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A B S T R A C T

Oxidative stress is reported to regulate several apoptotic and necrotic cell death pathways in auditory tissues.
Poly(ADP-ribose) polymerase-1 (PARP-1) can be activated under oxidative stress, which is the hallmark of
parthanatos. Autophagy, which serves either a pro-survival or pro-death function, can also be stimulated by
oxidative stress, but the role of autophagy and its relationship with parthanatos underlying this activation in the
inner ear remains unknown. In this study, we established an oxidative stress model in vitro by glucose oxidase/
glucose (GO/G), which could continuously generate low concentrations of H2O2 to mimic continuous exposure
to H2O2 in physiological conditions, for investigation of oxidative stress-induced cell death mechanisms and the
regulatory role of PARP-1 in this process. We observed that GO/G induced stria marginal cells (MCs) death via
upregulation of PARP-1 expression, accumulation of polyADP-ribose (PAR) polymers, decline of mitochondrial
membrane potential (MMP) and nuclear translocation of apoptosis-inducing factor (AIF), which all are bio-
chemical features of parthanatos. PARP-1 knockdown rescued GO/G-induced MCs death, as well as abrogated
downstream molecular events of PARP-1 activation. In addition, we demonstrated that GO/G stimulated au-
tophagy and PARP-1 knockdown suppressed GO/G-induced autophagy in MCs. Interestingly, autophagy sup-
pression by 3-Methyladenine (3-MA) accelerated GO/G-induced parthanatos, indicating a pro-survival function
of autophagy in GO/G-induced MCs death. Taken together, these data suggested that PARP-1 played dual roles
by modulating parthanatos and autophagy in oxidative stress-induced MCs death, which may be considered as a
promising therapeutic target for ameliorating oxidative stress-related hearing disorders.

1. Introduction

Age-related hearing loss (ARHL) or presbycusis is the most prevalent
sensory disorder among elderly individuals. ARHL is characterized by a
progressive, bilateral, inevitable decline of hearing sensitivity with age
and impaired ability of speech discrimination, detection and localiza-
tion of sound [1]. Three classic types of presbycusis have been defined
according to the pathological syndrome: sensory, neural and metabolic/
strial [2]. However, the mechanism involved in presbycusis remains
ambiguous. A prevalent proposed mechanism of presbycus is oxidative
stress [3]. In this theory, an imbalance between reactive oxygen species
(ROS) production and antioxidant ability, plays fundamental roles in
aging and age-related diseases, including presbycusis [4]. ROS accu-
mulation can oxidative major macromolecules such as lipids, proteins,
and DNA leading to cellular damage [5].

The degenerative changes of stria vascularis and consequent re-
duction of endocochlear potential (EP) are regarded as the hallmarks of
strial presbycusis [2,6]. The stria vascularis, located at the lateral wall
of the cochlea, which is critical for the maintenance of the EP at steady
state, is consisted of several subtype of cells, including the stria mar-
ginal cell (MC), the intermediate cell and the basal cell [7]. The MC is
identified as a primary cell type for exploring the etiology of strial
presbycusis based on its unique characters. On one hand, MCs express
an array of ion channels, pumps and Na, K-ATPase, which correlates
with overall strial function and normal EP [8]. On the other hand, due
to its location and plentiful mitochondria, stria MC is particularly vul-
nerable to oxidative attacks, which will lead to the decline of EP, dis-
turbance of the cochlear function and subsequently elevation of hearing
thresholds [8].

Poly(ADP-ribose) polymerase-1 (PARP-1) is an abundant nuclear
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enzyme playing a prominent role in DNA damage repair, genomic in-
tegrity maintenance and execution of cell differentiation and death [9].
Various agents including ROS, ultraviolet (UV) light, alkylating agents
inflicted DNA damage can activate PARP-1 [10,11]. Once PARP-1 is
overactivated, it will results in rapid depletion of NAD+ and ATP ac-
companied with excessive polyADP-ribose (PAR) polymer synthesis,
ultimately leading to irreversible energy failure and detrimental effects,
which have been implicated in different tissue types such as brain, liver,
heart, lung, retina, kidney and skeletal muscle [12,13]. It has been well
demonstrated that inhibiting PARP-1 overactivation improves the
therapeutic efficacy in multiple disease models characterized by DNA
damage, including ischemia, diabetes, shock, inflammation and cancer
[14]. Besides, accumulated PAR polymers via PARP-1 activation can
induce cell death through a mechanism defined as PARP-1-dependent
cell death (parthanatos) by translocating from nucleus to mitochondria,
where it binds to apoptosis-inducing factor (AIF) and triggers AIF
translocation to the nucleus [15,16]. Parthanatos, a specific modality of
cell death distinct from other types of cell death such as caspase-de-
pendent apopotosis and necrosis is characterized by biochemical fea-
tures including hyper-activation of PARP-1, excessive PAR polymer
synthesis, mitochondrial depolarization and nuclear translocation of
AIF [17]. Nuclear condensation and cellular propidium iodide (PI)
positive staining after the initiation of parthanatos are its morpholo-
gical features [18]. Pharmacological inhibition or genetic deletion of
PARP-1 and AIF have been shown to abrogate parthanatos and ame-
liorate cell injury induced by oxidative stress in a variety of cell types
like fibroblasts, neurons, and HeLa cells [18,19]. It has been reported
that oxidative stress is able to induce autophagy, and autophagy con-
tributes to sequestering oxidative biomolecules and organelles in turn
[20]. Autophagy is a conserved self-degradation process in which aged,
dysfunctional and/or damaged organelles and material are delivered to
lysosomes for breakdown and then recycled by the cells [21]. It plays a
crucial role for maintaining cellular homeostasis and health via removal
of disposable or potentially harmful constituents, and the beneficial
functions of autophagy have been observed in numerous cell types such
as neurons, hepatocytes, T lymphocyte [22]. Although autophagy is
generally considered as a cytoprotective mechanism against various
stress stimuli, autophagy can mediate autophagic cell death in some
rare cases [23]. Autophagy dysfunction is associated with several dis-
eases such as neurodegeneration, infection, cancer, and heart diseases
[24]. PARP-1 activation induced by DNA damage has been suggested to
be involved in amplifying cytoprotective autophagy [25], and inhibi-
tion of PARP-1 causes the delay or suppression of pro-survival autop-
hagy [26–28].

During normal aerobic metabolism, low concentrations of ROS are
continuously generated in living organisms [29]. Among the different
species of ROS, hydrogen peroxide (H2O2) is generated by nearly all
sources of oxidative stress, and can cross cell membranes freely [30,31].
Though the rate of H2O2 generation varies for different types of cell, the
production in vivo is continuous, with a steady-state level fluctuating
within the range of 10−8 to 10−7 M [32]. In the majority of previous
studies, H2O2 was added directly to the cells as a bolus, so cells were
initially exposed to relatively high concentrations of H2O2 followed by a
rapid reduction, because of the constant H2O2 consumption [33]. In
contrast, glucose oxidase (GO), which could continuously generate low
concentrations of H2O2 by catalyzing its substrate of glucose (G), was
used to mimic continuous exposure to H2O2 in physiological conditions,
and represented a superior method of H2O2 delivery.

Considering the association of PARP-1 with both autophagy and
parthanatos, it is justified to speculate that they are interconnected via
PARP-1 or downstream molecules of PARP-1 activation. Since the re-
lationship between parthanatos and autophagy, and the functional role
of autophagy in MCs remain unreported, in this study, we used GO/G to
mimic the states of oxidative stress in vivo. We found that GO/G sti-
mulated parthanatos and autophagy in MCs via PARP-1 activation. We
also investigated the correlation between GO/G-induced parthanatos

and autophagy, and found that autophagy inhibition by 3-
Methyladenine (3-MA) exacerbated parthanatos, demonstrating a pro-
survival role for autophagy in response to GO/G in MCs.

2. Materials and methods

2.1. Isolation, culture and identification of primary MCs

All experimental procedures in this study were in accordance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by Ethics Committee of Huazhong
University of Science and Technology. Isolation and culture of primary
MCs have been described in our previous report [34]. Briefly, stria
vascularis tissue, which was isolated from neonatal (3 days old)
Sprague Dawley (SD) rats, was dissected, minced and then followed by
digestion with 0.1% collagenase II (Sigma-Aldrich, St. Louis, MO, USA)
for 30 min at 37 °C. Then the samples were centrifuged for 5 min at
800 g and plated in Epithelial Cell Medium-animal (EpiCM-animal,
ScienCell, USA) at 37 °C in a humidified incubator with 5% CO2. The
identification of primary MCs by cytokeratin-18, a characteristic mo-
lecule of MCs [35,36], was performed as described previously [37].

2.2. Cell viability assay

After the MCs fused into a monolayer, cells were resuspended and
plated in 96-well culture plates at 1 × 104 cells per well in quintuple
for the CCK-8 colorimetric assay (Dojindo, Tokyo, Japan). In brief, after
incubating for 48 h, the MCs were treated for 4 h with different con-
centrations of GO (0 U/L, 10 U/L, 20 U/L, 30 U/L, 40 U/L, 50 U/L, 60
U/L, 70 U/L, 80 U/L, 100 U/L) (Sigma-Aldrich) in the fresh EpiCM-
animal medium supplemented with 5 mM G (Sigma-Aldrich). Then the
medium was replaced with 100 μl fresh complete growth medium and
10 μl of CCK-8 solution. After incubation for 2 h at 37 °C in the dark, the
absorbance of per well was recorded at 450 nm using a microplate
reader (Bio-Tek, Colmar, France).

2.3. Measurement of ROS production

2′,7′-dichlorofluorescin diacetate (DCFH-DA, Sigma-Aldrich) which
can be oxidized into highly fluorescent dichlorofluorescein (DCF) in the
presence of ROS, was used to determine the intracellular ROS level.
Briefly, after exposed to GO/G for indicated incubation time, the
treated cells were harvested and incubated with DCFH-DA (20 μM) for
20 min in the dark at 37 °C. Then, the MCs were washed three times
with DMEM/F12 (Hyclone, Logan, UT, USA). The fluorescence signals
were recorded using flow cytometry (Olympus, Tokyo, Japan), and
mean fluorescence intensity was calculated with GraphPad Prism 5.0
software.

2.4. Cell treatment and transfection

The MCs were incubated with 60 U/L GO for 4 h in the fresh EpiCM-
animal medium supplemented with 5 mM G to induce oxidative stress.
The GO/G (0 U/L GO/5 mM G) group was considered as a control. For
achieving autophagy inhibition, 3-MA (10 mM, 1 h) (Sigma-Aldrich)
was applied to MCs prior to GO/G treatment.

The recombinant adenoviruses for interference vector of PARP-1
(Ad-PARP-1-RNAi) and control vector (Ad-Con) were purchased from
GeneChem (Shanghai, China). MCs transfection was performed as de-
scribed previously [37]. A multiplicity of infection (MOI; 30) for Ad-
Con and Ad-PARP-1-RNAi was used. Briefly, MCs were cultured in
EpiCM-animal medium containing Ad-PARP-1-RNAi or Ad-Con for 4 h.
Then the medium was replaced with fresh EpiCM-animal medium and
transfected MCs were incubated for 48 h before subsequent experi-
ments.
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2.5. Immunofluorescence staining

MCs were seeded in confocal dishes and treated as designated. After
corresponding treatment, the cells were fixed in 4% paraformaldehyde
for 15 min at room temperature, washed three times with phosphate
buffered saline (PBS, pH 7.4) and then permeabilized with 0.3% Triton
X-100 for 20 min. After blocking with 5% bovine serum albumin (BSA)
for 10 min, the cells were incubated with primary antibody against PAR
(1:100, Enzo Life Sciences, Farmingdale, NY, USA), AIF (1:50, Abcam,
Cambridge, UK, USA), LC3 (1:100, Sigma-Aldrich) overnight at 4 °C.
Then the cells were washed with PBS and incubated with flurochrome-
conjugated secondary antibody against mouse (1:100, Abbkine,
Redlands, CA, USA) or rabbit (1:100, AntGene, Wuhan, China) for 1 h
at room temperature. The specimens were counterstained with DAPI
(Beyotime Biotec, Jiangsu, China) for nuclei for 5 min, and then ob-
served by laser-scanning confocal microscope (Nikon, Japan).

2.6. Mitochondrial membrane potential (MMP) measurement

The MMP changes were measured by Mitochondrial membrane
potential assay kit with JC-1 (Beyotime) according to the manufac-
turer's instructions. Briefly, treated cells were harvested and washed
with cold PBS twice. Thereafter, the cells were resuspended in mixture
of 500 μl culture medium and 500 μl JC-1 staining fluid for 20 min
protected from light at 37 °C. Subsequently, cells were washed with
cold staining buffer for three times prior to flow cytometry (Olympus,
Tokyo, Japan). JC-1 exists either as cytoplasmic JC-1 monomer or mi-
tochondrial J-aggregates depending on the potential of the mitochon-
drial membrane. In healthy cells with high MMP, JC-1 spontaneously
forms J-aggregates in mitochondria which emits red fluorescence.
However, in unhealthy cells, the MMP declines and JC-1 is released
from mitochondria and exists as monomer in the cytoplasm, which
yields green fluorescence. Thus, MMP can be indicated by the ratio of
red to green fluorescence intensity. Carbonyl cyanide 3-chlor-
ophenylhydrazone (CCCP), which disrupted mitochondrial integrity
and induced the complete loss of MMP, was used as a positive control.

MMP changes in MCs were also detected in situ using the JC-1
assay. After corresponding treatment, the cells were stained with JC-1
as described above and visualized by laser-scanning confocal micro-
scope (Nikon, Japan).

2.7. Annexin V/PI staining

Cell death modality was determined by Annexin V-FITC Apoptosis
Detection Kit (KeyGen Biotech, China). Briefly, after treatment as de-
signated, MCs were harvested via trypsinization, rinsed twice with cold
PBS and resuspended in 500 μl of binding buffer. Then the specimens
were stained with 5 μl of Annexin V-FITC and 5 μl of PI for 15 min in
the dark at room temperature. The stained MCs were analyzed by flow
cytometry (Olympus, Tokyo, Japan).

2.8. Western blot analysis

Total proteins were extracted with RIPA lysis buffer (Beyotime)
containing 1% proteinase inhibitors (Beyotime). The mitochondria
isolation followed the instructions of the Cell Mitochondria Isolation Kit
(Beyotime). Nuclear and cytoplasmic proteins were isolated using a
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime). The protein
concentrations were quantified using a BCA Protein Assay Kit
(Beyotime). Equal amounts of protein samples were subjected to
10–12% SDS-PAGE separation and then transferred to the poly-
vinylidene difluoride membrane (Millipore, Boston, MA, USA).
Subsequent procedures were performed as described previously [38].
The following antibodies were used: rabbit anti-PARP-1 (1: 500, Santa
Cruz, CA, USA), rabbit anti-AIF (1:1000, Abcam), rabbit anti-LC-3
(1:1000, Sigma-Aldrich), rabbit anti-p62 (1:1000, Cell Signaling

Technology, MA, USA), mouse anti-PAR (1:1000, Enzo Life Sciences),
mouse anti-β-actin (1:5000, Abbkine), rabbit anti-COX Ⅳ (1:1000,
Proteintech, Wuhan, China), mouse anti-Histone H3 (1:3000, Abbkine),
HRP-conjugated secondary antibodies (1:5000, Abbkine). Protein bands
were detected by enhanced chemiluminescence kit (Thermo, USA).

2.9. Statistical analyses

All experiments were performed independently at least in triplicate.
Statistical analysis was conducted by using GraphPad Prism 5.0. The
values are the mean± S.E.M. Statistical comparisons were analyzed
using Student's unpaired t-test or unpaired t-test with Welch's correction
to assess the significance of difference between results. Values of P less
than 0.05 were considered to indicate statistical significance.

3. Results

3.1. The viability and intracellular ROS level of MCs following GO/G
stimulation

GO/G cytotoxicity was evaluated by CCK-8 assay. A concentration-
dependent decrease of MCs viability was observed at> 20 U/L GO.
However, GO concentrations between 20 and 50 U/L only induced a
detectable, but not statistically significant reduction of MCs viability,
compared with the control group (Fig. 1A). At a concentration of GO/G
(60 U/L GO/5 mM G), GO/G significantly decreased MCs viability in
comparison with the control (P<0.01). Next, flow cytometry were
performed to evaluate the intracellular ROS level following exposure to
GO/G (60 U/L GO/5 mM G) for different times, and revealed a sig-
nificant time-dependent increase of intracellular ROS level (Fig. 1B).
After exposure of MCs to GO/G (60 U/L GO/5 mM G) for 4 h, ROS
intensity was 2.86-fold of the control group (Fig. 1B). These data
showed that GO/G (60 U/L GO/5 mM G) stimulation remarkably re-
duced MCs viability and increased intracellular ROS level in MCs.
Therefore, GO/G (60 U/L GO/5 mM G) was used in subsequent ex-
periments.

3.2. GO/G induced parthanatos in MCs

Intracellular ROS production has been demonstrated to be involved
in the regulation of parthanatos [39]. To investigate whether GO/G
initiated parthanatos in MCs, we measured the formation of PAR
polymer by immunoflurescence and western blot. Western blot results
showed that the expression of PAR polymer obviously increased in a
time-dependent manner after GO/G treatment (Fig. 2A). Immuno-
fluorescence results also confirmed the increased cytoplasmic expres-
sion of PAR polymer in GO/G (60 U/L GO/5 mM G, 4 h) treated cells
compared with control (Fig. 2B). Meanwhile, GO/G treatment could
lead to the elevation of PARP-1 protein levels in mitochondria, cyto-
plasm and nuclear compared with controls (Fig. 2C). These results
suggested that GO/G induced the activation and accumulation of PARP-
1 in MCs.

Mitochondria, commonly known as the powerhouse of the cell, play
fundamental roles in maintaining basic cellular functions. Mitochondria
dysfunction under stress conditions facilitates the release of apoptosis-
related substances from the mitochondria such as AIF [40]. In addition,
abnormal accumulation of PAR polymer causes cell death via inducing
mitochondrial depolarization [39]. We monitored the changes of MMP
using JC-1 staining by flow cytometry and in situ staining after GO/G
treatment. Flow cytometry data revealed that MMP significantly de-
clined in a time-dependent manner in GO/G treated MCs (Fig. 3A). In
consistent with the flow cytometry results, a time-dependent decrease
of the red fluorescence and elevation of the green fluorescence were
observed by confocal microscopy in GO/G treated group (Fig. 3B).
These data demonstrated that GO/G could provoke mitochondrial de-
polarization in MCs.
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Previous studies have reported that the accumulation of PAR
polymer due to PARP-1 activation could promote the release of AIF
from the mitochondria, which played a pivotal role in parthanatos [16].
Based on the above observations, we detected mitochondria, cytoplasm
and nuclear AIF levels by performing immunoflurescence and Western

blot. After GO/G treatment, AIF protein distribution in the mitochon-
drial fraction was significantly decreased, with predominant increase in
the cytoplasmic and nuclear fraction, compared with the control
(Fig. 2C). Consistently, confocal microscopy results revealed an obvious
accumulation of AIF within the nucleus after GO/G stimulation

Fig. 1. GO/G inhibited MCs viability and increased intracellular ROS production. (A) MCs were treated with GO/G (0–100 U/L GO/5 mM G) for 4 h. Cell viability was assessed by CCK-8
assay. The GO/G (0 U/L GO/5 mM G) group was considered as the control. The MCs' viability was strongly suppressed by higher concentrations than GO/G (60 U/L GO/5 mM G). (B) MCs
were treated with GO/G (60 U/L GO/5 mM G) for different times and then stained with DCFH-DA for flow cytometry analysis. Statistical analysis showed the up-regulation of in-
tracellular ROS production in a time-dependent manner following GO/G (60 U/L GO/5 mM G) treatment in MCs. Data are expressed as mean± S.E.M. Representative results of at least
three experiments are shown (** P<0.01 and *** P<0.0001).

Fig. 2. GO/G up-regulated the expression of parthanatos-related proteins. (A) Western blot analysis of PAR polymer levels in MCs following treatment with GO/G (60 U/L GO/5 mM G)
for various times. β-actin was used as a loading control. (B) Immunofluorescent analysis of the accumulation of PAR polymer (red) in MCs upon treatment with GO/G (60 U/L GO/5 mM
G) for 4 h by confocal microscopy. Nuclei were stained with DAPI (blue). Scale bars: 20 µm. (C) After GO/G (60 U/L GO/5 mM G) treatment for 4 h, mitochondrial, cytoplasmic and
nuclear fractions were isolated from the treated cells and subjected to western blot for detection of the protein levels of PARP-1 and AIF. COX Ⅳ was used as a mitochondrial fraction
loading control. β-actin and H3 were used as cytoplasmic and nuclear loading control respectively. (D) MCs were treated as above to detect the translocation of AIF from mitochondria to
nucleus by confocal microscopy. AIF was shown in green and nuclei were stained with DAPI (blue). Scale bars: 10 µm. Data are expressed as mean± S.E.M. Representative results of three
experiments are shown (* P<0.05 and ** P<0.01).

H.-Y. Jiang et al. Redox Biology 14 (2018) 361–370

364



(Fig. 2D). Altogether, these results indicated that GO/G triggered par-
thanatos via upregulation of PARP-1 protein levels, accumulation of
PAR-polymer, mitochondrial depolarization and translocation of AIF
into nucleus which represented all the signatures of parthanatos in MCs.

3.3. Downregulation of PARP-1 ameliorated GO/G-induced parthanatos in
MCs

To investigate the role of PARP-1 in GO/G-induced parthanatos, loss
of function study via PARP-1 knockdown was performed. Western blot
showed that the protein expression of PARP-1 was remarkably reduced
after PARP-1 knockdown (Fig. 4D). To confirm whether the accumu-
lation of PAR polymer was mediated by PARP-1, we examined the ef-
fects of PARP-1 knockdown on PAR polymer accumulation by western
blot. As shown in Fig. 4C, PARP-1 knockdown dramatically reduced
GO/G-induced PAR polymer accumulation. Then we performed An-
nexin V-FITC and PI staining to evaluate the effect of PARP-1 knock-
down on GO/G-induced MCs death. As shown in Fig. 4A, PARP-1
knockdown protected MCs against GO/G-induced parthanatos as

evidenced by the reduced proportion of PI positive cells (PI+). To as-
sess the effect of PARP-1 knockdown on GO/G-induced mitochondrial
depolarization, JC-1 staining was performed and it proved that PARP-1
knockdown could partially reverse GO/G-induced MMP decline
(Fig. 4B). Accumulating evidence confirmed that the AIF nuclear
translocation was associated with the activation of PARP-1 [17,41].
Thus, we examined the protein levels of AIF in the PARP-1 knockdown
samples, and found that knockdown of PARP-1 remarkably reduced the
release of AIF from mitochondria to the cytoplasm and nucleus after
GO/G treatment (Fig. 4D). Confocal microscopy results also indicated
that PARP-1 knockdown reduced GO/G-induced accumulation of AIF
within the nucleus (Fig. 4E). Taken together, these results suggested
that GO/G-induced parthanatos in MCs was PARP-1-dependent.

3.4. PARP-1 knockdown suppressed GO/G-induced autophagy in MCs

ROS has been implicated in stimulating autophagy [20]. To identify
autophagy induction by GO/G in MCs, we evaluated the level of au-
tophagy in MCs after GO/G treatment by detecting the protein levels of

Fig. 3. GO/G induced mitochondrial depolarization. (A) The cells were treated with GO/G (60 U/L GO/5 mM G) for various times, stained with JC-1 and analyzed by flow cytometry with
quantification showing decreased ratios of red/green fluorescence intensity after GO/G (60 U/L GO/5 mM G) treatment. CCCP was used as a positive control. JC-1 monomer: green; J-
aggregate: red. (B) MCs treated as above were labeled with fluorescent probe JC-1 to evaluate MMP changes in situ by confocal microscopy. Representative micrographs showed that the
control cells displayed higher level of red fluorescence, whereas GO/G-treated cells exhibited higher level of green fluorescence. J-aggregate: red; JC-1 monomer: green. Scale bars:
20 µm. Data are expressed as mean± S.E.M. Representative results of at least three experiments are shown (* P<0.05 and ** P<0.01).
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LC3-II and p62. Western blot showed that the LC3-I to LC3-II conversion
significantly increased, while the protein levels of p62 dramatically
reduced in a time-dependent manner after GO/G treatment (Fig. 5A).
Compared with the GO/G treated alone group, preincubation with
autophagy inhibitor 3-MA for 1 h to block autophagosome formation
before exposure to GO/G induced a significant reduction of LC3-II
protein and a notable increase of p62 (Fig. 5B). In addition, the im-
munofluorescence detection of LC3 showed that punctate fluorescence
was visible following GO/G treatment in MCs, and the signal sig-
nificantly decreased in presence of autophagy inhibitor (Fig. 5C). To
confirm whether PARP-1 is involved in regulating autophagy in MCs,
we evaluate the expression of LC3-II and p62 by western blot in PARP-1
knocked down cells. The data showed that PARP-1 knockdown greatly
attenuated GO/G-induced conversion of LC3-I to LC3-II, and re-
markably reversed the decline of p62 protein levels in comparison with
the control (Fig. 5D). These findings indicated that PARP-1 activation
contributed to the regulation of GO/G-induced autophagy in MCs.

3.5. Autophagy served as a protective mechanism against GO/G-induced
parthanatos in MCs

To elucidate the functional role of autophagy in MCs, and the pos-
sible relationship between GO/G-induced parthanatos and autophagy,
autophagy inhibitor 3-MA was used and the effect on GO/G-induced
cell death was evaluated by performing Annexin V and PI staining. As
shown in Fig. 6A, pretreatment with 3-MA accelerated GO/G-induced

parthanatos as evidenced by the increased percentage of PI positive
cells compared with GO/G treatment alone. Moreover, we observed
that 3-MA pretreatment aggravated GO/G-induced MMP decline
(Fig. 6B). As a further confirmation, we analyzed the expression of
parthanatos-related proteins with or without 3-MA treatment. As shown
in Fig. 6C, 3-MA pretreatment led to a noticeable increase of PAR
polymer synthesis. The elevation of PARP-1 levels in mitochondria,
cytoplasm and nuclear were observed, indicating that PARP-1 activa-
tion was further boosted by the inhibition of autophagy (Fig. 6D).
Furthermore, pretreatment of 3-MA facilitated GO/G-induced decline of
mitochondria AIF levels and elevation of cytoplasm and nuclear AIF
levels, demonstrating that autophagy inhibition sensitized MCs to GO/
G-induced cell death (Fig. 6D). These results indicated that autophagy
played a pro-survival role against GO/G-induced parthanatos in this
context.

4. Discussion

Present study aimed to explore the modes of cell death involved in
oxidative stress-induced MCs death, with a special emphasis on the
regulatory role of PARP-1 in this process for developing effective
treatment strategies against hearing disorders in strial presbycusis. Here
we demonstrated that GO/G induced parthanatos and autophagy in
MCs, and both of them were closely associated with the activation of
PARP-1. PARP-1 knockdown ameliorated GO/G-induced parthanatos
and diminished GO/G-induced autophagy. Additionally, we revealed

Fig. 4. PARP-1 knockdown ameliorated GO/G-induced parthanatos. MCs were transfected with Ad-PARP1-RNAi or Ad-control-RNAi (Ad-Con) recombinant virus. 48 h after transfection,
MCs were treated with GO/G (60 U/L GO/5 mM G) for 4 h. (A) Annexin V/PI staining and flow cytometry analysis of cell death. Percentages of PI positive cells are shown. (B) JC-1
staining and flow cytometry analysis of MMP. The ratios of red/green fluorescence intensity are shown. JC-1 monomer: green; J-aggregate: red. (C) The accumulation of PAR polymer was
measured by western blot. The level of β-actin was used as a loading control. (D) The mitochondrial, cytoplasmic and nuclear levels of PARP-1 and AIF were analyzed by western blot.
COX Ⅳ was used as a mitochondrial fraction loading control. β-actin and H3 were used as cytoplasmic and nuclear loading control respectively. (E) The detection of translocation of AIF
from mitochondria to nucleus by confocal microscopy. AIF is shown in green and nuclei were stained with DAPI (blue). Scale bars: 10 µm. Data are expressed as mean±S.E.M.
Representative results of three experiments are shown (* P<0.05 and ** P<0.01).
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that inhibition of autophagy by 3-MA accelerated GO/G-induced par-
thanatos, proving a pro-survival role of autophagy in response to GO/G
in MCs. Altogether, our results suggested that PARP-1 played dual roles
in response to oxidative stress in MCs.

PARP-1 activation in response to mild DNA damage is responsible
for cellular DNA damage repair and maintenance of cellular home-
ostasis whereas PARP-1 over-activation due to massive DNA damage
causes excessive synthesis of PAR polymer, which plays pivotal roles in
the induction of AIF mediated parthanatos [17]. Distinct from apop-
tosis, parthanatos process is not accompanied with the formation of
apoptotic body. While these two modes of cell death share some similar
characteristics such as externalization of phosphatidylserine, dissipa-
tion of MMP, and chromatin condensation [17]. Previous studies have
reported the induction of parthanatos in multiple pathological condi-
tions including diabetes, inflammation, cerebral hypoxia/ischemia and
trauma, as well as in various tumor cell death induced by chemical
[42–47]. Chiu et al. [48]. reported that oxidative stress induced by an
alkylating agent of MNNG initiated parthanatos in the mouse

embryonic fibroblasts. To identify the involvement of parthanatos in
oxidative damage of MCs, we first established an in vitro cellular oxi-
dative stress model by GO/G, which could generate H2O2 in a low and
continuous manner mimicking the physiological condition, since tissues
and cells in vivo are exposed to continuously generated H2O2 in most
cases. Our data showed that GO/G (60 U/L GO/5 mM G) treatment
significantly decreased the viability of MCs and remarkably increased
the intracelluar ROS in a time-dependent manner. Consistent with our
previous observations [37], GO/G treatment induced excessive PAR
polymer accumulation in MCs. Although PAR polymer is originally
synthesized in the nucleus, it will translocate to the cytoplasm there-
after. Immunofluorescence staining revealed that the elevated PAR
polymer after 4 h GO/G treatment was mainly located in cytoplasm of
MCs. Moreover, PARP-1 expressions in mitochondria, cytoplasm and
nucleus were enhanced after GO/G treatment. These indicated the ac-
tivation and upregulation of PARP-1 after GO/G treatment, which was
an pivotal step of parthanatos induction.

Due to the susceptibility of mitochondria to oxidative damage, we

Fig. 5. PARP-1 knockdown suppressed GO/G-induced autophagy. (A) Autophagy measurement by detection of the expression of p62 protein and the conversion of LC3-I to LC3-II by
western blot. The MCs were treated with GO/G (60 U/L GO/5 mM G) for various times. The level of β-actin was used as a loading control. (B) Measurement of p62 protein levels and the
conversion of LC3-I to LC3-II following GO/G (60 U/L GO/5 mM G) treatment with or without 3-MA pretreatment (5 mM) by western blot. β-actin was used as a loading control. (C)
Detection of autophagosomes using immunostaining with LC3 antibody by confocal microscope. Cells were treated with GO/G (60 U/L GO/5 mM G) for 4 h with or without 3-MA
pretreatment (5 mM). LC3 is shown in green and nuclei were stained with DAPI (blue). Scale bars: 50 µm. (D) Western blot analysis of protein levels of p62 and the conversion of LC3-I to
LC3-II following GO/G treatment with or without PARP-1 knockdown. β-actin was used as a loading control. Data are expressed as mean±S.E.M. Representative results of three
experiments are shown (* P<0.05 and ** P<0.01).
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further examined the change of MMP. As expected, flow cytometry
analysis and immunoflurescence results showed that GO/G treatment
induced mitochondrial depolarization in a time-dependent manner.
Moreover, it's well known that accumulated PAR polymer via PARP-1
activation facilitates the nucleus translocation of AIF from the mi-
tochondria by binding to AIF [16], therefore we detected the mi-
tochondria, cytoplasm and nucleus AIF levels. Consistent with above
findings, the data confirmed the translocation of AIF into the nucleus
and induced nuclear condensation upon exposure of MCs to GO/G.
Overactivation of PARP-1 plays a pivotal role in the initiation of par-
thanatos. The PAR polymer, product of PARP-1 activation, is regarded
as a key effector of parthanatos [15]. In this study, we found that PARP-
1 knockdown not only ameliorated GO/G-induced collapse of MMP and
MCs death, but also diminished the accumulation of PAR polymer and
nuclear AIF levels. These results indicated that GO/G-induced cell death
and AIF translocation were mediated by PARP-1 activation, which is in
accordance with the primary characteristics of parthanatos. Coupled
with our previous published data [37], we speculated that multiple cell
death pathways including caspase-dependent apoptosis and partha-
natos were involved in oxidative stress-induced MCs death.

Basal levels of autophagy plays vital roles in the homeostatic pro-
cess and exerts as a pro-survival mechanism in physiological conditions

and pathological conditions, such as nutrient deprivation and microbial
infection [49]. However, autophagy can also serve as a prodeath me-
chanism in certain circumstances [49,50]. Previous studies had shown
that PARP-1 participated in modulation of oxidative stress-induced
autophagy and such autophagy served a cytoprotective function in
ROS-mediated necrosis [51]. Our current study first confirmed that
parthanatos and autophagy co-existed in GO/G induced MCs damage.
More importantly, our data demonstrated that PARP-1 knockdown in-
hibited the induction of autophagy as revealed by the decreased con-
version of LC3-I to LC3-II and increased levels of p62. This observation
supported the view that PARP-1 activation is involved in the decision
making process for cell to undergo autophagy, which is consistent with
previous reports in MEFs [51]. Considering the regulation of PARP-1 in
these two process, we speculated that there might be a direct link be-
tween parthanatos and autophagy. PARP-1 activation induced by GO/G
triggered a cell response with two components: cell death with char-
acteristics of parthanatos and autophagy. Currently, the functional role
of GO/G-induced autophagy in MCs remains unknown. Based on our
flow cytometry results, inhibition of autophagy by 3-MA sensitized MCs
to GO/G-induced cell death, suggesting autophagy as a cytoprotective
factor against GO/G-induced cell death. In addition, the interplay be-
tween autopagy and parthanatos remains controversial. Huang et al.

Fig. 6. Autophagy inhibition sensitized MCs to GO/G-induced parthanatos. (A) Annexin V/PI staining and flow cytometry analysis of cell death. MCs were treated with GO/G (60 U/L
GO/5 mM G) for 4 h with or without 3-MA pretreatment (5 mM). Percentages of PI positive cells are shown. (B) JC-1 staining and flow cytometry analysis of MMP. Cells were treated as
above. The ratios of red/green fluorescence intensity are shown. JC-1 monomer: green; J-aggregate: red. (C) The accumulation of PAR polymer was measured by western blot. Cells were
treated as above and subjected to western blot analysis. β-actin was used as a loading control. (D) The protein levels of PARP-1 and AIF in the mitochondrial, cytoplasmic and nuclear
fractions of MCs were measured by western blot. Cells were treated as above and subjected to western blot analysis. COX Ⅳ was used as a mitochondrial fraction loading control. β-actin
and H3 were used as cytoplasmic fraction loading control and nuclear fraction loading control respectively. Data are expressed as mean± S.E.M. Representative results of three
experiments are shown (* P<0.05 and ** P<0.01).
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[52]. reported that cell undergoing parthanatos was irresponsive to
bafilomycin A1, and insensitive to enforced autophagy induction by
mTORC1 inhibition. However, in our study, we found that autophagy
inhibition by 3-MA aggravated GO/G-induced MMP decline, simulta-
neously upregulated PARP-1 expression and increased the PAR polymer
synthesis, which facilitated AIF translocation to nucleus and aggravated
subsequent nuclear damage. Thus, all these data led to the conclusion
that autophagy performed a pro-survival role in MCs to antagonize GO/
G-induced parthanatos. Autophagy may achieve the beneficial effect
through the elimination of damaged mitochondria [53]. Inside the cell,
mitochondria are the principal site of ROS generation and also the
susceptible targets for ROS damage, thus oxidative stress is closely as-
sociated with mitochondrial dysfunction [54]. The accumulation of
dysfunctional mitochondria, in turn, can lead to further amplification of
oxidative stress and cause cell death. Thus autophagy of mitochondria,
can promote cell survival by maintaining a healthy pool of mitochon-
dria and cellular homeostasis.

PARP-1 appears to play a dual role during the response of cell to
GO/G. On one hand, PARP-1 activation is the cause of parthanatos via
inducing AIF nuclear translocation. On the other hand, PARP-1 acti-
vation is able to elicit a pro-survival autophagy. The explanation for
this paradoxical phenomenon maybe is that GO/G at early time points
generates mild levels of ROS and causes mild activation of PARP-1, not
directly triggering cell death but allowing the cell to engage pro-sur-
vival autophagy and DNA repair. Once reaching a certain threshold of
oxidative stress, PARP-1 can be overactivated, causing depletion of
NAD+ and ATP, leading to cellular energy failure and parthanatos.
Thus, the final fate of cells may be dependent on the balance between
autophagy and parthanatos.

In conclusion, our present study demonstrated that GO/G treatment
initiated PARP-1-dependent parthanatos via overactivation of PARP-1,
excessive accumulation of PAR polymer, mitochondrial depolarization,
and AIF nuclear translocation in MCs. Furthermore, GO/G stimulation
induced autophagy which served as a protective factor against GO/G-
induced parthanatos, and PARP-1 knockdown decreased GO/G-induced
autophagy in MCs. These findings may provide us with better under-
standing of the relationship among oxidative stress, autophagy and
parthanatos, and shed light on the new therapeutic interventions for
ameliorating oxidative stress-related hearing disorders.
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