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Age-related hearing loss (AHL) is typically caused by the irreversible death of hair cells (HCs). Autophagy
is a constitutive pathway to strengthen cell survival under normal or stress condition. Our previous work
suggested that impaired autophagy played an important role in the development of AHL in C57BL/6 mice,
although the underlying mechanism of autophagy in AHL still needs to be investigated. SIRT1 as an
important regulator involves in AHL and is also a regulator of autophagy. Thus, we hypothesized that the
modulation between SIRT1 and autophagy contribute to HC death and the progressive hearing

i;i‘:vrgg; d hearing loss dysfunction in aging. In the auditory cell line HEI-OC1, SIRT1 modulated autophagosome induction
Cell death because of SIRT1 deacetylating a core autophagy protein ATG9A. The deacetylation of ATG9A not only
Autophagy affects the autophagosome membrane formation but also acts as a sensor of endoplasmic reticulum (ER)

SIRT1 stress inducing autophagy. Moreover, the silencing of SIRT1 facilitated cell death via autophagy inhibi-
tion, whereas SIRT1 and autophagy activation reversed the SIRT1 inhibition media cell death. Notably,
resveratrol, the first natural agonist of SIRT1, altered the organ of Corti autophagy impairment of the 12-
month-old C57BL/6 mice and delayed AHL. The activation of SIRT1 modulates the deacetylation status of
ATG9A, which acts as a sensor of ER stress, providing a novel perspective in elucidating the link between
ER stress and autophagy in aging. Because SIRT1 activation restores autophagy with reduced HC death
and hearing loss, it could be used as a strategy to delay AHL.

Resveratrol

© 2019 Published by Elsevier Inc.

1. Introduction

Age-related hearing loss (AHL) or presbycusis is the most com-
mon form of sensory disability in the elderly (Wilson et al., 2017).
Also, it is the aging form of auditory system, with characteristics of
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bilateral, symmetrical, and progressive sensorineural deafness
(Homans et al., 2017). Estimates suggest approximately one-third of
the people aged 65 or older and two-thirds of people aged 70 or
older experience AHL (Lin et al., 2011; Wilson et al., 2017). Because
AHL is associated with negative consequences in communication
and social life quality, it is a major factor in the progression of
cognitive problems in the elderly, including depression and de-
mentia (Gates and Mills, 2005; Homans et al., 2017; Kidd and Bao,
2012; Panza et al., 2015).

AHL is complex in that it involves both the intrinsic and extrinsic
factors. Especially, environmental exposures throughout life have
important effects on hearing loss in the elderly (Yamasoba et al.,
2013). The most prevalent pathology of AHL is the degeneration
of the peripheral and central auditory structures (Fetoni et al.,
2011). The primary pathological alterations observed in the
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peripheral auditory structure cochlea was the loss of hair cell (HC),
typically debuting with the outer hair cells (OHCs) of the basal
cochlear regions (high frequencies) (Bao and Ohlemiller, 2010; Bowl
and Dawson, 2015). The HC loss extends toward the apex and the
inner hair cells (IHCs) (Ohlemiller and Gagnon, 2004). In the co-
chlea, the OHCs mechanically amplify sound-induced vibrations of
Corti (Dallos and Fakler, 2002), whereas the IHCs signal synaptically
to cochlear neuron communicate auditory information to the brain
(Seal et al., 2008). In mammalian animals, the HC loss is irreversible
(Jagger et al., 2014; Taylor et al., 2012) and the molecular basis of HC
death in AHL is largely unknown. Therefore, there is a dire need to
explore the underlying mechanism and find a way to protect the HC
in the progression of AHL.

Macroautophagy, hereafter referred to as autophagy, is one of the
major degradation pathways in the cell, along with the ubiquitin-
proteasome system (Klionsky et al., 2016). Its key function is to
remove damaged organelles and aberrant macromolecules on the
lysosome pathway, thereby keeping the metabolic balance and cellular
function. Common denominators in the development of age-related
diseases are the inability of cells to maintain adequate metabolism,
proteostasis, and organelle function (Lapierre et al., 2015). Because
aging results from the accumulation of cellular damage and waste
promoted by chronic stresses of small magnitude, in the life span of a
cell, autophagy is required to remove cellular damage and waste.
Therefore, autophagy plays a direct role for the aging process (Revuelta
and Matheu, 2017). Thus, a decline in autophagic cavity is a well-known
observation in aging tissue (Salminen and Kaarniranta, 2009a). Auto-
phagy is essential for HC development, as deletion of ATG5, an essential
gene for autophagy, resulted in HC degeneration and profound
congenital hearing loss (Fujimoto et al., 2017). Besides, autophagy is
involved in the prevention of another type of hearing loss, including
neomycin-, noise-, and cisplatin-induced auditory damage (Fang and
Xiao, 2014; He et al,, 2017; Yang et al., 2018; Yuan et al., 2015).

In our previous study, we have found that the autophagic cavity
was declined in the cochlea of aged C57BL/6 mice and the decline
was associated with the activation of miR-34a (Pang et al., 2017).
However, the miR-34a mechanism in blocking the autophagic flux
does not adequately explain the autophagic cavity decline. We
suspect that the loss of autophagy in aging not only correlates with
the increasing miR-34a level but also links to some factor leading to
autophagy inhibition. We have proved that the increasing miR-34a
level in aging cochlea results in the deficiency of its target SIRT1
(Xiong et al., 2015). Although SIRT1 is the target of miR-34a, it had a
distinct and different mechanism in modulating autophagy. An
increase in miR-34a reduces the number of target gene ATG4B, an
important autophagy-related gene (ATG) to inhibit LC3 conversion,
that blocks the autophagy (Rothe et al., 2014).

The silencing of SIRT1 inhibits autophagy through the FoxO-
mediated mechanisms (Hariharan et al., 2010; Kume et al., 2010)
and the acetylation of ATG proteins (Lee et al., 2008).

Therefore, we hypothesized that the modulation between SIRT1
and autophagy may have an important role in HC death and pro-
gressive hearing dysfunction in aging. Here, we revealed that SIRT1
deficiency in auditory HCs showed autophagy impairment and cell
death. The strategies aimed at rebuilding SIRT1 activity to restore
autophagy may be beneficial in treating AHL.

2. Materials and methods
2.1. In vivo
2.1.1. Animals and treatment

Thirteen 2-month-old and thirteen 12-month-old C57BL/6 mice
(Laboratory Animal Center, Sun Yat-sen University) were used. In

addition, another sixteen 2-month-old mice were randomly
divided into 2 groups after auditory brainstem response (ABR) tests.
The hearing threshold of 2 groups was proven to be of no significant
difference.

One group of mice were subjected to dietary supplementation
with 4000 mg/kg/day of resveratrol (RSV; Sigma-Aldrich, MS, USA)
added to the chow for a period of 10 months (from 2 to 12 months),
whereas the other group was only fed standard chow as control.
After 10 months of feeding, four 2-month-old C57BL/6 mice were
compared with the old mice (the diagrammatic drawing in SI). Care
and use of the animals as well as the experimental protocol were
reviewed and approved by the Animal Research Committee, Sun
Yat-sen University, and by the Animal Research: Reporting In Vivo
Experiments guidelines.

2.1.2. Auditory brainstem response

We followed the ABR measurement procedure that has been
previously described in detail (Pang et al., 2016). Thresholds were
estimated by using Tucker-Davis Technologies (TDT System III,
Alachua, FL, USA) hardware and software. The lowest stimulation
decibel level at which a positive wave in the evoked-response
trace was evident was defined and marked. All ABR measure-
ments were conducted by the same experimenter. The ABR scores
were assigned by an expert who was blinded to the treatment
conditions.

2.1.3. Preparation of hair cells

The narcotized mice were sacrificed after final ABR recordings,
and the cochleae were removed and fixed by immersing it in 4%
paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4)
overnight. After fixation, 24 cochleae were immersed in 10% sodium
ethylenediaminetetraacetic acid for 48 hours for cochlear surface
preparation and 4 immersed for 6 days for cochlear cryosection.

2.1.4. Hair cell count

The Corti was microdissected and further rinsed in PBS. Cochlear
sections were incubated in 1.5% Triton X-100 for 30 minutes at
room temperature. After incubation in 10% goat serum for blocking
nonspecific antibody binding for 30 minutes, 100 uL of phalloidin
(Life technology, CA, USA) containing fluorescein isothiocyanate
was added at 37 °C in the dark for 120 minutes, followed by incu-
bation with 4/,6-diamidino-2-phenylindole (DAPI) (10 mg/mL;
Sigma-Aldrich) for 10 minutes, and mounted on glass slides in 50%
glycerol.

Samples were observed and imaged with a confocal microscope
(Carl Zeiss, Germany). Images from the apex through the base of the
surface preparation with DAPI-stained preparation were captured
using a 40x lens. The percentage of HC loss in each 0.5 mm
length of epithelium was plotted versus cochlear length as a
cytocochleogram.

2.1.5. Quantitative real-time polymerase chain reaction

Total RNA was isolated using TRIzol Reagent (Invitrogen, CA, USA)
according to the manufacturer’s protocol, with 1 mg of total RNA
reverse-transcribed using a ReverTra-Plus-TM kit (Toyobo, Osaka,
Japan). Primer sequences used for amplifications were as fol-
lows—SIRT1 forward: 50-CGGCTACCGAGGTCCATATAC-30, reverse:
50-ACAATCTGCCACAGCGTCAT-30; glyceraldehyde-3-phosphate de-
hydrogenase forward: 50-TGAACGGGAAGCTCACTGG-30, reverse:
50-GCTTCACCACCTTCTTGATGTC-30. Complementary DNA samples
were amplified using SYBR Premix Ex Taq (Tli RNaseH Plus; TaKaRa,
Otsu, Japan) and detected with the Roche LightCycler 480 real-time
polymerase chain reaction system. Glyceraldehyde-3-phosphate
dehydrogenase was used as internal control for SIRT1 normalization.
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2.1.6. Immunohistochemistry of cochlear surface preparation

The Corti was microdissected and rinsed in PBS. Cochlear sec-
tions were incubated in 1.5% Triton X-100 for 30 minutes at room
temperature. After incubation in 10% goat serum for blocking
nonspecific antibody binding for 30 minutes at room temperature,
the samples were incubated with anti-SIRT1 (1:200; Cell Signal
Technology, MA, USA), LC3B (1:200; Cell Signal Technology), or p62
(1:200; Cell Signal Technology) overnight at 4 °C, respectively. After
washing 3 times (10 minutes each), the tissues were incubated with
the Alexa 594-conjugated or Alexa 564-conjugated secondary
antibody at a concentration of 1:200 at 4 °C overnight in the dark.
After washing 3 times, tissues were incubated with 100 pL of
phalloidin (Life technology) containing fluorescein isothiocyanate
at 37 °C in the dark for 120 minutes. After washing 3 times, tissues
were incubated with DAPI for 10 minutes. After the final wash with
PBS, each tissue was divided into 3 segments (apex, middle, and
base) and mounted on glass slides in 50% glycerol. Immunolabeled
images were taken using a confocal microscope (Carl Zeiss).

2.1.7. Immunohistochemistry of cochlear cryosections

After an overnight incubation in 30% sucrose, the cochleae were
embedded in optimal cutting temperature compound (Sakura, USA),
cryosectioned at a 10 mm thickness, and stored at —20 °C. Following
the immunohistochemistry protocol of the cochlear surface prepa-
ration, the cryosections were incubated with anti-SIRT1 (1:200; Cell
Signal Technology) overnight at 4 °C. After washing 3 times (10 mi-
nutes each), the tissues were incubated with the Alexa 594-
conjugated secondary antibody at a concentration of 1:200 at 4 °C
overnight in the dark. After washing 3 times, tissues were incubated
with DAPI for 10 minutes. After the final wash with PBS, each tissue
was mounted on glass slides in 50% glycerol. Immunolabeled images
were taken using a confocal microscope (Carl Zeiss).

2.2. Invitro

2.2.1. Cell culture of HEI-OC1 cells

The establishment and characterization of the conditionally
immortalized HEI-OC1 cells were described previously (Kalinec
et al.,, 2016). Expressions of HC-specific markers, such as Prestin,
Myosin 7a, and Math1, were detected in HEI-OC1 cells. The HEI-OC1
cells (kindly provided by F. Kalinec at the House Ear Institute, Los
Angeles, CA, USA) were cultured in Dulbecco’s Modified Eagle’s
Medium (Gibco, CA, USA), supplemented with 10% fetal bovine
serum (Gibco) at 33 °C under 10% CO, (permissive conditions). To
induce starvation, cells were cultured in Dulbecco’s Modified Ea-
gle’s Medium with 1% fetal bovine serum at 33 °C under 10% CO,
(Miyazaki et al., 2015).

2.2.2. SIRT1 siRNA transfection

To examine the effect of SIRT1 on autophagy, HEI-OC1 cells were
transfected with SIRT1 siRNA (siSIRT1) or a negative control (siNC)
(GenePharma, Shanghai, China) at 40 nM combined with lip-
oRNAiMax (Life Technology) and harvested 72 hours later. As pre-
liminary screening, the GenePharma company provided 2
sequences of siSIRT1, which we named as siSIRT1-1 and siSIRT1-2.

2.2.3. Agonists and inhibitors

Experiments were also done with RSV (5 uM; Selleck Chemicals,
TX, USA), a natural-occurring polyphenol and an FDA-approved
supplement to activate SIRT1. SRT1720 (0.5 uM; Selleck Chem-
icals), a new selective synthetic small molecule, could selectively
activate SIRT1. Chloroquine (CQ, 5 uM; Sigma-Aldrich) was added to
prevent fusion of autophagosomes with lysosomes to confirm the
autophagy cavity. Rapamycin (RAP, 10 pM; Selleck Chemicals), a
well-known mTORC1 inhibitor, is known to induce autophagy in

many cells. The cells were treated with the agonists and inhibitors
for 24 hours before siRNA transfection.

2.2.4. Western blot analysis

Cultured cells or tissues were lysed on ice-cold radio-
immunoprecipitation assay lysis buffer (ThermoPlus, MA, USA)
with 1% protease inhibitor cocktail (Selleck Chemicals) for 30 mi-
nutes and centrifuged at 12,000 x g at 4 °C for 30 minutes, and the
supernatant was gathered. Protein concentration was determined
by using the protein test dye agentia (Bio-Rad, CA, USA). Protein
samples (20 pg) were loaded on sodium dodecyl sulfate poly-
acrylamide gel for electrophoresis and transferred to a poly-
vinylidene fluoride membrane (Millipore, MA, USA), which were
blocked with 5% nonfat dry milk in TBS with 0.1% Tween-20.

The membranes were incubated with primary antibodies anti-
LC3B, anti-p62, anti-SIRT1, or anti-B-actin (1:1000; Cell Signaling
Technology, CA, USA) overnight, washed 3 times (every 10 mi-
nutes) using TBS with 0.1% Tween-20, and incubated with a proper
secondary antibody (1:10,000) for 1 hour at room temperature.
After extensive membrane washing, the bands of immune reac-
tivity were illustrated through enhanced chemiluminescence
(Millipore). Band intensities were measured by the densiometric
test through Image] analysis (NIH, MD, USA), and B-actin was used
as internal control.

2.2.5. Transfection of cells with fluorescence LC3

The LC3-GFP-mRFP adenoviral vectors (Ad-mRFP-GFP-LC3)
were used to visualize the autophagic flux process. The tandem
fluorescent-tagged LC3 reporter protein was provided by HanBio
Technology Co Ltd (Shanghai, China). The vectors were transfected
into HEI-OC1 cells according to the manufacturer’s protocol at a
multiplicity of infection of 100 for 6 hours. Observation of auto-
phagic flux was determined after fluorescent staining by evaluating
the number of green fluorescent protein (GFP) and monomeric red
fluorescent protein (mRFP) puncta (puncta/cell was counted).

To explore the morphology of the autophagosome, we used the
lentivirus containing LC3-GFP fusion gene to focus on LC3. The
lentivirus was purchased from HanBio (Shanghai, China). The HEI-
OC1 cells were transfected with lentivirus-mediated GFP-LC3 to
generate LC3-GFP—expressing cells. HEI-OC1 cells infected with the
recombinant lentivirus according to the manufacturer’s protocol at
a multiplicity of infection of 100 for 6 hours. After 48 hours, cells
were positively selected by culture in the presence of puromycin for
2 weeks. Observation of autophagosome formation was determined
after fluorescent staining by evaluating the number of GFP puncta
(puncta/cell was counted).

2.2.6. Cell viability assay

The cell viability was measured by using Cell Counting Kit-8
(Dojindo, Japan) according to the manufacturer’s instructions. HEI-
OC1 cells were incubated in 96-well plates (100 pL/well), and
different treatments were performed with 3 replicates. After incuba-
tion, 10 uL of Cell Counting Kit-8 solution was added in each well and
the plates were incubated 2 hours in 37 °C. Cell numbers were counted
by measuring the optical density (OD) value at 450 nm by a Well Scan
MK3 microplate reader (Labsystems, Thermo Fisher, MA, USA), and
cell viability was expressed as a percentage of the control cells.

2.2.7. Immunoprecipitation

Cells were plated at a density of 1 x 10° cells/well and cultured
for 24 hours. Then, HEI-OC1 cells were transfected with siSIRT1-1 or
siSIRT1-2 to silence SIRT1 for 48 hours and washed with ice-cold
PBS and then lysed on ice via radioimmunoprecipitation assay
lysis buffer (ThermoPlus) with 1% protease inhibitor cocktail (Sell-
eck Chemicals). The cell lysates were incubated with anti-ATG9A
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(1 pg/mL, Abcam, MA, USA) or the control normal rabbit IgG (0.5 pg/
mL, Cell Signal Technology) for 2 hours at 4 °C. The complexes were
pulled down with protein A-beads (Santa Cruz, CA, USA) overnight
at 4 °C. The proteins were isolated by centrifugation and boiling for
5 minutes. Western blot was used to recognize the conjugated
proteins. To observe the ratio of acetyl-ATG9A and ATG9A, the
immunoprecipitants were assessed for the presence of Ac-K and
ATG9A (1:1000; Cell Signaling Technology).

2.3. Statistical analysis

The Student t-test or one-way analysis of variance with the
Fisher post hoc test was used for statistical analysis. Values of p <
0.05 were considered significant.

3. Results

3.1. SIRT1 reduction impairs autophagy in 12-month-old C57BL/6
mice with progressive hearing loss and HC loss

C57BL/6 mice, a classical AHL mouse model at different ages,
were used in present study to represent a working model as it is
impossible to obtain human cochlea. The ABR test is an objective
electrophysiological test of hearing function to monitor the pro-
gression of AHL. The average thresholds obtained from 2-month-old
mice (young mice; 31.5 + 6.5 dB at 8 kHz, 34.8 + 5.8 dBat 16 kHz, and
67.3 & 10.3 dB at 32 kHz) were significantly lower than those from
12-month-old mice (old/aged mice; 75.0 & 6.0 dB at 8 kHz, 88.8 +
5.5dBat16 kHz,and 95.3 3.4 dB at 32 kHz) at all tested frequencies,
indicating that 12-month-old C57BL/6 mice developed a severe
hearing loss (Fig. 1A). To detect whether these mice exhibit typical
AHL with loss of HCs, the pattern of HCs was analyzed. There was a
significant increase in OHC loss of 1.5 to 5.5 mm from apex along the
cochlear epithelium in the 12-month-old mice, whereas a normal
pattern of inner HCs (IHC) and OHCs were seen in the 2-month-old
mice (Fig. 1B and C). Age-related IHC loss was only observed in the
basal turn of the cochlea (Fig. 1B and D). The aforementioned result is
in agreement with previous observation that the OHC was the first
and most heavily injured by oxidative damage in aging (Jiang et al.,
2007). The ABR recordings and the amount of HC loss indicated
that C57BL/6 mice exhibited typical AHL in aging.

To monitor autophagy, LC3-II and p62 were used in the subse-
quent experiments. LC3-II serves as a widely used marker of auto-
phagosome, whereas p62 (a selective substrate for autophagy)
could be used as an index of autophagic degradation. Compared
with the cochlea of 2-month-old mice, LC3B-1I was reduced in that
of 12-month-old mice. We further showed that levels of p62 were
markedly increased in the cochlea of the old mice compared with
that of the young (Fig. 1IE—G).

In the Corti of the 12-month-old C57BL/6 mice, SIRT1T mRNA was
significantly decreased (Fig. 1H) compared with that of the 2-
month-old C57BL/6 mice. In the young group, SIRT1 protein was
strongly expressed in the IHCs and OHCs but weaker in immuno-
fluorescence, whereas in the 12-month-old mice, SIRT1 intensity
was significantly weaker in the IHCs and could not be detected in
the OHCs (Fig. 1I). These results suggested that in the Corti of mice
with AHL, expression of SIRT1 reduced and the autophagy cavity
declined with HC loss.

3.2. SIRT1 reduction impairs autophagy in HEI-OC1 cells

To examine whether SIRT1 reduction had an effect on auto-
phagy, HEI-OC1, an auditory cell displays a variety of markers for
sensory HCs, including Math1, Myosin 7a, and Prestin, was used. We
investigated the status of autophagy in 2 sequences of siSIRT1. HEI-

OC1 cells were transfected with either siSIRT1-1, or siSIRT1-2, or
siNC as a negative control. As shown in Fig. 2C and E, the silencing
effect of siSIRT1-2 was higher than siSIRT1-1 at 48 hours after the
transfection. Therefore, we chose to use siSIRT1-2 for subsequent
experiment. The reduction of SIRT1 significantly decreases the
conversion of LC3-1 to LC3-Il, whereas p62 was significantly
increased; this leads us to the conclusion that the reduction of
SIRT1 results in autophagy impairment.

To further verify the role of SIRT1 in autophagy modulation, we
enhanced the expression of SIRT1 through the addition of (1) a
naturally occurring polyphenol, RSV—RSV is an FDA-approved
supplement, known to activate SIRT1 and is important in attenu-
ating cellular injury and oxidative stress (He et al., 2010; Kim et al.,
2013; Wang et al.,, 2017)—and (2) a new selective synthetic small
molecule, SRT1720, which could selectively activate SIRT1 (Fan
et al., 2013). To examine the SIRT1 activation through RSV and
SRT1720, SIRT1 deacetylated target ac-p53 was measured by
Western blotting. The ratios of acetylated p53 to total p53 were
attenuated in HEI-OC1 cells (Fig. S1A-D). Furthermore, RSV and
SRT1720 increased SIRT1 expression and corrected autophagy
impairment. LC3-I to LC3-II conversion was significantly increased
in RSV- (Fig. 2C and D) and SRT1720- (Fig. 2E and F) treated cells,
whereas p62 protein was decreased.

3.3. SIRT1 modulates autophagosome formation in HEI-OC1 cells

RAP, a well-known mTORC1 inhibitor, is known to induce
autophagy in many cells. To further explore whether autophagy was
regulated by SIRT1, the autophagy activation from RAP was per-
formed in HEI-OC1 cells with the siSIRT1 transfection. The effect of
siSIRT1 on autophagy was deficient, as the autophagosome marker
LC3-1I decreased and the autophagy degradation marker p62
increased. RAP treatment resulted in the increment of LC3-II and
the loss of p62 even in the presence of siSIRT1 (Fig. 3A and B). To
visualize the autophagic flux process, the tandem fluorescent-
tagged LC3 reporter protein (Ad-mRFP-GFP-LC3) was transfected
in HEI-OC1 cells. Generally, LC3 appears in a diffused pattern in the
cytoplasm. When autophagy is activated, LC3 would be aggregated
and appears in a punctate pattern. The GFP signal is sensitive to the
acidic condition of the lysosome lumen, whereas mRFP is more
stable. Therefore, the yellow punctum, which is the colocalization
of both GFP and mRFP fluorescence, indicates a compartment that
has not fused with a lysosome, such as the phagophore or an
autophagosome, whereas the red punctum from an mRFP signal
without GFP corresponds to an amphisome or autolysosome. The
state of autophagy can be evaluated according to the number of
yellow and red puncta. To better observe this phenomenon, HEI-
OC1 cells were starved before the experiment to raise the auto-
phagy level in the cell. Cells treated with siSIRT1 showed an
attenuated number of yellow and red puncta in the perinuclear
region and cytoplasm compared with the control. Conversely, RSV
or RAP treatment could increase both yellow and red puncta
compared with the siSIRT1 (Fig. 3C and D), suggesting that SIRT1
inhibition could lessen autophagosome synthesis in HEI-OC1 cells.
To further monitor the autophagy, we added CQ into the cells to
prevent fusion of autophagosomes with lysosomes. After CQ addi-
tion, LC3-1I did not accumulate as much as cells transfected with
siSIRT1, although p62 protein continued to accumulate (Fig. 3E and
F), implying that the effects of CQ in autophagic fusion inhibition
were abolished by the downregulation of SIRT1. Then, LC3-GFP HEI-
OC1 cells were used to visualize the formation of the autophago-
some. HEI-OC1 cells treated with SRT1720 showed an increased
number of green puncta in the perinuclear region and cytoplasm
compared with the control, whereas SRT1720 treatment with CQ
showed significantly increased puncta (Fig. 3G and H). Because LC3-
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Fig. 1. SIRT1 reduction impairs autophagy in C57BL/6 mice with AHL. (A) ABR thresholds increased with aging in C57BL/6 mice at 8, 16, and 32 kHz (n = 13 mice). (B) Surface
preparations were stained with DAPI (blue) and Myosin 7a as an HC marker (green). (C and D) HC counts obtained at different ages (n = 4 cochleae). (E—G) Western blots and
densitometry analysis for the autophagy markers LC3-1I and p62 from cochlear tissue at different ages (n = 3 independent experiments). (H) SIRT1 mRNAs were detected in qPCR of
the total tissue of cochlea. (I) SIRT1 was detected in HCs. Cell nuclei were counter stained with DAPI (blue) and SIRT1 (red) (n = 4 cochleae). (J) Densitometry analysis of SIRT1
protein location for [HCs at different ages. Scale bar, 10 pm. Data represent mean + SEM. * p < 0.05, *** p < 0.001. Abbreviations: ABR, auditory brainstem response; AHL, age-related
hearing loss; HC, hair cell; OHC, outer hair cell; IHC, inner hair cell; RSV, resveratrol. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

GFP puncta represent the formation of autophagosome, the result
suggested that SIRT1 activation increased the formation of auto-
phagosome in HEI-OC1 cells.

3.4. SIRT1 changes the deacetylation substrate of the key autophagy
induction—associated protein ATG9A

The acetylation status is regarded as a critical mechanism un-
derlying the regulation of activities of numerous autophagy ma-
chinery, which account for the regulation of autophagy. ATG9A
protein is necessary for the induction of autophagy, especially as a
sensor of endoplasmic reticulum (ER) stress. The acetylation of
ATG9A prevents the induction of autophagy (Pehar et al., 2012).

SIRT1 as a potential candidate of deacetylase may take part in the
regulation of ATG9A deacetylation. We hypothesized that SIRT1
could change the acetylation levels of ATG9A.

Treatment of HEI-OC1 cells with siSIRT1-1 and siSIRT1-2 resul-
ted in an induction of acetylation ATG9A without the expression
change of ATG9A (Fig. 4A and B). These results showed that ATG9A
was a deacetylation substrate of SIRT1.

3.5. SIRT1 inhibition leads to HEI-OC1 cell death via autophagy

Enhancing or inhibiting the activity of SIRT1 could help us
elucidate the role of SIRT1 in the survival of HEI-OC1 cells. The cell
viability results showed that HEI-OC1 cells transfected with siSIRT1
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Fig. 2. SIRT1 regulates autophagy in HEI-OC1 cells. (A and B) Western blots and densitometry analysis for SIRT1 and the autophagy markers LC3-Il and p62 in siSIRT1 and its control
at different time points (n = 4 independent experiments). (C and D) Western blots and densitometry analysis for SIRT1 and the autophagy markers LC3-II and p62 in siSIRT1 and its
control (40 nM) with or without RSV (5 uM, n = 4 independent experiments). (E and F) Western blots and densitometry analysis for SIRT1 and the autophagy markers LC3-II and
p62 in siSIRT1 and its control (40 nM) with or without SRT1720 (0.5 pM, n = 4 independent experiments). Data represent mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
Abbreviations: siSIRT1-1 and siSIRT1-2, 2 strands of siSIRT1; siNC, control of siSIRT1; RSV, resveratrol; SRT, SRT1720.

started to have a decreased survival at 24 hours compared with the
controls and continued to decrease at 48 and 72 hours after
transfection. Around 20%—40% cells died at 72 hours after siSIRT1
transfection (Fig. 5A). The addition of RSV could reduce cell death in
SIRT1 downregulation (~20% decrease in mortality) (Fig. 5B). The
protective effect of SRT1720 on cell survival was stronger than that
of RSV (~20%—30% decrease in mortality; Fig. 5C), indicating that
SIRT1 has protective effects on HEI-OC1 cell death. To examine
whether SIRT1 expression had an effect on cell death via autophagy,
an autophagy activator (RAP) and inhibitor (CQ) were used. RAP
could reduce cell death in SIRT1 downregulation. Around 20%—30%
of total cells were prevented from death (Fig. 5D). However, there
were no significant differences between with or without CQ in
siSIRT1 transfection (Fig. 5E), suggesting that the autophagy in-
hibitor could not aggravate cell death. Overall, SIRT1 has an effect
on cell survival through autophagy regulation.

3.6. SIRT1 activation alleviates HC loss and delays AHL in C57BL/6
mice via autophagy

To demonstrate that the downregulation of SIRT1 signaling
plays a major role in cochlear HC death in aged mice, we examined
the effect of RSV on AHL. C57BL/6 mice aged 2 months were sub-
jected to a period of 10 months of dietary supplementation with or
without RSV at 4000 mg/kg/d, and after 12 months, in these mice,
we found that RSV significantly reduced age-related auditory

threshold shifts at 8, 16, and 32 kHz (Fig. 6A). There was significant
alleviation of OHC loss from 1.5 to 3.5 mm from apex along the
cochlear epithelium after RSV supplementation in the 12-month-
old mice (Fig. 6B). However, SIRT1 restoration failed to prevent IHCs
from death (Fig. 6C).

RSV supplement normalized SIRT1 expression in OHCs of the 12-
month-old mice (Fig. 6D and E). RSV supplementation induced both
LC3B and p62 expression in the OHCs of the 12-month-old mice to
approach the healthy state of the 2-month-old mice. These results
suggested that an increase in SIRT1 expression effectively restored
the attenuated autophagic flux in the OHCs (Fig. 6F—I). LC3B was
highly expressed in the OHCs in the cochlea of the aged mice
compared with that of the young mice, which differed from the
Western blot result (see Fig. 1D). However, the autophagy alteration
in the total cochlear tissue and the preparations of OHCs pointed
toward the same result that impaired autophagy occurred in the
Corti of the 12-month-old mice. Taken together, these results sup-
ported that RSV protected OHCs by SIRT1 restoration in the in-
duction of autophagy and delayed AHL in the 12-month-old C57BL/
6 mice.

4. Discussion
SIRT1 is a family of NAD'-dependent protein deacetylases and a

particularly well-known modulator of aging. A growing body of
evidence proves that SIRT1 acts against aging via reducing oxidative
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Fig. 3. SIRT1 modulates autophagosome formation in HEI-OC1 cells. (A and B) Western blots and densitometry analysis for the autophagy markers LC3-II and p62 in siSIRT1 and its
control with or without RAP (10 uM, n = 3 independent experiments). (C) Fluorescence images of mRFP-GFP-LC3 in HEI-OC1 cells treated with a si-control, siSIRT1 (40 nM), siSIRT1
with RSV (5 uM), and siSIRT1 with RAP (10 uM). (D) Quantity analysis of yellow and red puncta was detected in 10 cells/experiment (n = 3 independent experiments). (E and F)
Western blots and densitometry analysis for SIRT1 and the autophagy markers LC3-II and p62 in siSIRT1 and its control (40 nM) with or without CQ (5 uM, n = 5 independent
experiments). (G) Fluorescence images of LC3-GFP in HEI-OC1 cells treated with SRT1720 (0.5 uM) with or without CQ (5 uM). (H) Quantity analysis of green puncta was detected in
5 cells/experiment (n = 5 independent experiments). Scale bars: 5 um. Data represent mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. Abbreviations: siNC, control of siSIRT1; RSV,
resveratrol; RAP, rapamycin; CQ, chloroquine. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

stress (Hasegawa et al,, 2008). Besides, accumulating evidence
supports SIRT1 as a key metabolic regulator was involved in a series
of cellular processes associated with age-related diseases via its
deacetylation of various transcription factors, such as FOXOs, p53,
and NF-kB (Guarente, 2011; Herskovits and Guarente, 2014). In
accordance with our previous study, the observation in current
work also showed that SIRT1 expression was significantly reduced
in the cochlea of aged C57BL/6 mice (Xiong et al., 2014). In addition,
a recent study from the International Mouse Phenotyping
Consortium showed that ABR thresholds in various frequencies
were significantly increased in the young mice homozygous for a

Sirt1 knockout mutation (https://www.mousephenotype.org/phen
oview/?gid=363&qeid=MP:0004738&ctrl=2357729&pt=0.0001).
SIRT1 regulated autophagy through different mechanisms and to
respond to different insults. The activity of SIRT1 in the nucleus
limits autophagy via histone deacetylation (Fullgrabe et al., 2013,
2014; Lapierre et al., 2015; Salminen and Kaarniranta, 2009b),
while SIRT1-mediated deacetylation is required for autophagy in-
duction in the cytoplasm (Lee et al., 2008; Morselli et al., 2011). In
this work, HC loss and hearing loss are involved in aged C57BL/6
mice, which are accompanied by a decrease in autophagy and SIRT1
expression. The actual effect of SIRT1 in autophagy regulation
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Fig. 4. SIRT1 deacetylates ATG9A in HEI-OC1 cells. (A) Acetylation levels of ATG9A
were measured by [P Western blotting analysis in siSIRT1 and its control (40 nM) (n =
3 independent experiments). (B) Values were expressed as quantification of the
acetylated ATG9A/total ATG9A. Data represent mean + SEM. ** p < 0.01. Abbreviations:
IP, immunoprecipitation; WB, Western blot; siNC, control of siSIRT1.

remains to be fully established in HC loss and AHL. In HEI-OC1 cells,
the reduction of SIRT1 decreased LC3-II with a significant increment
of p62. Furthermore, the silencing of SIRT1 impaired the formation
of the autophagosomes when CQ and mRFP-GFP-LC3 adenoviral
vectors were used to indicate the autophagic flux. These results
were in accordance with the studies found in hepatic and cardiac
systems that SIRT1 inhibits autophagy (Cho et al., 2017; Hariharan
et al., 2010).

Protein acetylation has been recently recognized as a significant
epigenetic modification that is important in controlling autophagic
processes (Banreti et al., 2013). Apart from the previously known
ATG5, ATG7, and ATGS8 to potentiate the autophagosome formation
(Lee et al., 2008) and the important transcription factor EB (TFEB) to
regulate lysosomal biogenesis and autophagy degradation (Sardiello
etal., 2009; Settembre et al., 2011), herein, our results indicated that
SIRT1 deacetylated another autophagy protein, ATG9A, without
influencing its expression. ATG9A is the only membrane-bound
autophagy protein and can be used by autophagosomes from
different locations, including the Golgi apparatus, the ER, and even

the plasma membrane (Imai et al., 2016; Reggiori and Tooze, 2012;
Webber et al., 2007). ATGO9A trafficking is associated with the
source of the autophagy membrane (Webber et al., 2007), However,
ATGOA is retrieved from the autophagosome before fusion with the
lysosome, leading to the undetectable presence of this protein on
autophagosome membranes (Suzuki et al., 2007). Moreover, ATG9A
acts as a sensor of the ER stress, which is often linked to autophagy
(Pehar et al., 2012; Peng et al.,, 2018). ER stress is an important
cellular stress response that is triggered by a variety of conditions
that disturb cellular homeostasis. ER stress induces both autophagy
and cell apoptosis (Van Erp et al., 2017), and autophagy can block
apoptosis by inhibiting the activation of apoptosis-associated cas-
pase and maintaining cellular homeostasis (Van Erp et al., 2017). The
switch of the acetylation and deacetylation status of ATG9A controls
the induction of autophagy under ER stress (Pehar et al., 2012). The
influx of acetyl-CoA and AT-1 expression induces ATG9A acetylation,
whereas in our study, SIRT1 controls the deacetylation of ATG9A.
This means SIRT1 may act against the acetylation via AT-1 to regu-
late autophagy under ER stress.

According to our results and previous literature results, we
hypothesized that in healthy cells, ER stress can induce auto-
phagy as SIRT1 is expressed normally and ATG9A can switch from
the acetylation to deacetylation status. During aging, ER stress
was increased in the cochlea of the aged mice (Wang et al., 2015).
AT-1 controls the inhibition of autophagy through the acetylation
status of ATG9A as SIRT1 inhibition. Therefore, this study
prompted a new perspective in explaining the autophagy mod-
ulation mechanism of SIRT1 and the link of ER stress to auto-
phagy. Besides, the regulation of SIRT1 can affect the survival of
HEI-0C1 cells.

Because the autophagy inhibition via CQ could not aggravate
HEI-OC1 cell death, whereas the autophagy activator RAP signifi-
cantly reduced cell death, we could hypothesize that SIRT1
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Fig. 5. SIRT1 inhibition leads to cell death via autophagy. (A) The CCK-8 assay was performed to examine cell viability of HEI-OC1 cells for siSIRT1 (40 nM) and its control at different
time points after transfection (n = 3 independent experiments). (B) The CCK-8 assay was performed to examine cell viability of HEI-OC1 cells for siSIRT1 and its control (40 nM) with
or without RSV (5 uM, n = 3 independent experiments). (C) The CCK-8 assay was performed to examine cell viability of HEI-OC1 cells for siSIRT1 and its control (40 nM) with or
without SRT1720 (0.5 uM, n = 3 independent experiments). (D) The CCK-8 assay was performed to examine cell viability of HEI-OC1 cells for siSIRT1 and its control (40 nM) with or
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rapamycin; CQ, chloroquine; SRT, SRT1720.
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Fig. 6. Resveratrol alleviates HC loss and delays age-related hearing loss in C57BL/6 mice with autophagy recovery via SIRT1. (A) ABR thresholds decreased in RSV-treated (4000 mg/
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cochleae of 4 mice). (D and E) Immunohistochemical and densitometry analysis of SIRT1 protein location in OHCs for the control and RSV treatment (n = left cochleae of 4 mice).
Surface preparations were stained with DAPI (blue) and SIRT1 (red). (F and G) Immunohistochemical and densitometry analysis of LC3B protein location in OHCs for the control and
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inhibition—induced autophagy impairment is correlated with
cochlear HC death and might contribute to AHL. As expected, HC
death and hearing loss can be reversed by RSV supplementation,
which is accompanied by an increase in autophagy via SIRT1. In the
cochlea of 2-month-old mice with normal ABR threshold, auto-
phagy basal levels are very low; however, they are effective. During
aging, as SIRT1 expression declines, process of autophagy gradually
fails. Because the degradation of LC3B and p62 inside the auto-
phagosome depends on the degradation of autophagy, it is not
surprising that both LC3B and p62 accumulated in the OHCs of the
12-month-old mice. RSV supplementation increased the nuclear
SIRT1 expression and restored the autophagy cavity presented by
the reduction of LC3B and p62 accumulation. Although SIRT1 in the

nucleus may limit autophagy in other organ, the effect in mice with
AHL suggested that SIRT1 might be of a protective role.

It is well known that reactive oxygen species (ROS) play a major
role in the development of AHL (Someya et al., 2009) because ROS
production increases with age and induces oxidative damage
(Balaban et al., 2005; Wallace, 2005). AHL is the response of the
auditory system results from the constant small magnitude oxida-
tive damage promoted by accumulation of ROS (Gates and Mills,
2005; Kidd and Bao, 2012; Lopez-Otin et al., 2013; Yamasoba
et al,, 2013). Autophagy is required in cochlea to remove exhausted
and aging cells. Autophagy could suppress ROS accumulation in
cells by the p62 delivery pathway (Wang et al., 2018) and its specific
type mitophagy pathway (Kim et al, 2007). To promote cell
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Fig. 7. Schematic model demonstrates SIRT1-modulating autophagy in hair cells of an
age-related hearing loss model. Adequate SIRT1 appears in the hair cell of the young
C57BL/6 mice with unobstructed autophagy as the deacetylation of ATG9A is favoring.
Although in the aged C57BL/6 mice, decreased SIRT1 reduces autophagy via sup-
pressing deacetylation of ATG9A. This leads to the hair cell death and develops to age-
related hearing loss.

survival, induced autophagy can clear the aberrant biomolecules
and injured organelles produced by the oxidative damage (Filomeni
et al, 2015; Van Erp et al, 2017). In neomycin or gentamicin
ototoxicity, it has been proven that autophagy mediates its pro-
tective effects by reducing levels of ROS (He et al., 2017). Overall, our
results suggest that the SIRT1 reduction impairs autophagy, leading
to ROS accumulation and cochlear functional damage in aging,
implicating associated death of HCs and hearing loss. Therefore,
SIRT1 activation delays AHL as SIRT1 normalizes autophagy.
Considering the fact that several substrates of SIRT1 were re-
ported to positively regulate autophagy (Bao et al., 2016; Lee et al.,
2008), our present data did not exclude the possibility that SIRT1
inhibition may promote HC loss by regulating other molecules in

autophagy process. Further investigation is needed to achieve a
complete understanding of the underlying mechanisms of SIRT1-
mediated autophagy inhibition in HC death. Furthermore, the
precise mechanism of SIRT1 in the deacetylation of ATG9A still
needs to be further elucidated.

5. Conclusion

In summary in Figure 7, our study elucidated the important role
of SIRT1 in maintaining autophagy function in C57BL/6 AHL mice,
which accounted for HC death and progressive hearing loss. SIRT1
seems to modulate cell death through autophagy regulation in HEI-
OC1 cells and takes part in the acetylation state of ATG9A, which
can act as a sensor that links ER stress to autophagy. Notably, HC
death and hearing loss can be reversed by the supplementation of
the SIRT1 activator RSV as SIRT1 restores cochlear autophagy
impairment. Taken together, these findings highlight a novel
mechanism in SIRT1-induced autophagy and offer a promising
therapeutic strategy in countering pathogenesis of AHL.
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