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Abstract

The aim of this study was to investigate whether RIPK1 mediated mitochondrial dysfunction and oxidative stress contrib-
uted to compression-induced nucleus pulposus (NP) cells necroptosis and apoptosis, together with the interplay relationship
between necroptosis and apoptosis in vitro. Rat NP cells underwent various periods of 1.0 MPa compression. To determine
whether compression affected mitochondrial function, we evaluated the mitochondrial membrane potential, mitochondrial
permeability transition pore (mPTP), mitochondrial ultrastructure and ATP content. Oxidative stress-related indicators
reactive oxygen species, superoxide dismutase and malondialdehyde were also assessed. To verify the relevance between
oxidative stress and necroptosis together with apoptosis, RIPK1 inhibitor necrostatin-1(Nec-1), mPTP inhibitor cyclosporine
A (CsA), antioxidants and small interfering RNA technology were utilized. The results established that compression elicited
a time-dependent mitochondrial dysfunction and elevated oxidative stress. Nec-1 and CsA restored mitochondrial function
and reduced oxidative stress, which corresponded to decreased necroptosis and apoptosis. CsA down-regulated mitochondrial
cyclophilin D expression, but had little effects on RIPK1 expression and pRIPK1 activation. Additionally, we found that
Nec-1 largely blocked apoptosis; whereas, the apoptosis inhibitor Z-VAD-FMK increased RIPK1 expression and pRIPK1
activation, and coordinated regulation of necroptosis and apoptosis enabled NP cells survival more efficiently. In contrast to
Nec-1, SiRIPK1 exacerbated mitochondrial dysfunction and oxidative stress. In summary, RIPK1-mediated mitochondrial
dysfunction and oxidative stress play a crucial role in NP cells necroptosis and apoptosis during compression injury. The
synergistic regulation of necroptosis and apoptosis may exert more beneficial effects on NP cells survival, and ultimately
delaying or even retarding intervertebral disc degeneration.
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Introduction

Intervertebral disc degeneration (IVDD) is one of the
most common orthopedic ailments, leading to disability of
afflicted individuals [1, 2]. The intervertebral disc (IVD),
a load-bearing component, is subjected to various kinds of
mechanical loading, which can be adaptive or pathological
depending on the intensity of the load. For example, a mod-
erate mechanical stimulus exerts protective effect on IVD,
while excessive mechanical force often exacerbates IVD
cells death [3, 4]. The central gelatinous nucleus pulposus
(NP) is the key constituent part of IVD and the effects of
pathological loading are generally more severe in NP cells
than other types of IVD cells in compression-induced disc
degeneration [5]. The decline of NP cells number, which is
the main feature of IVDD, is closely related to programmed
cell death (PCD) [6]. Moreover, in models of compression,
NP cells undergo apoptosis and autophagic cell death [7-9].
However, single regulation of apoptosis or autophagy does
not provide an effective protective role against NP cells
death [7-9].

Necroptosis, known as type III PCD, is a caspase-inde-
pendent manner of PCD pathway that was originally defined
by Degterev et al. first [10]. In the majority of cases, it is
largely dependent on activation of receptor-interacting pro-
tein kinase 1 (RIPK1), then the activated RIPK1 binds with
and activates receptor-interacting protein kinase 3 (RIPK3)
to form the necrosome. These events activate mixed line-
age kinase domain-like (MLKL), and initiate necroptosis
[11, 12]. Recently, we have reported that RIPK1/RIPK3/
MLKL axis-mediated necroptosis plays a pivotal role in
compression-induced rat NP cells death [13]. This was the
first documentation of compression-mediated necroptosis in
IVDD, and has opened a novel perspective for the further
elucidation of NP cells death mechanism.

Mitochondria, the fundamental organelles for eukaryotic
cells, could produce adenosine-triphosphate (ATP) and regu-
late cell proliferation and death [14]. Emerging evidence
reveals that mitochondrial dysfunction, including mitochon-
drial membrane potential (MMP) depolarization, enhanced
mitochondrial permeability transition pore (mPTP) open-
ing, and mitochondrial cristae disruption, is closely involved
in necroptosis and apoptosis [15]. In sharp contrast, some
other evidence demonstrates that mitochondrial dysfunction
may be dispensable in the occurrence of necroptosis and
apoptosis [16, 17]. Mitochondria are an important source
of free radicals, which can induce oxidative stress, leading
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to cell death. Within this context, reactive oxygen species
(ROS), a predominant indicator of oxidative stress, is a
byproduct of mitochondrial respiratory pathway [18]. How-
ever, some ROS generation is important for maintenance
of redox-dependent signaling as moderate ROS promotes
cell survival; whereas, excessive level of ROS induces the
damage of macromolecules and organelles, such as DNA
and mitochondria, leading to cell damage or even death [19].

Malondialdehyde (MDA), an indicator of lipid peroxida-
tion, can be used to evaluate oxidative damage. In contrast,
superoxide dismutase (SOD), is an important antioxidative
enzyme and plays an important role in reducing oxidative
stress through metabolism of superoxide. Meanwhile, exces-
sive MDA and reduced SOD activity could reflect mito-
chondrial dysfunction [20, 21]. Similar to the role of mito-
chondrial dysfunction, the specific role of oxidative stress
in compression-mediated necroptosis and apoptosis of NP
cells has not been determined. Under certain circumstances,
mitochondrial dysfunction and oxidative stress may play
critical roles in IVDD process [22]. Hence, the delineation
of the molecular mechanism of mitochondrial dysfunction
and oxidative stress in regulating NP cells necroptosis and
apoptosis is potentially significant.

In the present study, we systematically addressed the defi-
nite role of mitochondrial dysfunction and oxidative stress in
compression-induced rat NP cells necroptosis and apoptosis.
Necroptosis and apoptosis often interact with each other and
together determine the final fate of the cells [11, 23]. We also
interrogated the interplay between necroptosis and apoptosis
to elucidate an efficient strategy to prevent NP cells death.

Materials and methods
Isolation and culture of primary rat NP cells

The protocol was approved by animal experimentation com-
mittee of Huazhong University of Science and Technology.
The Sprague-Dawley rats (3 months old) were obtained
from Experimental Animal Center of Tongji Medical Col-
lege, Huazhong University of Science and Technology.
The extraction and culture method of rat NP cells were
performed as previously described [9, 13, 22]. The second
generation NP cells were used throughout the experiments.

Compression and pharmacological treatment of rat
NP cells

A protocol previously established in our lab was used, in
which the NP cells were cultured in stainless steel pres-
sure vessel to mimic in vivo conditions [9, 13, 22, 24].
The apparatus was constructed to withstand up to 1.0 MPa
compression [9, 13, 22, 24]. The RIPK1 inhibitor Nec-1
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(Sigma, USA), apoptosis inhibitor Z-VAD-FMK (Merck,
Germany), the antioxidants NAC, BHA and mPTP inhibi-
tor CsA (Merck, Germany) were applied to experimental
groups, while control groups were given the isopyknic
DMSO as a vehicle control. The pressure vessel was filled
with a small quantity of distilled water to maintain ade-
quate humidity and then placed in an incubator at 37 °C.
Our previous experiments have demonstrated that when
exposed to compression, the level of necroptosis in NP
cells significantly increased from 12 to 48 h compared to
0 h, and peaked between 24 and 36 h [13]. Meanwhile,
with compression exposure time prolonged, the apoptosis
level also peaked at 36 h [22]. Thus, 24 and 36 h compres-
sion-treated time periods were chosen in this study.

Evaluation of MMP

The MMP of rat NP cells was examined after 24 and 36 h
compression as previously described [22, 24]. The cells
were probed by fluorescence probe 5,5’,6,6'-tetrachloro-
1,1',3,3'-tetraethyl-benzimidazolylcarbocyanine iodide
(JC-1, Beyotime, China) staining according to the manu-
facturer’s instructions. Finally, the NP cells samples were
analyzed by flow cytometry (BD LSRII, Becton Dickin-
son) and observed under laser scan confocal microscope
(LSM, Zeiss, Germany).

Measurement of mPTP

The mPTP of rat NP cells was detected by mPTP Fluo-
rescence Assay Kit (Genmed, China) after 24 and 36 h
compression according to the manufacturer’s instructions
as previously described [22]. Finally, the NP cells samples
were analyzed by flow cytometry.

Mitochondrial ultrastructure

The mitochondrial ultrastructure of rat NP cells was exam-
ined by transmission electron microscope (TEM), which
was performed as previously described [9, 13]. The cells
were collected after 36 h compression and suspension of
the cells was pelleted (15 min at 1000 g) and supernatant
was discarded. Cells were fixed with 2.5% glutaraldehyde
for 2 h at room temperature. Then cells were postfixed for
2 h with 1% osmium tetroxide, followed by dehydration
steps in ethanol, infiltration and embedding in epon 812.
Ultimately, the ultrathin sections were stained with uranyl
acetate and lead citrate, and examined with Tecnai G2 12
TEM (FEI Company, Holland).

The ATP production assay

The cellular ATP content was measured using ATP Assay
Kit (Beyotime, China). The NP cells were incubated in
200 ul of ATP assay lysis buffer. The supernatant was col-
lected by centrifuging at 12,000xg for 5 min at 4 °C and
quantified using BCA Protein Assay Kit (Beyotime, China).
Then, 100 pl ATP detection reagent was added to 100 ul
supernatant, and the firefly luciferase activity was detected
and analyzed by luminescence spectrometry (EnSpire,
USA). The ATP level was normalized to cellular protein
concentration and expressed as percentage relative to the
control.

Measurement of ROS

After 24 and 36 h compression, the ROS generation of rat
NP cells was revealed using 2'-7'-dihydrodichlorofluoroscein
diacetate (DCFH-DA, Sigma, USA), which is oxidized into
the fluorescent dichlorofluorescein (DCF) when the ROS
generation increased. Briefly, after staining with 10 uM
DCFH-DA in the dark at 37 °C for 30 min, the mean fluo-
rescence intensity (MFI) was analyzed using flow cytometry.

Mitochondrial ROS (mtROS) analysis

MitoSOX red was used to estimate mitochondrial ROS.
MitoSOX red is a live-cell permeant fluorogenic dye for
selective detection of superoxide in mitochondria, and it can
emit red fluorescence when oxidized by superoxide. After
24 and 36 h compression, the NP cells were incubated with
5 UM MitoSOX red in the dark at 37 °C for 30 min. Then the
NP cells were washed twice and suspended in 200 pl PBS,
and analyzed by flow cytometry.

Determination of MDA and SOD activity

The MDA content was measured using a Lipid Peroxida-
tion MDA Assay Kit (Beyotime, China) according to the
manufacturer’s instructions. The cells were lysed in lysis
buffer and centrifuged at 1600 g for 15 min. The superna-
tant was reacted with the thiobarbituric acid (TBA), and
then measured using spectrophotometer (Bio-Tek, USA) at
535 nm. The content of MDA was expressed as nmol/mg
protein. The SOD activity was measured using a SOD Assay
Kit (Beyotime, China). The cells were collected, washed
twice with PBS and centrifuged at 4000 rpm for 15 min. The
supernatant was collected to determine SOD activity using
spectrophotometer according to the instructions. The results
were expressed as U/mg protein.
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Determination of cell viability

The rat NP cells were seeded in 96-well culture plates at a
density of 2 x 10 cells per well. At each time point, the cell
viability was measured using cell counting kit-8 (CCK-8,
Dojindo, Japan) according to the manufacturer’s instruc-
tions [9, 13, 22]. The cell viability was assessed through
absorbance detection at 450 nm using spectrophotometer
(Bio-Tek, USA).

Annexin V-FITC and propidium iodide (Pl) positive
ratio assay

The apoptotic and necrotic ratio of rat NP cells were deter-
mined using Annexin V-FITC Apoptosis Detection Kit
(Nanjing Keygen Biotech, China). At each time point, the
cells were harvested, stained according to the manufactur-
er’s instructions and then analyzed by flow cytometry and
observed under LSM. The methods of Annexin V-FITC and
PI double-staining together with PI single-staining allowed
us to quantify the apoptotic cells (Annexin V positive) and
necrotic cells (PI positive).

Lactate dehydrogenase (LDH) release assay

After 24 and 36 h compression, the release of LDH in culture
medium was measured to determine rat NP cells cytotoxic-
ity according to the manufacturer’s instructions (Beyotime,
China) using the automated chemistry analyzer. LDH release
activity was presented as the ratio of LDH in the culture
medium to total cellular LDH and fold to the control group.

Western-blot analysis

At each time point, rat NP cells were harvested, and lysed.
Protein concentration of the lysate was determined using an
enhanced BCA protein assay kit (Beyotime, China). Then
the whole lysate was separated using SDS polyacrylamide
gel electrophoresis and transferred onto the polyvinylidene
fluoride membranes. The membranes were blocked with 5%
bovine serum albumin in Tris-buffered saline and Tween
20 (TBST) for 1 h at room temperature and then incubated
overnight at 4 °C with primary antibodies against RIPK1
(1:500, CST, USA), phospho-PKA substrate (1:1000, CST,
USA), Bel-2 (1:500, Abcam, USA), Cleaved-Caspase3 (1:500,
Abcam, USA), Cleaved-Caspase8 (1:500, Proteintech, China),
Cleaved-Caspase9 (1:200, Proteintech, China), Cleaved-PARP
(1:500, Proteintech, China), CypD (1:200, Santa Cruz, USA),
GAPDH (1:5000, Abcam, UK). The membranes were washed
three times and incubated with the respective peroxidase-
conjugated secondary antibodies for 2 h. Finally, the protein
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was developed using the enhanced chemiluminescence (ECL)
method according to the manufacturer’s instructions.

Quantitative real-time PCR analysis

At each time point, the total RNA of rat NP cells was extracted
using Trizol reagent (Invitrogen, USA). The above obtained
RNA was transcribed into complementary DNA. The primer
sequences used for real-time PCR were as follows: RIPK1:
5'“TCCTCGTTGACCGTGAC-3",5'-GCCTCCCTCTGC
TTGTT-3'; GAPDH: 5'-CGCTAACATCAAATGGGG
TG-3",5" TTGCTGACAATCTTGAGGGAG-3'. Gene level
was quantified using a standard PCR kit and SYBR Green/
Fluorescein qPCR Master Mix (2X) (Fermentas, Canada) on
an ABI Prism 7900HT sequence detection system (Applied
Biosystems, USA). The gene expression was subjected to
analysis of amplification curve, and the data was analyzed
using the 2724€T method and normalized to house-keeping
gene GAPDH.

Transfection of small interfering RNA

Rat SiRIPK1 was designed and manufactured by Biomics
(Biomics Biotechnologies Co. Ltd, China) according to cur-
rent guidelines [13]. The NP cells were treated with three
independent SiRIPK1, the sequences of each are as follows:
5'-GGAACAACGGAGTATATAAdTAT-3",5'-UUAUAU
GUUGUUCCATAT-3"; 5'-GUCUUCGCUAACACCACU
AdTdT-3",5'-UAGUGGUGUUAGCGAAGACdTdT-3";5'-
GGATAATCGTGGAGATCATATAT-3",5'-AUGAUCUCC
ACGAUUAUCCATAT-3' respectively. Then the effective
target sequence was selected. The NP cells were transfected
with effective sequence at a concentration of 100 pmol/10° cell
using lipofectamine RNAi MAX (invitrogen). 24 h later, the
transfected cells were digested and recultivated for subsequent
experiments.

Statistical analysis

All data was shown as mean + standard deviation (SD) from
at least three independent replicates. Statistical analysis was
performed using the IBM SPSS software package 20.0. Mul-
tiple groups were analyzed by one-way analysis of variance
(ANOVA), followed by least significant difference (LSD)
analysis. Student’s-¢ tests were also performed to analyze the
differences between the two groups. A probability of P <0.05
was considered as statistical significance.



Apoptosis (2018) 23:299-313

303

Results

Nec-1 or CsA ameliorates compression-induced
MMP loss and mPTP opening

The normal cells stained with JC-1 exhibit abundant red
along with little green fluorescence. The JC-1 aggregates
are dispersed to monomeric form (green fluorescence)
when the cells undergo some extent damages. Compared

with 0 h group, a time-dependent MMP loss was observed,
as indicated by the decrease in red and increase in green
fluorescence with the extension of compression time,
implying that mitochondrial damage occurred (Fig. la—c,
P <0.01). Meanwhile, 20 uM Nec-1 ameliorated 24 and
36 h compression-induced MMP loss (Fig. la—c, P <0.01).
Then CsA, which restricts mPTP opening by interacting
with cyclophilin D (CypD), an essential structural compo-
nent of mPTP, was introduced into current study. Similar
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Fig.1 Nec-1 (20 uM) or CsA (10 uM) inhibits 24 and 36 h compres-
sion-induced MMP loss and mPTP opening in rat NP cells. a Repre-
sentative dot plot of MMP in NP cells by flow cytometry after JC-1
staining. b Typical fluorescence photomicrograph of MMP loss in NP
cells by LSM. ¢ The quantitative MMP in NP cells is expressed as the

ratio of red over the green fluorescence intensity by flow cytometry.
d The quantitative relative fluorescence intensity (RFI) of mPTP in
NP cells by flow cytometry. Scale bars =20 uM. Values are expressed
as mean+SD from four independent experiments (n=4, *P <0.05,
*#*P<0.01, #**P <0.001 vs. control)
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to Nec-1, 10 uM CsA prevented MMP loss in NP cells at
both 24 and 36 h time points (Fig. la—c, P <0.01).

A key feature of necroptosis is the enhanced mPTP
opening. The value of RFI decreased in a time-dependent
manner after 24 and 36 h compression, which implied the
enhanced mPTP opening relative to O h (Fig. 1d, P <0.01).
In presence of Nec-1 or CsA, the 24 and 36 h compres-
sion-induced RFI loss were partially attenuated (Fig. 1d,
P <0.01). These results supported that Nec-1 and CsA
alleviated rat NP cells necroptosis via inhibiting the open-
ing of mPTP.

Nec-1 or CsA restores compression-induced
mitochondrial ultrastructure collapse of NP cells

Under baseline, 0 h control condition, mitochondrial struc-
tural integrity in NP cells was obvious (Fig. 2a). When
compression time was prolonged to 36 h, the mitochondria
showed severe damage with swollen, vacuolar and fractured
structures (Fig. 2b). When treated with Nec-1 (20 uM) or
CsA (10 uM), the mitochondrial morphology displayed
varying degrees of recovery, which exhibited few swollen
and slightly broken mitochondrial organelles (Fig. 2c, d).
These indicated that Nec-1 or CsA protected rat NP cells
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Fig.2 Nec-1 (20 pM) or CsA (10 pM) ameliorates mitochondrial
ultrastructural collapse and ATP depletion induced by compression in
rat NP cells. (a) (without compression) Displayed normal mitochon-
dria ultrastructure, as the arrowheads indicated. (b) (36 h Compres-
sion) The arrowheads indicated severe vacuolation and disruption of
mitochondria ultrastructure. (c—d) (36 h Compression+ Nec-1 or CsA
treated respectively) Nec-1 or CsA could partially reverse the 36 h
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compression-induced ultrastructural collapse of mitochondrial in NP
cells. Scale bars=2 uM, 1 pM. (e) The protective effects of Nec-1
and CsA on rat NP cells ATP depletion using firefly luciferase detec-
tion. NS means no significant statistical significance. The values are
expressed as mean=+SD from three independent experiments (n=3,
*P<0.05, **P<0.01, **P<0.001 vs. control)
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mitochondria from ultrastructural damage in response to
compression stimuli.

Nec-1 or CsA blocks ATP depletion induced
by compression in NP cells

It was displayed that the production of ATP was decreased
in a time-dependent manner and nearly 75% of ATP depleted
after 48 h compression in NP cells (Fig. 2e, P <0.05). In
presence of Nec-1 (20 uM) or CsA (10 uM), the content
of ATP was elevated versus compression without treatment
(Fig. 2e, P <0.05). Mitochondria is considered as power fac-
tory of the cell, which supply energy required for cell life.
Hence, these results indirectly proved that compression led
to mitochondrial dysfunction which was obviously improved
by Nec-1 or CsA.

Nec-1 or CsA reduces compression-induced
oxidative stress in NP cells

Compared to 0 h, ROS production (as indicated by DCHF-
DA) was increased at 24 and 36 h of compression (Fig. 3a,
b, P<0.05). Then, the content of mtROS was monitored by
fluorescent probe MitoSOX. Likewise, an increasing fluo-
rescence intensity of mtROS was observed in 24 and 36 h
versus the 0 h (control) group (Fig. 3c, P <0.05). Treatment
with Nec-1 (20 uM) or CsA (10 uM) reduced the total ROS
and mtROS signals (Fig. 3a—c, P <0.05). Corresponding
to these results, the MDA content was markedly increased
while a downward trend of SOD activity was observed in NP
cells after 24 and 36 h compression (Fig. 3d, e, P<0.01).
Treatment with either Nec-1 or CsA attenuated the increase
in MDA content and the decrease of SOD activity at both
24 and 36 h time periods (Fig. 3d, e, P <0.01). These results
suggested that Nec-1 or CsA might attenuate NP cells
necroptosis through attenuating the elevated oxidative stress.

Nec-1, CsA or antioxidant (NAC, BHA) alleviates
compression-stimulated NP cells death

The cell viability, lactate dehydrogenase (LDH) release into
the culture media from damaged cells (LDH release, indi-
cating cytotoxicity) and PI positive (cell death) ratio were
detected to synthetically evaluate the cell survival capac-
ity. Following exposure to compression for 24 and 36 h,
20 uM Nec-1, 10 uM CsA, 5 mM NAC, 200 uM BHA all
decreased PI positive ratio and LDH release in NP cells
(Fig. 3f—h, P <0.05). Likewise, Nec-1, CsA, NAC, BHA all
enhanced NP cell viability at both 24 and 36 h time periods
(Fig. 3i, P <0.05). Taken together, these results revealed
that Nec-1, CsA and antioxidants exerted a protective effect
against compression-induced necroptosis, at least partly, via
anti-oxidative stress injury.

RIPK1 is an upstream mediator
of compression-induced mitochondrial dysfunction
and oxidative stress of NP cells

In this study, when compression was treated for 24
and 36 h, treatment with 20 pM Nec-1 down-regulated
RIPK1 expression and activation (pRIPK1), while NAC
(5 mM) or BHA (200 uM) had little effects, implying that
RIPK1 might be an upstream mediator of oxidative stress
(Fig. 4a—-d, P <0.01). Considering that Nec-1 efficiently
ameliorated mitochondrial dysfunction, we speculated that
mitochondrial dysfunction and oxidative stress might play
pivotal roles in execution of necroptosis downstream of
RIPK1 activation.

Similar to the roles of NAC and BHA, CsA (10 uM)
had little effects on RIPK1 expression and activation
(pRIPK1), suggesting that mPTP opening might be a
downstream consequence of RIPK1 activation (Fig. 4e, f,
P>0.05). To determine whether CsA could block the up-
regulation of CypD, we performed western blot analysis.
The protein expression of CypD was markedly increased
when compressed for 24 and 36 h compared to O h group.
As expected, 10 uM CsA significantly prevented the
upregulation of CypD protein expression at both 24 and
36 h compression time periods (Fig. 4e, f, P <0.01).

Nec-1 or CsA blocks mitochondrial apoptotic
pathway in compression-treated NP cells

To determine whether Nec-1 or CsA protected NP cells
from compression-induced apoptosis, we performed
AnnexinV-FITC and PI double staining. After 24 and
36 h compression, Annexin-V positive (apoptosis) ratio
was obviously increased compared with O h (Fig. 5a, b,
P <0.01). Treatment with Nec-1 (20 uM) or CsA (10 uM)
down-regulated apoptosis at both 24 and 36 h time periods
(Fig. 5a, b, P<0.01). Besides, in presence of Nec-1 or
CsA, the green fluorescent signal (apoptosis) was partially
reduced at both 24 and 36 h (Fig. 5¢).

To further verify Nec-1 or CsA-mediated blockade of
apoptosis, we also evaluated the formation of Cleaved
Capases. Compared to 0 h group, 24 and 36 h compres-
sion elicited notable up-regulation of Cleaved-Caspase3,
8, 9 and PARP in protein level (Fig. 5d, e, P<0.01). Mean-
while, 24 and 36 h compression resulted in significant
down-regulation of anti-apoptotic molecule Bcl-2 (Fig. 5d,
e, P<0.01). Nec-1 or CsA blocked the up-regulation of
Cleaved-Caspase3, 8, 9, PARP as well as the down-regu-
lation of Bcl-2 in protein level (Fig. 5d, e, P <0.01). These
results implied that Nec-1 and CsA protected rat NP cells
from compression-induced apoptosis.
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Fig.3 Nec-1 (20 uM) or CsA (10 pM) alleviates 24 and 36 h com-
pression-induced oxidative stress and cell death in rat NP cells. a
Representative plots of ROS in NP cells by flow cytometry after the
labeling of fluorescent probe DCFH-DA. b The quantitative and sta-
tistical analysis of ROS generation in NP cells by flow cytometry. ¢
The quantitative and statistical analysis of mtROS in NP cells by flow
cytometry. d The content of MDA was measured with TBA method.

Inhibition of apoptosis enhances necroptosis
and coordinated regulation of necroptosis

and apoptosis promotes NP cells survival more
effectively

Then the interplay between necroptosis and apoptosis was
explored. As shown in (Fig. 5d, f, P <0.01), the apoptosis

@ Springer

e The activity of SOD was measured by spectrophotometry. f-g Rep-
resentative dot plot (f) and statistical analysis (g) of PI positive ratio
in NP cells by flow cytometry. h The cytotoxicity of NP cells was
determined by LDH release. i The viability of NP cells was meas-
ured using the CCK-8 assay. The values are expressed as mean=+SD
from four independent experiments (n=4, *P<0.05, **P<0.01,
##% P <(.001 vs. control)

inhibitor Z-VAD-FMK (20 uM) treatment downregulated the
24 and 36 h compression induced Cleaved-Caspase3, 8, 9
and PARP expression. However, when treated with Z-VAD-
FMK, it was exhibited an enhanced expression of RIPK1
and pRIPK1, suggesting that inhibition of apoptosis might
lead to partial conversion to necroptosis (Fig. 5g, P<0.01).
Hence, we speculated that the synergistic regulation of
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Fig.4 NAC (5 mM), BHA (200 pM) and CsA (10 pM) have little
effects on RIPKI1, pRIPKI expression while CsA down-regulates
CypD expression in rat NP cells after 24 and 36 h compression. a—c
Representative western-blot graphs and statistical analysis of RIPK1,
pRIPK1 and GAPDH in NP cells. d The mRNA level of RIPK1 was
measured by RT-PCR in NP cells. e-f Representative western-blot

necroptosis and apoptosis might be more beneficial in pro-
moting NP cells survival.

In order to verify our hypothesis, the cell viability, LDH
release and PI positive ratio assay were performed to thor-
oughly evaluate the cell death and survival capacity. After
24 and 36 h compression, Nec-1 (20 uM) + Z-VAD-FMK
(20 uM) group largely rescued the NP cells viability loss
(Fig. 6a, P<0.05). Likewise, Nec-1+Z-VAD-FMK group
also exerted a more effective protective role than Nec-1
or Z-VAD-FMK group alone in reducing PI positive ratio
and LDH release (Fig. 6b—d, P <0.05). These results sug-
gested that modulation of necroptosis and apoptosis path-
ways together was more effective in protecting against

graphs and statistical analysis of RIPK1, pRIPK1, CypD and GAPDH
in NP cells. In above, data from treated groups have been normalized
to GAPDH. NS means no significant statistical significance. The val-
ues are expressed as mean+ SD from three independent experiments
(n=3, *P<0.05, **P<0.01, ¥***P <0.001 vs. control)

compression-induced NP cells death than targeting a spe-
cific pathway.

Compression-induced NP cells mitochondrial
dysfunction and oxidative stress are not inhibited
by SiRIPK1

To interrogate the role of SiRIPK1 in compression-
induced NP cells mitochondrial dysfunction and oxida-
tive stress, NP cells were treated with three individual
SiRIPK1 sequences. Only one SiRNA sequence 5'-GUC
UUCGCUAACACCACUAAdTAT-3', 5'-UAGUGGUGU
UAGCGAAGACATdT-3’ caused a marked decrease
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and statistical analysis of Cleaved-Caspase3, Cleaved-Caspase8,
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Fig.6 Combined regulation of necroptosis and apoptosis promotes
rat NP cells survival more effectively after 24 and 36 h compression.
a The viability of NP cells was measured using the CCK-8 assay. b
The cytotoxicity of NP cells was determined by LDH release. ¢ Rep-
resentative graphs of PI positive ratio by flow cytometry analysis

in protein and gene expression of constitutive RIPK1
(Fig. 7a, P <0.001). The NP cells were treated with this
SiRIPK1 for 48 h prior to undergoing 24 and 36 h com-
pression. Contrary to Nec-1 or CsA, SiRIPK1 did not
show any protective effect; instead, SiRIPK1 resulted in
more severe mitochondrial damage and oxidative stress in
NP cells. The SiRIPK1 exhibited greater depolarization
of MMP, enhanced mPTP opening and more severe mito-
chondrial ultrastructural damage compared to untrans-
fected cells (Fig. 7b, ¢, e, P <0.01). The SiRIPK1 also
downregulated the cellular ATP content, which reflected
the exacerbated mitochondrial damage (Fig. 7d, P <0.01).
Moreover, through ROS detection, MDA content and
SOD activity assay, we confirmed that SiRIPK1 exacer-
bated oxidative stress in NP cells (Fig. 7f-h, P <0.05).
Together, contrary to Nec-1, SiRIPK1 triggered more
severe mitochondrial dysfunction and oxidative stress in
rat NP cells subjected to compression.

after PI staining in NP cells. d The statistical analysis of PI positive
ratio in NP cells. The values are expressed as mean+SD from six
independent experiments (n=6, *P <0.05, **P <0.01, ***P <0.001
vs. control)

Discussion

Mechanical loading is considered as the crucial contribu-
tor to IVDD [25, 26]. Researches have demonstrated that a
major cause of IVDD is the rate of NP cells death, which is
notably increased by compression [6, 27]. In current study,
we found for the first time that compression-induced NP
cells necroptosis and apoptosis might be tightly relevant to
mitochondrial dysfunction-oxidative stress pathway.

As a potential therapeutic target for a variety of diseases,
mitochondria are gaining greater attention due to their criti-
cal roles in cellular bioenergetics and redox regulation. The
specific role of mitochondrial dysfunction in regulating
necroptosis and apoptosis remains ambiguous [16, 17]. It
was reported that the enhanced mPTP opening led to MMP
loss, mitochondrial swelling, vacuolization and even disin-
tegration [28]. Mitochondrial dysfunction is often paralleled
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Fig.7 The SiRIPK1 exacerbates 24 and 36 h compression-mediated
mitochondrial damage and oxidative stress in rat NP cells. a The NP
cells were treated with SiRIPK1 or nonspecific RNA (negative con-
trol, NC) for 48 h, then the total protein and gene were measured.
The cells were treated with selected SiRIPK1 for 48 h and then com-
pressed for 24 and 36 h. b—e The regulative effects of SiRIPKI on
compression-induced MMP loss (b), mPTP opening (c¢), ATP deple-

by elevated oxidative stress, which is combatted by cellular
antioxidant systems under normal circumstances. However,
oxidative stress is somewhat an enigma in that moderate
oxidative stress promotes cell survival, while excessive
oxidative stress promotes cell death [19]. Mitochondria are
not only a main source of ROS that induce the oxidative

@ Springer

tion (d) and mitochondrial ultrastructural damage (e) in NP cells. f-h
The regulative effects of SiRIPK1 on compression-induced ROS gen-
eration (f), MDA content (g) and SOD activity (h) in NP cells. Scale
bars=2 puM, 1 pM. The values are expressed as mean + SD from four
independent experiments (n=4, *P <0.05, **P<0.01, ***P <(0.001
vs. control)

stress, but also the vulnerable target of oxidative stress [29].
Mitochondrial damage and oxidative stress may interact with
and excite each other, and synergistically regulate the cell
death [30]. Likewise, there are some literatures suggesting
that mitochondrial dysfunction may act as a crucial role in
accelerating IVDD process [31, 32].
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In our preliminary experiments, we discovered that com-
pression elicited a time-dependent mPTP opening, MMP
loss (depolarization), mitochondrial vacuolation, sharp
depletion of ATP and elevation of oxidative stress in NP
cells, which directly implied the occurrence of mitochon-
drial dysfunction. Furthermore, Nec-1 significantly recov-
ered mitochondrial function, confirmed by the observations
that Nec-1 notably blocked mPTP opening, MMP loss and
mitochondrial ultrastructural collapse. In view of the criti-
cal role of mPTP opening, we speculated that the protective
effect of Nec-1 might be principally attributed to the restric-
tion of mPTP opening.

The mitochondrial matrix protein CypD is critical struc-
tural component of mitochondrial membrane pore. It plays
a pivotal role in mPTP opening and subsequently regulates
cell proliferation and death [33]. Mice lacking CypD display
a greater reduction of infarct size in brain against ischemic
injury. Likewise, increased expression of CypD results in
greater vulnerability to mPTP in neuronal cells, together
with MMP loss following cerebral ischemia in rats [34, 35].
These observation provide the rationale for our treatment
with CsA, which interacts with CypD and therefore restricts
mPTP opening. Our evidence showed that CsA could exert
protective role, and attenuate mitochondrial function dam-
age. CsA mediated blockade of mPTP opening has been
considered as a potential target for therapeutic intervention
in many kinds of injuries [36, 37]. It remains undetermined
whether CsA could block mitochondrial dysfunction and
attenuate oxidative stress in rat NP cells induced by com-
pression injury.

Consistent with Nec-1, CsA notably blocked compres-
sion-induced mPTP opening and MMP loss. Also, Nec-1
and CsA exerted a high protective effect against mitochon-
drial ultrastructural collapse and ATP depletion. Given that
the enhanced mPTP opening directly leads to mitochondrial
damage, the beneficial effects of Nec-1 and CsA may be
mediated through reduced mPTP opening. Opening of the
mPTP may also be a cause of oxidative stress. The ROS
generation and MDA content were obviously elevated after
compression treatment. Meanwhile, the SOD activity dis-
played a notably downward trend. After treatment with
Nec-1 or CsA, the ROS generation and MDA content were
largely down-regulated while SOD activity was apparently
rescued. These suggested that, like Nec-1, CsA might inhibit
NP cells necroptosis via minimizing oxidative stress. The
protective effects of Nec-1 and CsA on mitochondria might
be relevant to the lessening of oxidative stress, thus blocking
necroptosis, and improving NP cells survival.

As one important consequence of mitochondrial dysfunc-
tion, the ensuing oxidative stress plays a crucial role in a
variety of cell death [29]. This finding is further supported
by literature showing that the activation of RIPK1 leads to
mitochondrial damage, promoting a high level of oxidative

stress, and causing cell death [38]. However, the contribu-
tion of RIPK1 to oxidative stress remains unknown in com-
pression-treated NP cells. In this study, it was revealed that
treatment with CsA or antioxidants (NAC, BHA) had little
influence on RIPK1 expression and its phosphorylation.
Considering that Nec-1 markedly blocked oxidative stress
as above described, we concluded that compression-induced
necroptosis may be tightly associated with oxidative stress,
which might be induced downstream of RIPK1 activation.
In general, the enhanced mPTP opening exerts a key role
in the occurrence of apoptosis. As for the effects of CsA in
regulating apoptosis, there exist different views presently.
A number of literatures report that CsA significantly block
apoptosis, while some other studies display that CsA has
little effects on apoptosis [39, 40]. In apoptosis pathway,
Cleaved-3, 8, 9 and Cleaved-PARP are important terminal
cleavage enzymes. The expression level of Cleaved-3, 8, 9
and Cleaved-PARP were markedly increased after 24 and
36 h compression. Meanwhile, the elevated expression of
Cleaved-3, 8, 9 and Cleaved-PARP were all partially attenu-
ated by CsA. The compression elicited a notably decreased
in anti-apoptotic key molecule Bcl-2 expression, which was
also partially blocked by CsA. Collectively, CsA could effi-
ciently inhibit apoptosis in NP cells. It has been reported that
CypD-mediated mPTP opening directly leads to apoptosis
[28]. Consistent with mPTP opening, the CypD expression
was gradually increased with the extension of compression
time, which was inhibited by CsA to some extent. Taken
together, these suggested that CypD-mediated mPTP open-
ing might contribute to not only necroptosis but also apop-
tosis in rat NP cells under compression condition.
Apoptosis is considered a well-defined form of PCD,
whereas necroptosis is a novel type of PCD. Under cer-
tain circumstance, the cells undergoing necroptosis dis-
play activation of apoptotic pathways, yet terminate in a
necrosis-like cell death [11]. Necroptosis and apoptosis
often interact with each other and synergistically regulate
the cell death; however, the precise mechanism remains
elusive [11, 23]. Accordingly, the interactive relation-
ship between necroptosis and apoptosis was investigated.
It was displayed that Z-VAD-FMK increased RIPK1 and
pRIPK1 expression, accompanied with the aggravated
mitochondrial dysfunction and elevated oxidative stress,
suggesting that apoptosis pathways might be partially pro-
gressed toward necroptosis when apoptosis was inhibited.
Through detecting and reviewing the key protein of apop-
totic pathway such as Cleaved-3, 8, 9, Cleaved-PARP and
anti-apopotic protein Bcl-2 together with AnnexinV-FITC
positive ratio, we found that Nec-1 efficiently inhibited
apoptosis in NP cells. Meanwhile, the combined use of
Nec-1 and Z-VAD-FMK (Nec-1 + Z-VAD-FMK) exhibited
a more effective role than Nec-1 or Z-VAD-FMK alone in
ameliorating NP cells death. Also, Nec-1+Z-VAD-FMK
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largely rescued NP cells viability loss relative to Nec-1
or Z-VAD-FMK alone. These results established that
Nec-1+Z-VAD-FMK acted a more efficient role in pro-
tecting against compression-induced NP cells death.

Previously, we confirmed that SiRIPK1 led to signifi-
cant viability loss and high death rate in NP cells [13]. In
this study, SiRIPK1 triggered an exacerbated mitochon-
drial dysfunction and oxidative stress. In other words, the
enhanced expression of RIPK1 may aggravate mitochon-
drial damage and imbalance of redox reaction; meanwhile,
the knockdown of RIPK1 underwent more severe mito-
chondrial dysfunction and oxidative stress too. Given that
the RIPK1 activation can lead to two different outcomes:
activation of the NF-«xB signaling pathway to promote cell
survival, or induction of necroptosis, which leads to cell
death [41, 42]. Based on these observations, we specu-
lated that SiRIPK1-induced the exacerbated mitochondrial
dysfunction and oxidative stress might be partially due to
SiRIPK1 mediated excessive viability loss of NF-xB. In
addition, it was confirmed that RIPK1 was essential for
activation of mitogen-activated protein kinase (MAPK)
and apoptosis [43, 44]. Hence, the exacerbated mitochon-
drial dysfunction and oxidative stress might also be closely
dependent on SiRIPK1-mediated imbalance activation of
MAPK and apoptosis. That is to say, the underlying mech-
anism might be a synergistic regulation of multiple fac-
tors, quite complicated process. This will be investigated
in detail in our future studies.

In conclusion, this study provides the first evidence
that RIPK1-mediated mitochondrial dysfunction and oxi-
dative stress act as a crucial role in NP cells necroptosis
and apoptosis under compression-induced injury. CsA-
mediated CypD inhibition may provide a new therapeutic
platform in protecting NP cells from compression-induced
death. We also observed that the synergetic regulation of
necroptosis and apoptosis promotes NP cells survival more
effectively than that blocking either pathway in isolation.
These findings introduce a new perspective to IVDD, and
it is extremely expected to offer a more efficient strategy
of delaying or even retarding IVDD.
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