apoptotic cell (Figure 5) in the glucose oxidase-treated
cells compared to the un-transduced cells, to levels similar
to that of the healthy control cells. This clearly indicates
that p66Shc mediates the glucose oxidase-induced increase

in ROS levels and apoptosis in MCs, and silencing its
expression has a protective role against oxidative stress.

Ultrastructural effects of oxidative stress
on MCs

The ultrastructure of the differentially-treated MCs was
observed by TEM (Figure 6). Viral particles were
observed in the cytoplasmic inclusion bodies of the
adenovirus-transduced cells. While the untreated con-
trols and p66Shc-knockdown MCs showed complete
nuclei, continuous cell membranes and healthy mito-
chondria, the glucose oxidase-treated cells had clear

Figure 6 TEM images showing ultrastructure of MCs treated with (A) adenovirus-siRNA and glucose oxidase, (B) adenovirus-siRNA, (C) glucose oxidase, and (D)
untreated control. *mitochondria, long white arrow: virus, short white arrow: microbody, long black arrow: autophagic cells.

Abbreviation: N, nucleus.
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signs of oxidative stress, such as swollen mitochondria
and endoplasmic reticulum, and numerous peroxisomes.

Discussion

Glucose oxidase catalyzes the oxidation of glucose to
produce persistently low levels of hydrogen peroxide,
which causes oxidative stress. It is preferred over hydro-
gen peroxide and D-galactose since it can induce oxidative
stress in a relatively short period of time. Rat MCs treated
with glucose oxidase showed a significant decline in via-
bility, along with high ROS levels, apoptosis and a large
number peroxisomes, swollen mitochondria. all hallmarks
of oxidative stress. Although the role of p66Shc in oxida-
tive stress has been established, there are no reports so far
regarding its involvement in the oxidative stress injury of
the inner ear, which is associated with deafness. We
observed a significant upregulation in p66Shc levels in
the glucose oxidase-treated MCs, indicating that it is trig-
gered by oxidative stress. In addition, knocking down
p66Shc in the stressed cells alleviated the increased ROS
levels and apoptosis. Taken together, p66Shc likely med-
iates the pathological effects of oxidative stress in the
inner ear MCs, and its downregulation can protect the
cells against oxidative stress injury.

Studies show that p66Shc increases intracellular ROS
levels by promoting oxidase activity, decreasing antioxi-
dant activity and increasing mitochondrial respiratory
chain leakage.*'®!'? Oxidative stress factors (eg, H,O
and UV light) activate protein kinase (PK)CP, which
phosphorylates the serine 36 in the CH2 region of cyto-
plasmic p66Shc. The phosphorylated p66Shc activates
GTPase Ras-related C3 botulinum toxin substrate 1
(RAC1) by substituting nucleotide exchange factor SOS
in the growth factor receptor-bound protein 2 (GRB2)
complex. The activated RACI then enables the formation
of membrane-bound NADPH oxidase complex which trig-

gers ROS production.?’

The activated p66Shc also down-
regulates antioxidant enzymes and regulatory factors such
as glutathione peroxidase-1 via the fork-head transcription
factors (such as FOXO3A). In the resting cells, p66Shc is
bound to the mitochondrial TOM/TIM complex. Under
oxidative stress, p66Shc separates from the TOM/TIM
complex and interacts with cytochrome C (cytC) of the
mitochondrial respiratory chain, which promotes the for-
mer’s oxidation and ROS production. We found that
p66Shc knockdown significantly decreased the number of
oxidase-treated cells.

peroxisomes in the glucose

Peroxisome are secondary ROS-generating organelles”!
that are involved in lipid metabolism.>?> Any disruption
in the peroxisomal oxidases and antioxidant enzymes can
trigger cellular senescence.”® Our findings therefore indi-
cate that p66Shc can also reduce oxidative stress by
decreasing the number of peroxisomes, which has not
been reported before.

Inhibition the expression of p66Shc can reduce the level
of oxidative stress in Mcs, reducing the damage of oxidative
stress to marginal cells, which plays an important role in
maintaining the stability of the cochlear environment.
Therefore, we speculate that inhibiting the expression of
p66Shc may play a role in some kinds of deafness related
to oxidative stress, such as noise-induced deafness, senile
deafness, ischemia-hypoxia-induced deafness, and amino-
glycoside-induced deafness,*° providing a possible treat-
ment for this kind of deafness.

Taken together, oxidative stress increases p66Shc
levels in the marginal cells of the inner ear, which aggra-
vates ROS production and cellular injury. Downregulation
of p66Shc expression can effectively reduce oxidative
stress and protect the MCs. Our findings offer a new
possibility for treating oxidative stress-induced hearing
loss, such as noise-induced, sudden and senile deafness.

Conclusion

Downregulation of p66Shc can reduce oxidative stress and
apoptosis in oxidative stress model of marginal cells of
stria vascularis in SD rats, offering a new possibility for
treating oxidative stress-induced hearing loss.
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