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Abstract

Background/Aims: Apoptosis and autophagy are two patterns of programmed cell death
which play important roles in the intervertebral disc degeneration. Oxidative stress is an
important factor for the induction of programmed cell death. However, the cellular reactions
linking autophagy to apoptosis of disc cells under oxidative stress have never been described.
This study investigated the responses of autophagy and apoptosis and their interactions in
the nucleus pulposus cells (NP cells) under oxidative stress, with the aim to better understand
the mechanism of disc degeneration. Methods: NP cells isolated from rat lumbar discs were
subjected to different concentrations of H,0, for various time periods. Cell viability was
determined by CCK-8 assay, and their apoptosis and autophagy responses were evaluated
by fluorescent analysis, flow cytometry and western blotting, et al. The interactions of
autophagy and apoptosis and the possible signaling pathways were also investigated by using
autophagy modulators. Results: H,0, increased the lysosomal membrane permeability in the
NP cells and induced apoptosis through the mitochondrial pathway subsequently. Meanwhile,
H,0O, stimulated an early autophagy response through the ERK/m-TOR signaling pathway.
Autophagy inhibition significantly decreased the apoptosis incidence in the cells insulted by
H,0.,. Conclusion: These results suggested that controlling the autophagy response in the NP
cells under oxidative stress should be beneficial for the survival of the cells and probably delay
the process of disc degeneration.
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Introduction

Degenerative disc disease is a major cause of neck or back pain in adults, leading to the
drop of life quality or even disability. The disease is of widespread prevalence. About 80% of
the adult population would be subjected to neck or back pain at some points in their lives [1].
However, the pathogenesis of intervertebral disc (IVD) degeneration has not been elucidated
clearly, although it is acknowledged that programmed cell death (PCD) of IVD cells plays an
essential role in this process [2].

Apoptosis, known as type [ PCD, is an essential homeostatic mechanism in multicellular
organisms, allowing the elimination of no longer needed or seriously damaged cells by
an orderly process of cellular disintegration [3]. It is characterized by caspase activation,
cell shrinkage, nuclear and cytoplasmic condensation, DNA fragmentation, and formation
of apoptosomes [4]. In addition to its importance as a biological phenomenon, excessive
apoptosis is also implicated in an extensive variety of diseases [5-7]. Studies have reported
that cell loss resulting from apoptosis continues to occur throughout life and plays a vital
role in the IVD degenerative progression [8-10].

Autophagy is an evolutionally conserved lysosomal activity to degrade and turn over
long-lived proteins and damaged cytoplasmic organelles. Since autophagy was discovered, it
has been thought to act as a pro-survival response to several stresses by providing recycled
metabolic substrates to maintain energy homeostasis [11]. However, recent studies also
suggested that autophagy played a pro-death role in a variety of cell types under different
conditions [12-14]. Hyper-induction of autophagy and consequent excessive lysosomal
degradation of cell constituents might promote apoptosis or lead to a so-called “autophagic
cell death (type II PCD)” [15]. Autophagy has also been reported to be implicated in the
progression of disc degeneration [16-19]. The autophagy level in rat NP tissue increased
with age and with the degenerative progression of IVD [16, 17].

The relationship between autophagy and apoptosis is complex, as they share the same
set of cellular regulator proteins and are closely linked. Autophagy could either inhibit
or delay the occurrence of apoptosis [20-25], or promote apoptosis [26, 27]. One of the
most important factors involved the control and regulation of apoptosis and autophagy
is the cellular redox status [28], which is determined by the balance between the rates of
production and breakdown of reactive oxygen species (ROS) [29]. ROS are recognized as
very small molecules, such as superoxide anion (0,-), hydroxyl radical (HO) and hydrogen
peroxide (H,0,) et al, produced in cell organelles especially in the mitochondria [30]. At
physiological level, ROS act as second messengers in various signal transductions [31].
However, elevated ROS could induce autophagy and apoptosis simultaneously or separately
due to their high reactivity and damage to proteins, lipids, and DNAs [15, 28, 30, 32, 33].
Recentstudies have also reported that oxidative stress was associated with disc degeneration.
Over-production of ROS could directly damage the IVD cells and perturb the homeostasis of
disc matrix, including reduced proteoglycan synthesis and enhanced expression of matrix
metalloproteinases [34-36]. However, the apoptosis and autophagy responses of I[VD cells to
oxidative stress have never been studied.

In this study, we applied a prototypic ROS (H,0,) to induce oxidative stress in the nucleus
pulposus cells, evaluated the apoptosis and autophagy responses in the cells, and tried
to uncover the relationship between autophagy and apoptosis and the possible signaling
pathways involved in their interactions. We believe that understanding the autophagy and
apoptosis responses of NP cells under oxidative stress is important for better clarifying
the mechanism of disc degeneration and should have important clinical significance in the
prevention and treatment of degenerative discogenic diseases.

Materials and Methods

Reagents and antibodies
Cell Counting Kit-8 was from Dojindo (Kyushu, Japan). Annexin V-FITC apoptosis detection kit [ was
from BD Pharmingen (San Diego, CA, USA). GFP-LC3 and GFP-vector plasmids were kindly provided by Dr.
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Li Wang (Neonatology, Shanghai Jiao Tong University). Lipofectamine-2000 transfection reagent and Lyso-
Tracker Red were from Invitrogen (Carlsbad, CA, USA). U0126, SB203580, SP600125, and necrostatin-1
were from Calbiochem (San Diego, CA). All antibodies against relevant antigens, including LC3, p62, Bax,
Bcl-2, phospho-ERK1/2, total-ERK1/2, phospho-]NK, total-JNK, phospho-p38 and total-p38 were from Cell
Signaling (Beverly, MA). H,0, (30% stock solution) and Bafilomycin A1 were from Sangon Biotech (Shanghai,
China). Caspase-3, Caspase-8, and Caspase-9 colorimetric activity assay kit, Hoechst-33258, Z-VAD-FMK
were from Beyotime (Nantong, Jiangsu, China). Acridine orange and 3-methyladenine were from Sigma-
Aldrich (St.Louis, MO, USA). The cell culture reagents were from Gibco (Carlsbad, CA, USA).

Cell isolation and culture

NP cells were isolated from rat lumbar discs using a method previously described by Risbud et al
[37]. Briefly, male Sprague-Dawley rats (6 weeks old and 200-250g weight) were euthanized with CO,.
The spinal columns were resected en bloc under aseptic condition and lumbar intervertebral discs were
collected. The gel-like NP was separated from the annulus fibrosus under a dissection microscope and the
tissues were treated with 0.1% collagenase for 3 hours. The partially digested tissue was maintained as an
explant in complete culture medium (DMEM/F12 and 10% fetal bovine serum (FBS) supplemented with
antibiotics) in a humidified atmosphere containing 5% CO, at 37°C. NP cells migrated out of the explant
after 1 week. When confluent, the primary-passage cells were harvested using 0.25% trypsin-EDTA (1mM)
solution and replanted into appropriate culture plates. Second-passage cells maintained in a monolayer
were used throughout the experiments. All experimental procedures were approved by the Animal Care and
Use Committee of our university, conformed to the institutional guidelines.

Cell viability assay

The viability of NP cells was determined by Cell Counting Kit-8 (CCK-8) assays according to the
manufacturer’s instructions. Cells (1x10* cells/well) were seeded in 96-well flat-bottomed plates and
incubated in 100ul of complete culture medium. Different concentrations of H,0, were added to the medium
and incubated for various times. Each treatment was repeated in five wells. As soon as the treatments
were completed, 10ul solution from CCK-8 was added to 100pl culture media each well. These plates were
continuously incubated for 2 hours in a humidified CO, incubator at 37°C. Finally, the absorbance of the
sample taken from each well was measured on an automicroplate reader (Bio-Rad, Hercules, CA, USA) at
450nm. Cell viability was expressed as percentage of viable cells relative to untreated cells, using absorbance
at 450nm.

Apoptosis incidence detection by flow cytometry

Apoptosis incidence was detected by using the Annexin V-FITC apoptosis detection kit. Cells were
grown in 60-mm culture dishes until 90% confluence. Then they were treated with H,O, for the time
indicated. After treatments, the attached cells that remained were harvested (0.25% trypsin) and pooled
with any floating (detached) cells. The cells were then collected by centrifugation (5minutes, 1000rpm)
and re-suspended in 1X Binding Buffer at a concentration of 1x10° cells/ml. 100ul of the solution (1x10°
cells) was transfered to a 5ml culture tube. 5pl of Annexin V-FITC and 5pl of PI were added into the tube.
The cells were gently vortexed and incubated for 15min at room temperature (25°C) in the dark. Then 400pl
of 1X Binding Buffer was added into each tube, and flow cytometry analysis was performed within one
hour. The apoptotic rate was calculated by the percentage of early apoptotic (Annexin V+/PI-) cells plus the
percentage of late apoptotic (Annexin V+/PI+) cells.

Morphologic detection of the apoptotic cells

NP cells were prepared at a density of 50,000 cells per well in a 24-well plate. After treatments, the
cells were fixed with 4% paraformaldehyde for 15 minutes, washed with PBS for three times and stained
with 2pug/ml Hoechst 33258 solution for 5 minutes. Morphologic changes in apoptotic nuclei were evaluated
under the fluorescence microscope (Olympus Fluoview, Tokyo, Japan). A percentage was calculated by the
strong blue staining cells/total cells ratio x100% in five random fields. Hoechst 33258 staining discriminates
apoptotic cells from normal ones by showing brightly fluorescent DNA fragmentation and chromatin
condensation under fluorescence microscopy.
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Caspase-3, Caspase-8, and Caspase-9 activity detection

The activities of caspase-3, -8, and -9 were detected separately by using colorimetric activity assay
kits. According to the instructions, cell samples were incubated in a lysis buffer containing 1% Dithiothreitol
(DTT) on ice for 15 min and then centrifuged at 20,000rpm for 15 min to isolate proteins. The protein
concentration was determined using Bradford protein assay. 200ug protein lysate from each sample was
incubated with 5pL of caspase-3, or -8, or -9 substrate and 1% DTT in 96-well plates separately in 100pL of
reaction buffer at 37°C, avoiding light for 4 h. The activities of caspase-3, -8, and -9 were evaluated using a
spectrophotometer at 405 nm.

Mitochondrial membrane potential measurement

The value of mitochondrial membrane potential (mtAy) was determined by the dual-emission
potential-sensitive probe, JC-1 staining, according to the manufacturer’s instructions. Briefly, after treatment
with H,0, for the time indicated, the NP cells were harvested and re-suspended in a mixture of 500uL culture
medium and 500pL JC-1 staining fluid, and then incubated in the dark at 37°C for 20 min. After washing with
ice-cold staining buffer twice and centrifugation, cells were re-suspended in 500uL culture medium and
analyzed by flow cytometry. In cells with normal mitochondria having a high mtAy, JC-1 formed orange-red
fluorescent J-aggregates, while in cells with depolarized or damaged mitochondria, the sensor dye appeared
as green fluorescent monomers. The value of mtAy from each sample was expressed as the ratio of red
fluorescence intensity over green fluorescence intensity.

GFP-LC3 plasmid transfection and autophagy assay

NP cells were incubated at a density of 2x10° on 12-well plates and cultured up to 60% confluence. GFP-
LC3 transfection was carried out with Lipofectamine 2000 according to the manufacturer’s recommendation.
2mg/ml GFP-LC3 or GFP-vector plasmid DNA in each dish was used. After incubation in Opti-MEM medium
for 6 hours, the cells were incubated in complete culture medium again for 24 hours. Then the transfected
cells were treated with H,0, for the indicated time. Finally, the cells were fixed with 4% paraformaldehyde,
and then washed twice in cold PBS. Autophagy was evaluated by analyzing the formation of fluorescent
puncta of autophagosomes in GFP-LC3 transfected cells under the fluorescent microscope.

Western blotting analysis

Cell samples were lysed in RIPA buffer, sonicated, and protein concentrations were calculated by BCA
protein assay kit. The extracted proteins were resolved on 12% sodium dodecyl sulfate-polyacrylamide
gels and transferred by electroblotting to polivinyledene fluoride (PVDF) membranes (Bio-Rad, Her-cules,
CA). The membranes were blocked with blocking solution for 2 hours and then incubated overnight at 4°C
with the primary antibodies to LC3, p62, Bax, Bcl-2, phospho-mTOR, Total-mTOR, phospho-p70S6K, Total-
p70S6K, phospho-ERK1/2, Total-ERK1/2, phospho-]NK, Total-JNK, phospho-p38 and Total-p38. After being
washed with Tris Buffered Saline with Tween (TBST) for three times, the membranes were incubated with
the respective secondary antibodies. Then the bands were detected with ECL plus reagent (Millipore) by
the ChemiDoc™ XRS+ System (BIO-RAD, USA). Relative expression levels of proteins were determined by
quantitative densitometric analysis using image analysis software (Image lab, BIO-RAD, USA).

Lysosome membrane permeability detection

Integrity of lysosomal membrane was assayed in living cells by the acridine orange (AO) retention
test and by Lyso-tracker Red staining as described elsewhere [38]. Briefly, after H,O, treatment, cells were
incubated with 75nM Lyso-Tracker Red or 0.5pg/ml AO for 15 min at 37°C under appropriate growth
conditions and then observed under a fluorescence microscope. Fluorescence intensity was measured by
using image analysis software (ImagePro, Media Cybernetics, Silver Springs, o Maryland). Lyso-Tracker Red
target to acidic membranous structures, especially lysosomes, and emit red fluorescence in the cytoplasm.
The red fluorescence would weaken if lysosome membrane permeability (LMP) increased. AO is a cell-
permeable lysosomotropic agent that fluoresces when excited with blue light. Acid compartments stained
with AO fluoresces red when retained within lysosomes and green when it localizes in the cytosol.

Statistical analysis
Data were presented as means * SD (standard deviation) for at least three independent experiments.
Statistical analyses were carried out using the SPSS 15 statistical software program (SPSS, Inc., Chicago, IL).
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Multiple comparison of data among the groups were determined by the one-way ANOVA followed by the
least significant difference test (Fisher test) and the significance was evaluated by the unpaired Student’s
test for comparisons between two means. Differences were considered statistically significant when P <
0.05.

Results

H,0, induced apoptotic cell death in NP cells

First, we evaluated the cytotoxicity of H,0, to NP cells. CCK-8 assay showed that the
viable cells reduced to 96%, 92%, 80%, 54% and 13% separately, when second-passage NP
cells were incubated in a 96-well plate and exposed with different concentrations of H,0,
(50, 100, 200, 400 and 800uM) for 24 hours (Fig. 1A). As 400uM of H,0, had a definite
cytotoxicity, we used this concentration in all next experiments. When the NP cells were
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exposed to 400uM H,0, for different time periods (0.5, 1, 3, 6, 12, 24h), their viability was
reduced to 97%, 94%, 85%, 79%, 71%, and 54% separately (Fig. 1A). These results indicated
that H,0, could definitely cause death of the NP cells and this cytotoxicity was dependent on
its dose and acting time.

Next, we evaluated the apoptosis response of the NP cells under oxidative stress.
Colorimetric assay revealed that the activities of caspase-3, caspase-8 and caspase-9 in
NP cells increased to 287%, 132% and 316% separately, when NP cells were treated with
400uM H,0, for 24h. Z-VAD-FMK (20uM, a pan-caspase inhibitor) significantly inhibited the
boosted activities of both caspase-3 and caspase-9 in the NP cells (Fig. 1B), along with the
increase of cell viability from 54% to 81% (Fig. 1C). Meanwhile, necrostatin-1 (30uM, the
necrosis inhibitor) had no obvious effect on H,0,-induced cell death (Fig. 1C). Apoptosis
morphological evaluation by Hoechst 33258 staining showed that more apoptotic cells with
high bright fluorescence were observed after H,0, treatment (Fig. 1D). Flow cytometric
analysis by using Annexin V-FITC/PI stainning showed that the number of apoptotic cells
with surface-associated annexin-V staining (early apoptosis plus late apoptosis) gradually
increased with the prolonged time of H,0, treatment (Fig. 1E). These results indicated that
H,0, induced apoptotic cell death (not necrosis) in NP cells.
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H,0, increased lysosome membrane permeability and induced apoptosis through the

mitochondrial pathway in NP cells

It has been reported that oxidative stress could induce cell apoptosis through increasing
the lysosome membrane permeability (LMP) [38]. NP cells were exposed to 400uM H,0, for
1 hour and stained with Lyso-Tracker Red or AO separately. The H,O -treated cells exhibited
an obviously weakened Lyso-Tracker red fluorescence. An increase in green fluorescence
with a reciprocal decrease in red flurorescence was also observed in the cells stained with
AO upon exposure to H,0, (Fig. 2A). These results indicated that H,0, increased the LMP in
NP cells.

Since we had found that H,0, significantly increased the activities of caspase-3 and
caspase-9 (Fig. 1B), we speculated that the mitochondrial pathway should be involved in
the apoptosis of the NP cells under oxidative stress. NP cells were treated with 400uM H,0,
for different time periods (0.5, 1, 3, 6, 12, 24h) and the mitochondrial membrane potential
(mtAyr) was measured with the specific mitochondrial dye JC-1. Flow cytometry analysis for
JC-1 staining revealed that the relative ratio of red fluorescence intensity / green fluorescence
intensity in the NP cells decreased with the acting time of H,0,, in a manner corresponding
to that of apoptosis incidence (Fig. 2B). In addition, western blotting analysis showed that
H,0, increased the release of cytoplasm cytochrome c, which is another mitochondrial event
during apoptosis. The ratio of pro-apoptotic protein Bax/anti-apoptotic protein Bcl-2 was
also increased in the NP cells with the acting time of H,0,, representing the dispersal of
mitochondrial membrane potential, hence the mitochondria mediated apoptosis (Fig. 2C).
All these results verified that the mitochondrial pathway was involved in the H,0, induced
apoptosis of NP cells.
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H,0, induced autophagy in the NP cells

Autophagy starts with the emergence of a double-membrane crescent that matures to
a sealed double-membrane vesicle, called autophagosome, which subsequently fuses with
lysosome, leading to degradation of the contents. In order to investigate whether autophagy
was present in the NP cells stimulated by H,0,, we detected the formation of autophagosomes
by monitoring the subcellular localization of fluorescent chimeric protein GFP-LC3, an
acknowledged method to evaluate autophagy previously described by Klionsky, et al [39].
Successful GFP-LC3 transfection was verified in the NP cells by demonstrating the green
fluorescence under fluorescent microscopy. The transfected cells were then treated with
400uM H,0, for various time periods (0.5, 1, 3, 6, 12, 24h). Under fluorescent microscopy,
the cells showed a punctate green fluorescence, indicating the vacuolar localization of LC3.
The proportion of punctate green fluorescence in the cytoplasm increased immediately after
H,0, incubation, peaked at 1 hour and then gradually declined. However, punctate green
fluorescence could not be observed in GFP-vector cells treated with or without H,0, (Fig.
3A). These results proved the presence of autophagy in the NP cells shortly after stimulation
by H.O..

2Néxt, we measured the proteins levels of LC3 and p62 (markers of autophagy) in the NP
cells. LC3 is the mammalian equivalent of yeast Atg8 and has two subtypes: LC3-I1 and LC3-I1.
Autophagosome formation is associated with the conversion of cytosolic-associated protein
light chain 3 (LC3-I) into the membrane-bound LC3-II form Thus, detection of LC3-II can be
used to estimate the abundance of autophagosomes. P62 is a substrate of autophagy which
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can be degraded by autolysosomes. Autophagy deficiency can lead to the accumulation of
p62 [40]. Western blotting analysis showed that the protein conversion of LC3-I to LC3-II
immediately increased when the NP cells were insulted by 400uM H,0, for 0.5 hour, reached
to the highest level at 1 hour and then dropped down gradually. Accordingly, the protein
expression of p62 was the least at 1 hour upon H,0, treatment (Fig. 3B).

However, autophagosome accumulation and increased LC3-II levels could be resulted
from true increased autophagic flux or from its defective fusion with lysosomes. To further
analyze the role of H,0, in the induction of autophagy, the LC3-I1 levels were analyzed during
H,0, exposure in the presence of bafilomycin A1 (BAF, 100nM), a well-known inhibitor of
autophagosomal lysosome degradation. Western blotting analysis showed that BAF further
accumulated the H,0,-induced LC3-IT in NP cells, indicating that H,0,-mediated conversion
of LC3-1I was due to an increase of autophagic flux (Fig. 3C).

All the evidences supported that H,0, stimulated an early autophagy response in the
NP cells.

H,0, induced autophagy in NP cells through the ERK signaling pathway

Mitogen-activated protein kinases (MAPKs) are the family of kinases that transduce
signals from the cell membrane to the nucleus in response to a wide range of stimuli, including
oxidative stress [41, 42]. So we investigated whether the MAPKSs system was involved in the
autophagy induced by H,0, in NP cells. Western blotting analysis for the NP cells showed that
the phosphorylation of all the three MAPK family members, including extracellular signal-
regulated kinase 1/2 (ERK1/2), c-Jun N-terminalkinase (JNK) and p38 MAPK, immediately
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increased after 400uM H,0, exposure for 0.5 hour, reached to the highest level at 1 hour and
then dropped down gradually (Fig. 4A). H,0, activated multiple members of MAPK in NP
cells, in a manner corresponding to that of autophagy.

Next, the respective role of ERK1/2, JNK and p38 activation in H,0,-induced NP cell
autophagy was investigated by using their relevant inhibitors. The ERK inhibitor U0126
(20puM), JNK inhibitor SP600125 (20uM) and p38 inhibitor SB203580 (10uM) all efficiently
blocked the activation of corresponding MAPKs. However, only U0126 significantly attenuated
H,0,-induced LC3-II protein accumulation, SP600125 and SB203580 had little effect on the
expression of LC3-II (Fig. 4B). These results suggested that H,0, induced autophagy mainly
through ERK signaling pathway.

Mammalian target of rapamycin (mTOR) is the down-stream kinase of ERK, and
inhibition of its phosphorylation (p-mTOR) is regarded as a key step in triggering autophagy.
Western blotting analysis showed that the protein expression of p-mTOR was suppressed in
the H,0, treated NP cells, in amanner corresponding to that of the autophagy. Similar changes
were also found in the phosphorylation level of p70S6K at Thr389, which is a downstream
effector of mTOR signaling (Fig. 4C).

All these evidence proved thatH,0, induced autophagy in NP cells through the activation
of the ERK/m-TOR signaling pathway.

The relationship between apoptosis and autophagy in NP cells under oxidative stress

The crosstalk between autophagy and apoptosis is complicated, and varies in different
cell types and different stimuli [43]. We found that autophagy in the NP cells activated
and peaked within a very short time after H,0, treatment (Fig. 3A&B), quite earlier than
apoptosis (Fig. 1D&E). To investigate the interplay between autophagy and apoptosis in the
NP cells under oxidative stress, cells were pre-treated with 3-methyladenine (3MA, 5mM, an
autophagy inhibitor), or BAF (100nM) or U0126 (20uM) for 1 hour before H,0, exposure.
Western blotting analysis showed the conversion of LC3-I to LC3-Ilin H,O,-treated cells was
significantly attenuated in the presence of 3MA (Fig. 5A). BAF pretreatment successfully
disrupted the autophagic flux (Fig. 3C), and U0126 (Fig. 4B) inhibited the autophagy
induction. Meanwhile, both the relative early stage (3h) and late stage (24h) apoptosis
incidence decreased significantly when early autophagy was inhibited in the H,0,-treated
NP cells (Fig. 5B), along with simultaneous increases in the mtAy (Fig. 5C). These results
suggested that autophagy was a preceding event for apoptosis in the NP cells insulted by H,0,
and that suppression of early autophagy could down-regulate the mitochondrial-mediated
apoptosis in the NP cells under oxidative stress.

Discussion

The main findings of the present study were that H,0, induced autophagy through the
ERK/m-TOR signaling pathway and apoptosis through the mitochondrial pathway in the
NP cells. Autophagy occurred quite earlier than apoptosis. Suppression of autophagy could
down-regulate the mitochondrial-mediated apoptosis in the NP cells under oxidative stress.

Oxidative stress could lead to multiple types of cell damage, including DNA breaks,
protein oxidation and carbonylation, lipid per-oxidation, mitochondrial failure, alterations
of calcium homeostasis, actin reorganization, NAD depletion, impairment of the energy
metabolism, and glutathione depletion [44]. It was recognized as an important cellular
stress with significant pathological implications in many disease processes [45]. There
were reports that H,0, induced cartilage destruction in vivo through increasing apoptosis
of chondrocytes, and resulted in osteoarthritis ultimately [46, 47]. There were also reports
that H,0, led to dysfunction and increased apoptosis of osteoblasts, thus contributed to the
development of osteonecrosis [41, 48]. Although residing in a hypoxic environment and
getting energy mainly through glycolysis, NP cells still generated ROS through oxidative
metabolism, especially in aged or degenerated discs with neovascularization [34, 49]. The
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pro-inflammatory cytokines further stimulated the production of ROS in NP cells [34].
Thus, we believed that the increased apoptosis of NP cells under oxidative stress should be
involved in the pathogenesis of IVD degeneration.

Mitochondria are the major source and target of ROS [50]. When the formation of ROS
is enhanced, it would impair the function of mitochondria, such as respiration and oxidative
phosphorylation, mitochondrial permeability transition [51]. Then the mitochondria can
commit cells to apoptosis by releasing cytochrome c, Smac/Diablo, AIF and activating
procaspase-9and-3[52,53]. There were reports that ROS mediated mitochondria-dependent
apoptosis in various types of cells [31, 52, 54]. Singh et al. [54] and Luo et al. [52] reported
that hydrogen peroxide induced apoptosis by mitochondrial death pathway in HeLa cells and
rat Schwann'’s cells respectively. Our study also demonstrated that H,0, induced the down-
regulation of mtAys and the release of cytochrome c to cytosol, indicating the mitochondria
pathway was involved in the apoptosis in the NP cells under oxidative stress. In addition, we
also observed increased LMP in the NP cells after H,0, stimulation. Lysosomes contain more
than 50 acidic hydrolases, which take part in the degradation of all cellular elements. The
mechanism of apoptosis induction by oxidative stress had been attributed to LMP in several
studies, by releasing lysosomal enzymes into the cytosol, activating caspases and other toxic
cascades [38,45,54]. Takahashi et al. [46] reported that lysosomal dysfunction with swelling
and rupture was closely associated with the ROS formation that occurred after the addition
of H,0, to osteoarthritic chondrocytes at the early period of apoptosis. Thus, we suggested
that maintaining the integrity of lysosome and normal function of mitochondria might be
crucial for the survival of NP cells. Meanwhile, recent studies reported that ROS could be
produced not only in the mitochondria [55-57]. Roberto Mangiullo et al. [55] confirmed the
presence of a functionally active ecto-FoF1-ATP synthase (a mitochondrial inner membrane-
bound enzyme) on the plasma membrane of normal tissue cells. Isabella Panfoli et al. [57]
confirmed the extra-mitochondrial tricarboxylic acid cycle in retinal rod outer segments.
As a consequence, we speculated that the abnormal oxidative stress might also affect the
viability of NP cells by influencing the full play of extra-mitochondrial aerobic metabolism.

Autophagy and apoptosis shared the same set of cellular regulatory proteins, and they
could be induced by the same stimuli [58]. Cellular oxidative stress was recognized as an
important stimulus to autophagy in many studies [59, 60]. Zhang et al. [30] reported that
hydrogen peroxide indicated oxidative stress induced parallel autophagy and apoptosis
in human glioma U251 Cells. Kong et al. [61] reported that Calyxin Y induces hydrogen
peroxide-dependent autophagy in human non-small cell lung cancer NCI-H460 cells. Hence,
our demonstration that autophagy in NP cells was induced by H,0, might not be surprising.

However, the interplay between autophagy and apoptosis is complex and controversial,
depending on the types of cells and stresses [43]. Autophagy could either inhibit or delay the
occurrence of apoptosis, or promote apoptosis, or induce autophagic cell death independent
of apoptosis [62]. Wu et al. [63] indicated that autophagy prevented cells in starvation from
undergoing apoptosis in Spodoptera litura SL-ZSU-1 cells. Wang et al. [64] stated that YM 155,
a novel survivin suppressant, induced autophagy-dependent apoptosis in prostate cancer
cells, and inhibition of either early or late events of autophagy attenuated YM155-induced
apoptosis. Chen et al. [33] reported that oxidative stress induced autophagic cell death
independent of apoptosis in transformed and cancer cells. In our present study, inhibition
of autophagy by 3MA, BAF or U0126 separately reduced the apoptosis incidence in the NP
cells under oxidative stress, suggesting that autophagy was a necessary preceding event for
apoptosis in the NP cells insulted by H,0,. This result was in accordance with the recent
work by Lee et al. [65] who showed that astrocytic death induced by H,0, was accompanied
by increased LMP and that autophagy inhibitors (3MA, BAF) attenuated the disruption of
LMP and cell death in astrocytes. Castino et al. [15] also showed that down-regulation of
autophagy via 3MA-mediated inhibition of PI3k III prevented apoptosis and necrosis by
oxidative stress in dopaminergic neuroblastoma cells. Thus, we suggested that control and
regulation of autophagy activity might be an effective strategy to reduce the apoptosis of NP
cells under oxidative stress and to prevent the degeneration of IVD.
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Furthermore, our present study indicated that H,0, induced autophagy in NP cells
through the ERK/m-TOR signaling pathway. ERK is a widely conserved family of serine/
threonine protein kinases implicated in many cellular programs such as cell proliferation,
differentiation, and apoptosis [66]. It can be activated by a wide variety of oncogenes
and extra-cellular stimuli including mitogens, growth factors, cytokines and ROS [67]. An
increasing number of studies have suggested that ERK is implicated in the regulation of
autophagy. Sivaprasad et al. [68] indicated that inhibition of ERK in MCF-7 cells resulted
in decreased autophagy in response to TNF. Wong et al. [28] reported that ROS-dependent
ERK induced non-canonical autophagy in cancer cells. As the down-stream kinase of ERK,
the inhibition of p-mTOR has consistently been associated with induction of autophagy [69].
Our results showed that H,0, treatment inactivated mTOR and reduced phosphorylation of
its downstream target p70S6K, corresponding to the variation of autophagy. These findings
indicated that H,0, induced autophagy through mTOR-dependent mechanisms in NP
cells. Thus, ERK/m-TOR signaling pathway might be a target to control the autophagy and
apoptosis level in the NP cells under oxidative stress.

Conclusions

Our study revealed that H,0, induced autophagy through the ERK/m-TOR signaling
pathway and apoptosis through the mitochondrial pathway in the NP cells. Inhibition of
ERK-dependent autophagy reduced the mitochondria-mediated apoptosis in the NP cells
under oxidative stress. These data should be helpful to improve our understanding of the cell
death mechanism of NP cells under oxidative stress, and the intricate relationship between
autophagy and apoptosis. Modulating the autophagy in the disc cells under oxidative stress
might be a new therapeutic direction to reduce the apoptosis of the cells and prevent IVD
degeneration.
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