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Low back pain (LBP) is a pervasive global health concern, primarily associated with intervertebral disc (IVD)
degeneration. Although oxidative stress has been shown to contribute to IVD degeneration, the underlying
mechanisms remain undetermined. This study aimed to unravel the role of superoxide dismutase 2 (SOD2) in IVD
pathogenesis and target oxidative stress to limit IVD degeneration. SOD2 demonstrated a dynamic regulation in
surgically excised human IVD tissues, with initial upregulation in moderate degeneration and downregulation in
severely degenerated IVDs. Through a comprehensive set of in vitro and in vivo experiments, we found a sug-
gestive association between excessive mitochondrial superoxide, cellular senescence, and matrix degradation in
human and mouse IVD cells. We confirmed that aging and mechanical stress, established triggers for IVD
degeneration, escalated mitochondrial superoxide levels in mouse models. Critically, chondrocyte-specific Sod2
deficiency accelerated age-related and mechanical stress-induced disc degeneration in mice, and could be
attenuated by p-nicotinamide mononucleotide treatment. These revelations underscore the central role of SOD2
in IVD redox balance and unveil potential therapeutic avenues, making SOD2 and mitochondrial superoxide
promising targets for effective LBP interventions.

underlying pathology, underlining an urgent need for disease-modifying
therapies [9,10]. This inadequacy is not only a cause for concern but also
a reflection of our incomplete understanding of the discs’ pathological
mechanisms.

1. Introduction

Low back pain (LBP) is a pervasive global health issue that affects
individuals across various age groups, leading to substantial socioeco-

nomic burdens [1-3]. Although the causes of LBP are multifactorial [4],
intervertebral disc (IVD) degeneration stands out as a primary etiolog-
ical factor [5,6]. Unlike other musculoskeletal structures, IVD degen-
eration can initiate early in adolescence [7], making it a significant
precursor for various spinal disorders, including disc herniation, spinal
canal stenosis, and spinal deformities [8]. The currently available
treatments are primarily palliative (e.g., analgesics or physical therapy)
or involve invasive surgeries, in which both types fail to target the

The IVD, critical for spinal flexibility and load distribution, com-
prises three distinct compartments: the central hydrophilic
proteoglycan-rich nucleus pulposus (NP), the concentric lamellar
annulus fibrosus (AF), and two cartilaginous endplates (CEP) [11,12].
Due to severely limited vascularization up to the CEPs and outer AF, the
IVD is the largest avascular structure in the human body, establishing a
hypoxic microenvironment within the central areas of the disc [13]. Asa
consequence, the IVD exhibits a limited capacity for self-repair, resulting
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in the gradual deterioration of the extracellular matrix (ECM). This
progressive degradation encompasses a loss of overall cell density and
cellular senescence and may promote inflammatory responses and
increased catabolism [13]. The breakdown of ECM quality significantly
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compromises the biomechanical properties of the disc, limits diffusion of
nutrients and gasses through the disc, thereby further exacerbating the
degenerative process [14-16].

Oxidative stress is a ubiquitous biological phenomenon, occurring

SOD2 expression and oxidative stress in human IVDs
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Fig. 1. Schematic representations of the experimental design and procedures. Abbreviations: AGEs — advanced glycation end products, cKO - conditional knockout,
hNPC - human nucleus pulposus cell, IVD — intervertebral disc, NMN - p-nicotinamide mononucleotide, PQ - paraquat, ROS - reactive oxygen species, SASP —
senescence-associated secretory phenotype, SOD2 — superoxide dismutase 2, WT — wild-type.
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when the body’s antioxidant mechanisms are overwhelmed by an
excessive production and accumulation of reactive oxygen species
(ROS). The oxidative imbalance can lead to cellular damage, affecting
crucial components such as lipids, DNA, and proteins, thereby disrupt-
ing various physiological processes. Despite the hypoxic microenviron-
ment within the IVD, NP cells (NPCs) are reported to consume a
significant amount of oxygen to facilitate the production of ECM com-
ponents [17-19]. Particularly noteworthy is the rich mitochondrial
presence in NPCs, with intracellular ATP levels intricately tied to oxygen
tension, irrespective of glucose concentration [17,20]. Paradoxically,
numerous studies have indicated that central NPCs predominantly
produce substantial amounts of lactic acid from glucose, suggesting an
adaptability to anaerobic glycolysis rather than relying on the tricar-
boxylic acid (TCA) cycle for energy production [21,22]. This adapt-
ability to anaerobic metabolism highlights the metabolic flexibility of
NPCs, but remains generally poorly understood.

With that, emerging evidence strongly suggests that oxidative stress
significantly contributes to IVD degeneration [23-26]. This complex
phenomenon is intricately linked to the activities of crucial antioxidant
enzymes, such as superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase-1 (Gpx-1) within the disc microenvironment.
Here, superoxide dismutase 2 (SOD2) is a pivotal antioxidant enzyme
that localizes in the mitochondria, a major site of ROS production. The
primary role of SOD2 is to convert the toxic superoxide radicals, as a
byproduct of cellular respiration, into oxygen and hydrogen peroxide to
maintain the redox balance [27,28]. Mutations or altered expression of
SOD2 have been implicated in various diseases, including neurodegen-
erative diseases, cardiovascular diseases, and cancer [29-33]. Reduced
activity or expression of SOD2 may exacerbate oxidative damage,
potentially accelerating the aging process or the onset of age-related
diseases. We have previously demonstrated that Sod2 deficiency in
chondrocytes accelerates aging- and instability-induced cartilage
degeneration in mice [34]. Despite aging being a significant risk factor
for IVD degeneration, the specific role of SOD2 in IVD has remained
elusive. We hypothesized that SOD2 plays an important role in main-
taining redox homeostasis in IVD and that an imbalance between SOD2
and ROS accelerates IVD degeneration.

In this study (Fig. 1), we unveil a dual role of SOD2 in IVD health.
Remarkably, our investigation reveals a nuanced pattern of SOD2
expression in human IVDs — upregulated during moderate degeneration
but significantly downregulated in severe degenerative cases. Delving
deeper, we identify a critical link between excessive mitochondrial su-
peroxide and the acceleration of cellular senescence and ECM degra-
dation in human NPCs. Equally experimental outcomes in mice showed
that Sod2 deficiency in IVDs not only accelerates age-related disc
degeneration, but also exacerbates mechanical stress-induced degener-
ation. Moreover, SOD2 proved an excellent target to limit IVD degen-
eration, as we found that administration of M-nicotinamide
mononucleotide (NMN), a subject of considerable research and public
interest, could mitigate mechanical stress-induced IVD degeneration in
mice. These findings, collectively, shed light on the intricate balance of
redox dynamics in IVDs and present new avenues for targeted in-
terventions against disc degeneration, but also provide insights that
extend beyond the realm of IVD biology and offer valuable perspectives
for understanding redox-related processes in various fields and
pathologies.

2. Materials and methods
2.1. Human IVD tissue samples

All research procedures were approved by the Institutional Review
Board for Clinical Research at Tokai University (application number
17R-173). All patients (or their legal guardians for those underaged)
provided written informed consent for the collection and use of surgical
waste for research purposes. Human IVD tissue samples were obtained
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from 21 patients (10 males and 11 females; 16-81 years of age) who
underwent spine surgery at Tokai University Hospital and related in-
stitutions (Table S1). NP tissues were isolated and immediately cry-
opreserved. Half of the tissues were cryoembedded in Tissue-Tek
optimal cutting temperature compound (Sakura Finetek, Tokyo, Japan)
and sectioned into 7 pm thickness for immunohistochemical analysis
and measurement of ROS, and the other half was used for western
blotting and SOD activity analysis. IVD degenerative grades were clas-
sified by preoperative MRI according to the Pfirrmann grading system
[35].

2.2. Isolation and culture of human NPCs

For in vitro study, human IVD-derived NPCs were isolated and
cultured from 15 young patients (12 males and 3 females; mean age +
SD, 19.6 + 3.4 years) undergoing surgery for lumbar disc herniation as
described previously [36,37]. Briefly, the collected surgical NP tissue
was washed with 0.9% saline and the tissue was cut into 3-5 mm in
diameter pieces with scissors and scalpels. NP tissue fragments were
directly seeded in complete culture medium containing Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, NY, USA) and a-minimal
essential medium (aMEM; Gibco), supplemented with 20% (v/v) fetal
bovine serum (FBS; Sigma-Aldrich, MO, USA) and 1% pen-
icillin/streptomycin (Gibco) and cultured in 6-well polystyrene plates
(IWAKI, Tokyo, Japan) at 37 °C in 5% CO; and physiologically relevant
5% Oy levels [38] for 14 days without media replenishment. Subse-
quently, tissue fragments were collected, centrifuged, and the superna-
tant was removed. The tissue was then resuspended in TrypLE Express
(Thermo Fisher Scientific, Tokyo, Japan) and digested at 37 °C for 30
min with gentle swirling. Next, the tissue was further digested in a
mixture of xMEM supplemented with 10% (v/v) FBS and 0.25 mg/mL
collagenase P (Roche, Basel, Switzerland), and incubated at 37 °C for 2
h. After digestion, the suspension was filtered through a 40 pm cell
strainer (Corning, NY, USA), centrifuged, and the supernatant was
removed. The resulting cells were seeded at 30,000 cells/dish in 100 mm
tissue culture dishes (Corning) at 37 °C in 5% CO2 and 5% Oy and
cultured in medium as previously specified for 7 days without media
change. Human IVD-derived NPCs following the second passage were
used for further in vitro experiments.

2.3. Paraquat treatment with/without antioxidants pretreatment

Paraquat (PQ; methyl viologen dichloride hydrate) is well known as
a mitochondrial superoxide inducer [39,40]. To evaluate the effect of
mitochondrial superoxide, a substrate for SOD2, NPCs were treated with
PQ (856,177, Sigma-Aldrich) in «MEM supplemented with 10% (v/v)
FBS for 24 or 48 h at 37 °C in 5% CO, and 5% O». Furthermore, to search
for the potential compounds that can mitigate the cytotoxicity of
PQ-induced mitochondrial superoxide on human NPCs, cells were pre-
treated with either 100 pM p-nicotinamide mononucleotide (NMN;
44501000, Oriental Yeast Co., Ltd, Tokyo, Japan), 50 uM N-acetylcys-
teine (NAC; A8199, Sigma-Aldrich), 100 pM r-ascorbic acid (AA; A4544,
Sigma-Aldrich), 100 pM t-ascorbic acid 2-phosphate sesquimagnesium
salt hydrate (AA2P; A8960, Sigma-Aldrich), 20 pM ferulic acid (FA;
4-hydroxy-3-methoxycinnamic acid, 90,034, Sigma-Aldrich), 20 pM
trans-ferulic acid (t-FA; 128,708, Sigma-Aldrich), or 50 pM MitoTEMPO
(MT; SML0737, Sigma-Aldrich) for 2 h, and then treated with PQ for 24
h. The concentration of each compound was determined based on the
cell viability assay at the concentration that retained the most cell
viability (Fig. S6).

2.4. Animals
All animal studies were performed in accordance with protocols

approved by the Institutional Animal Care and Use Committee of Tokai
University (211,075, 222,004, 233,006 and 231,121), and adhered to
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institutional and national guidelines for animal experiments. Col2al-
Cret’~ transgenic mice on a C57BL/6J background [41] and Sod2"
mice on a C57BL/6NCrSlc background [42] were kindly provided by Dr.
Takahiko Shimizu (National Center for Geriatrics and Gerontology, Obu,
Japan). These mice were crossed to generate chondrocyte-specific Sod2
conditional knockout (cKO) mice (Col2al-Cre"”’ - SodZﬂ/ﬂ) as described
previously [34]. The primer sequences used for genotyping are shown in
Table S2. 15-week-old male Sprague-Dawley rats (n = 6) were obtained
from CLEA Japan (Tokyo, Japan). All animals were housed under spe-
cific pathogen-free conditions at room temperature (23 + 2 °C) with a
12-h light/dark cycle and ad libitum access to food and water.

2.5. Age-related spontaneous IVD degeneration model

Lumbar and caudal IVD of 6-month-old (6 M; healthy young), 12-
month-old (12 M; middle-aged), and 18-month-old (18 M; aged)
Sod2VA (for convenience, referred to as wild-type; WT) and Col2al-
Cret/™; Sod2" (Sod2 cKO) mice were analyzed. These time points were
determined based on previous studies showing progressive morpholog-
ical changes in the lumbar IVD of mice aged 14 months or older [43].
The number of mice from each sex in each age group was as follows; 6 M:
WT: 4 females, 2 males; Sod2 cKO: 3 females, 3 males; 12 M: WT: 5
females, 1 male; Sod2 cKO: 3 females, 3 males; 18 M: WT: 4 females, 2
males; Sod2 cKO: 3 females, 3 males. Mice were euthanized by cervical
dislocation, and all lumbar IVDs (L1-S1) and proximal coccygeal IVDs
(Co2-5) were harvested for evaluation. L1/2 and L2/3 IVDs were pre-
pared for fresh frozen sections in the axial plane at 7 pm thickness and
evaluated for measurement of intracellular and mitochondrial ROS.
L3/4-L6/S1 and Co2/3-Co4/5 IVDs were used for histopathological and
immunohistochemical analysis.

2.6. Mechanical stress-induced IVD degeneration model by tail-looping

We used the tail-looping model to induce IVD degeneration by un-
even mechanical load as a modification of our previously reported
method [44]. Mice were placed in the supine position and anesthetized
with 2.0% isoflurane. The IVD level was confirmed by palpation and
fluoroscopy, and the distal tail portion was excised at Co13/14 level.
One 23G needle was inserted into the Col3 vertebra and two 23G nee-
dles were inserted into the Co5 vertebra from the lateral side of the tail,
and 0.3 mm stainless steel wire was passed through the needle holes. To
facilitate biological wound healing, a small skin incision, approximately
the same size of the Col3/14 distal resection edge was made on the
lateral surface of the Co5 vertebra. The tail was looped laterally in a
fixed position between the Co5 and Col3 vertebrae, and the loop was
held in place with a small aluminum sleeve (Fig. 8A). Subsequently, 0.1
mg/kg lepetan (buprenorphine HCL; Otsuka Pharmaceutical, Japan)
was administered for postoperative analgesia, and body weight was
monitored weekly throughout the study. This IVD compression model
provides relatively constant compression in all mice due to minimal
surgical variability. Co2/3 and Co3/4 IVDs were analyzed as the
non-degenerative control group (Group C). Co7/8, Co8/9, Co9/10, and
Co10/11 IVDs were analyzed in the degenerative IVD group (Group TL).

Six 15-week-old male WT mice were used to assess mitochondrial
ROS in the IVD following mechanical stress by tail-looping. Mice were
euthanized 24 h after tail-looping surgery, and dissected spines were
prepared for fresh frozen sections in the coronal plane at 7 pm thickness.

To evaluate the therapeutic potential of NMN for IVD degeneration
induced by the tail-looping model in WT and Sod2 cKO mice, 15-week-
old male mice were injected intraperitoneally with NMN (500 mg/kg of
body weight; dissolved in 0.2 mL phosphate-buffered saline (PBS)) or
PBS (0.2 mL per injection) twice weekly starting 1 week before surgery
until euthanasia. NMN concentrations were based on a previous study
[45]. A total of 16 Sod2 cKO and 16 WT mice were randomly assigned to
either NMN or PBS treatment, resulting in the following groups: WT
mice treated with PBS (WT + PBS group), WT mice treated with NMN
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(WT + NMN group), cKO mice treated with PBS (cKO + PBS group), and
cKO mice treated with NMN (cKO + NMN group) (n = 8 mice per
group). All mice were euthanized at 4 weeks after tail-looping surgery
for histopathological and immunohistochemical analysis (Fig. 8C).

2.7. Histology

Dissected spines were fixed in 10% neutral buffered formalin for 48
h, decalcified in 0.5 M EDTA (pH 7.4) for 2 weeks, and embedded in
paraffin. Mid-sagittal sections for lumbar IVDs and mid-coronal sections
for coccygeal IVDs were cut into 5 pm thickness and stained with he-
matoxylin/eosin (H&E) and safranin-O/fast green. Morphological
changes were evaluated and scored in a blinded manner according to the
Orthopaedic Research Society (ORS) spine mouse-specific standardized
histopathology scoring system [46].

2.8. Immunohistochemistry

Human IVD fresh frozen sections and mouse paraffin sections were
used for immunohistochemistry. Cryosections and deparaffinized sec-
tions following antigen retrieval were treated with 0.3% H30,/meth-
anol for 30 min to block endogenous peroxidase activity. The sections
were then blocked in 5% normal goat serum in PBS for 30 min and
incubated overnight at 4 °C with primary antibodies against SOD2
(1:100 for human and mouse lumbar IVD, 1:1000 for mouse coccygeal
IVD, ab13534, Abcam, Cambridge, UK), AGEs (1:100, ab23722),
collagen II (1:100, ab34712), and p16INK4a (1:250 for mouse lumbar
IVD, 1:1000 for mouse coccygeal IVD, ab108349). For the negative
control, the primary antibody was replaced with normal rabbit IgG
isotype control (X0936, Dako, Agilent Technologies, CA, USA). Subse-
quently, the sections were reacted with Histofine Simple Stain MAX PO
(R) (Nichirei Biosciences, Tokyo, Japan) for 1 h at room temperature,
and the color was visualized with Simple Stain DAB (3,3-dia-
minobenzine) Solution (Nichirei Biosciences) and counterstained with
hematoxylin. Images were visualized with a fluorescence microscope
(BZ-9000, Keyence, Osaka, Japan). For the detection of SOD2 and
p16™¥4 heat mediated antigen retrieval was performed with Tris/
EDTA buffer (pH 9.0, S2367, Dako) for 10 min at 98 °C. For the detection
of collagen II (COL2), enzyme antigen retrieval was performed with
proteinase K (§3020, Dako) for 5 min at room temperature. The per-
centage of SOD2-and p16INK4a-positive cells was counted manually, and
the percentage of AGEs- and COL2-positive areas was measured auto-
matically using the color deconvolution plugin in ImageJ/Fiji software
(National Institutes of Health), as described previously [47]. For the
percentage of COL2-positive area, the boundaries of the NP and AF were
digitally traced using the freehand tool, and then images with selected
ROI of NP area were calculated.

2.9. Protein extraction

Human NP tissues were homogenized using a Shake master NEO
(Biomedical science, Tokyo, Japan) with two stainless steel beads twice
for 3 min at 1500 rpm at 4 °C in RIPA buffer (9806, Cell Signaling
Technology (CST), MA, USA) containing PMSF (8553, CST). Human
NPCs were washed with TBS and lysed in RIPA buffer containing PMSF.
Soluble proteins were sonicated on ice using a Bioruptor II (BM Equip-
ment Co., Ltd, Tokyo, Japan) and centrifuged at 14,000 rpm for 10 min
at 4 °C. Protein concentrations were quantified using the DC protein
assay kit (Bio-Rad, CA, USA).

2.10. Capillary electrophoresis-based western blotting

Capillary electrophoresis-based western analysis was performed
using a Wes instrument (ProteinSimple, CA, USA) according to the
manufacturer’s instructions. Protein samples (10 pg/lane) were diluted
with 0.1 x sample buffer and mixed with 5 x fluorescent master mix in a
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4:1 ratio. The mixed samples were heated at 95 °C for 5 min. Primary
antibodies were diluted with antibody diluent II for SOD2 (1:50,
ab13534), p53 (1:50, sc-126, Santa Cruz Biotechnology, Texas, USA),
p21 (1:50, 2947, CST), p16™¥4a (1:25 ab108349), GAPDH (1:100,
G9545, Sigma-Aldrich), and p-actin (1:500, A5441, Sigma-Aldrich).
Secondary antibodies were used according to the manufacturer’s in-
structions: anti-mouse HRP conjugated secondary antibody (042-205,
ProteinSimple) and anti-rabbit HRP-conjugated secondary antibody
(042-206, ProteinSimple). The size-based assay was then performed
automatically on the Wes instrument (SM-W004, ProteinSimple). The
capillaries were loaded with separation matrix for 200 s, stacking matrix
for 15 s, and sample for 9 s. Separation was then performed at 375 V for
25 min in each capillary. After separation, the capillaries were exposed
to ultraviolet light for 200 s and then washed with wash buffer. After
blocking with antibody diluent buffer for 5 min, the capillaries were
incubated with primary and secondary antibodies for 30 min, respec-
tively. Finally, the signal was detected by chemiluminescence with
luminol-S (043-311, ProteinSimple) and peroxide (043-379, Pro-
teinSimple) and calculated by Compass software.

2.11. SOD activity assay

The protein lysate from human NP tissue and cultured NPCs was used
for SOD activity assay using the SOD Assay Kit - WST (S311, Dojindo,
Kumamoto, Japan) according to the manufacturer’s instructions. Results
were expressed as units per mg protein.

2.12. Measurement of intracellular and mitochondrial ROS

Fresh frozen sections from human NP tissues and mouse IVD tissues
were used for measurement of ROS. Intracellular and mitochondrial
superoxide levels were evaluated using dihydroethidium (DHE; Invi-
trogen, MA, USA) and MitoSOX Red Mitochondrial Superoxide Indicator
(Invitrogen), respectively. The sections were incubated with 10 pM DHE
or 5 pM MitoSOX at 37 °C for 30 min under protection from light, and
then nuclei were counterstained with DAPI. Fluorescence staining was
analyzed by confocal microscopy (LSM700, Carl Zeiss, Oberkochen,
Germany) with an excitation wavelength of 555 nm and an emission
wavelength of 573 nm. The mean fluorescence intensity (MFI) in the NP
and AF was quantified using Image J.

For the measurement of ROS levels in cultured cells, NPCs were
washed three times with PBS, and incubated with 10 yM DHE or 5 pM
MitoSOX at 37 °C for 30 min in the dark. Cells were analyzed by flow
cytometry using BD FACS Canto II (BD Biosciences, NJ, USA) as
described previously [37]. MFI of DHE and MitoSOX was measured by
FACS through phycoerythrin (PE) with an excitation wavelength of 488
nm and an emission wavelength of 578 nm.

2.13. Cell viability assay

Cell viability was determined using the Cell Counting Kit-8 (CCK-8;
CKO04, Dojindo) according to the manufacturer’s instructions. After PQ
treatment with/without antioxidant pretreatment, 10 uL CCK-8 solution
was added to each well, and the cells were further cultured at 37 °C for 4
h. Absorbance in the wells was measured at 450 nm using the GloMax
Discover Microplate Reader (Promega, WI, USA). Cell viability was
expressed as percentage of control values set at 100%.

2.14. Apoptosis analysis

Apoptotic and necrotic cells were measured by flow cytometry using
the APC Annexin V Apoptosis Detection Kit with propidium iodide (PI;
BioLegend, CA, USA) as described previously [37]. Briefly, after PQ
treatment, cells were washed three times with PBS, and resuspended in
100 pL of Annexin V binding buffer, supplemented with 5 pL of Annexin
V and 5 pL of PI. Samples were incubated for 15 min at room
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temperature in the dark. Viability (Annexin-V™/PI"), apoptosis
(Annexin-V"), and necrosis (Annexin-V~/PI") rates were analyzed using
BD FACS Canto II.

2.15. Mitochondrial membrane potential analysis

Mitochondrial membrane potential was measured by flow cytometry
using the JC-1 MitoMP Detection Kit (MT09, Dojindo) according to the
manufacturer’s instructions. After PQ treatment, cells were washed
three times with PBS, and incubated with 2 pM JC-1 working solution at
37 °C for 30 min in the dark. Results were expressed as red/green
fluorescence intensity ratio.

2.16. NPC surface marker and ECM analysis

NPC surface markers were analyzed by flow cytometry as described
previously [48]. After PQ treatment, cells were washed three times with
PBS, and incubated on ice for 1 h in the dark with antibodies against
APC-conjugated Tie-2 (FAB3131A, R&D Systems, MN, USA),
PE-conjugated GD2 (562,100, BD Biosciences), and FITC-conjugated
CD24 (555,427, BD Biosciences). For the isotype control, the antibody
was replaced with IgGl mouse APC (IM2475, Beckman Coulter, CA,
USA), IgG1 mouse PE (A07796, Beckman Coulter), and IgG1 mouse FITC
(A07795, Beckman Coulter). Only viable cells were analyzed using the
PI-negative gate.

For ECM analysis, cells were fixed and permeabilized with IntraPrep
Permeabilization Reagent (A07803, Beckman Coulter). Cells were then
subjected to three cycles of freezing (—80 °C) and thawing (37 °C).
Subsequently, cells were incubated overnight at 4 °C with primary an-
tibodies against collagen II (NB600-844, Novus Biologicals, CO, USA)
and proteoglycan (MAB2015, Sigma-Aldrich). After washing with PBS,
cells were reacted with goat anti-mouse Alexa Flour 488-conjugated
secondary antibody (A28175, Invitrogen) on ice for 1 h in the dark,
and then analyzed by flow cytometry.

2.17. Transmission electron microscopy

NPCs were plated at 10,000 cells/dish in 35 mm tissue culture dishes.
After 72 h, cells were treated with PQ (10 mM and 30 mM) for 24 h. Cells
were fixed with 2.5% glutaraldehyde in 0.05 M phosphate buffer (pH
7.3) for 1 h at room temperature, and then post-fixed with 1% osmium
tetroxide in the same buffer for 1 h at room temperature. After dehy-
dration through a graded ethanol series, cells were embedded in Quetol
812 (Nisshin EM Co., Tokyo, Japan). Ultrathin sections (90 nm) were cut
using an EM UC7 ultramicrotome (Leica Microsystems), post-stained
with uranyl acetate and lead citrate, and visualized with a trans-
mission electron microscope (JEM-1400; JEOL, Tokyo, Japan).

2.18. Cell proliferation

NPCs were seeded at 30,000 cells/dish in 100 mm tissue culture
dishes. After 72 h, cells were treated with PQ for 48 h, and then har-
vested using TrypLE Express at 37 °C for 5 min. Subsequently, the
number of viable cells was counted with Trypan blue solution 0.4%
(Gibco) under a phase contrast microscope (ECLIPSE Ti2, Nikon). Cell
proliferation rate (fold increase) was calculated as the number of cells at
the time of collection/30,000 cells (seeded cells).

2.19. Senescence-associated f-galactosidase staining

Senescence-associated p-galactosidase (SA-$-Gal) staining was per-
formed to detect senescent cells using the Senescence f-galactosidase
Staining Kit (9860, CST). After PQ treatment with/without antioxidant
pretreatment, cells were washed three times with PBS, and fixed with 1
x fixative solution for 10 min at room temperature. After washing with
PBS, cells were incubated with p-Gal staining solution at 37 °C for 24 h at
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pH 6.0. Images were visualized with an ECLIPSE Ti2 microscope (Nikon,
Tokyo, Japan). The percentage of SA-B-Gal positive cells was calculated
in three random fields per biological replicate.

2.20. qRT-PCR

Total RNA was extracted from cultured NPCs using ISOGEN II
(Nippon Gene, Tokyo, Japan) according to the manufacturer’s in-
structions. cDNA was synthesized from 300 ng of total RNA using the
High-Capacity RNA to cDNA Kit (4387406, Applied Biosystems, Thermo
Fisher Scientific). Real-time PCR was performed with TagMan Fast
Advanced Master Mix (4444556, Applied Biosystems) using an ampli-
fication machine (QuantStudio 3; Applied Biosystems) with stage 1
(95 °C for 20 s x 1 cycle) and stage 2 (95 °C for 1 s, 60 °C for 20 s x 40
cycles). Sample values were normalized by the Ct value for the house-
keeping gene GAPDH. The Ct value of the control was used as a refer-
ence, and then relative mRNA expression was calculated using the 2"44¢t
method. The TagMan probe & primers used for qRT-PCR are listed in
Table S3.

2.21. Engyme-linked immunosorbent assay (ELISA)

The concentration of inflammatory mediators (IL-6, IL-1f) in the
supernatant of the cell culture medium collected after 48 h treatment
with PQ was measured by enzyme-linked immunosorbent assay ac-
cording to the manufacturer’s instructions (R&D Systems, cat: D6050B,
DLB50).

2.22. NAD" measurement

NAD™ levels were measured with a NAD/NADH Assay Kit (N509,
Dojindo) according to the manufacturer’s instructions. 3-6 month old
Sod2 cKO mice were injected intraperitoneally with NMN (500 mg/kg of
body weight), and vertebra-IVD-vertebra units of the coccygeal spine
were harvested at 0, 1, 3, and 6 h after injection (n = 3 mice per time
point). Furthermore, 15-week-old Sprague-Dawley rats were injected
intraperitoneally with NMN (500 mg/kg of body weight), and coccygeal
IVDs were harvested at 0 and 3 h after injection (n = 3 rats per time
point). After washing with pre-cooled PBS, the tissue was weighed and
homogenized with NAD"/NADH extraction buffer. After centrifugation,
the supernatant was used as the assay sample. Total NAD"/NADH and
NADH levels were quantified by a colorimetric assay at 450 nm using the
VersaMax Microplate Reader (Molecular Devices, CA, USA). The NAD™
concentration was calculated by subtracting the NADH values from the
total NAD*/NADH.

2.23. Radiographic analysis

Frontal radiographs of the tail were taken from all mice under gen-
eral anesthesia before, 0, 2, and 4 weeks after tail-looping surgery using
a fluoroscopic image intensifier (DHF-105CX, Hitachi, Tokyo, Japan).
We defined the convex/concave disc height index (DHI) ratio as shown
in Fig. 8F, and measured the Co 8/9 and Co 9/10 levels using Image J in
a blinded manner. Changes in the DHI were expressed as %DHI and
normalized to the preoperative DHI (%DHI = [postoperative DHI/pre-
operative DHI] x 100), as described previously [49].

2.24. Animal behavioral nociceptive tests

The von Frey test was performed 3 days before surgery (day —3) and
on days 3, 7, 14, and 27 after surgery using a dynamic plantar aesthe-
siometer (Ugo Basile Biological Instruments, Gemonio, Italy). Mice were
placed into individual compartments with wire mesh floors and lids with
air holes, and were habituated to the test environment for 30 min prior
to the tests to minimize exploratory activity. The filaments were applied
to the hind paw, base of the tail, and looped tail on the ventral surface
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with a linear increase in force from 0 to 5 g over 10 s and then constant
force at 5 g for 20 s, as described previously [50]. Withdrawal latency
and force were recorded as sensory thresholds when the mice showed
nociceptive responses. The test was repeated four times for each mouse
and the results were expressed as the mean of the multiple measure-
ments. All behavioral tests were performed by the same blinded
investigator.

2.25. Statistics

All statistical analyses were performed using GraphPad Prism
version 9.5.1 (GraphPad Software, CA, USA). Data are expressed as
mean + SD. Data distribution was assessed by the Shapiro-Wilk test for
normality. Differences between the two groups were analyzed by two-
tailed unpaired Student’s t-test. Differences between multiple groups
were analyzed by one-way or two-way ANOVA, followed by Tukey’s
multiple comparisons test. Non-normally distributed data were analyzed
by Kruskal-Wallis, followed by Dunn’s multiple comparisons test. P <
0.05 was considered a statistically significant difference. The sample size
for each experiment was determined based on our previous experience
and literature using similar methods had reported moderate effect sizes.
All in vitro experiments were performed on at least three independent
patient samples with at least two technical replicates. All in vivo ex-
periments were performed on at least three biologically independent
animals in each group.

3. Results
3.1. SOD2 levels are linked with severity of disc degeneration

As a preliminary investigation into the role of SOD2 in IVD degen-
eration, we examined SOD2 expression and oxidative stress markers in
human IVD tissue samples obtained from patients undergoing spine
surgery (Table S1). Immunohistochemical analysis revealed a low
expression of SOD2 in Pfirrmann grade II (mild degeneration), which
increased with the progression of IVD degeneration (Fig. 2A and B). The
expression of advanced glycation end products (AGEs) [51], an oxida-
tive damage marker, also showed increased positivity rates with the
progression of disc degeneration (Fig. 2A and B). Notably, SOD2 and
AGEs positivity showed a strong significant positive correlation with
patient age (Fig. 2B) and Pfirrmann grade (Fig. S1). Western blot results
validated a significant increase in the level of SOD2 for moderate
degeneration (Pfirrmann grade III), but showed a decrease for more
severe degeneration (Pfirrmann grade IV) (Fig. 2C). Protein levels of
SOD2 showed a significant correlation with an increase in age (Fig. 2D).
Considering the decrease in cell numbers and their activity with disc
degeneration, and considering that SOD activity is regulated by
post-translational modifications [52], we assessed the total SOD activity,
revealing again a significant increase in SOD activity for moderate
degeneration, followed by a decrease for severe disc degeneration
(Fig. 2E). Next, intracellular and mitochondrial superoxide levels were
respectively evaluated using DHE and MitoSOX fluorescence staining.
MFI of DHE was 1.64-fold higher in grade III and 2.56-fold higher in
grade IV compared to grade II. Similarly, MFI of MitoSOX was 2.02-fold
higher in grade III and 2.61-fold higher in grade IV compared to grade II
(Fig. 2F). These results thus indicate an increase in oxidative stress with
human disc degeneration, which is marked by an increase in SOD ac-
tivity for moderate degeneration, but might be decompensated for se-
vere degeneration.

3.2. PQ treatment promotes excessive superoxide production, apoptosis,
and mitochondrial dysfunction in human NPCs

The effects of mitochondrial superoxide, a substrate of SOD2, on
cultured human NPCs were examined through treatment with PQ, a
well-known mitochondrial superoxide inducer [39,40]. Phase contrast
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microscopy revealed a dose-dependent reduction in cell density, coupled
with enlarged and flattened cell morphology, a typical characteristic of
senescent cells (Fig. 3A). Furthermore, PQ treatment led to a significant
decrease in cell viability and a significant increase in apoptosis rates,
both in a dose-dependent manner (Fig. 3B-D). Consistent with ex vivo
analysis, MFI of DHE and MitoSOX increased in response to PQ in a
dose-dependent manner (Fig. 3E). Specifically, MitoSOX MFI increased
2.00-fold at 10 mM PQ and 2.49-fold at 30 mM PQ compared to un-
treated controls, matching the results of ex vivo results for moderate
degeneration (Pfirrmann grade III) and severe degeneration (grade IV)
samples. Considering the overall findings, we selected 10 mM PQ as a
representative model for moderate degeneration and 30 mM PQ for
severe degeneration in our subsequent experiments. Next, transmission
electron microscopy revealed that control cells exhibited a relatively
juvenile appearance with some small notochordal cell-like vacuoles [53]
remaining and the presence of plenty mitochondria with normal
morphology. Conversely, cells treated with 10 mM PQ showed a mixture
of both normal mitochondria and swollen mitochondria with disrupted
cristae, while cells treated with 30 mM PQ displayed shrunken mito-
chondria with ruptured outer membranes (Fig. 3F). Furthermore,
mitochondrial membrane potential, assessed through JC-1 staining,
demonstrated a significant decrease in a PQ dose-dependent manner
(Fig. 3G).

3.3. Excessive mitochondrial superoxide leads to progenitor cell depletion
and cellular senescence

We further explored the impact of mitochondrial superoxide on
human NPCs. We previously identified angiopoietin-1 receptor (Tie2)
and disialoganglioside 2 (GD2) as markers for NP progenitor cells,
characterized by their robust multipotency and high self-renewal ca-
pacity [54]. However, this cell populations declines rapidly with age and
the progression of degeneration [54]. Alternatively, CD24 serves as a
specific marker for healthy yet mature NPCs [54,55]. PQ treatment
showed a strong reduction in the Tie2 and GD2 positivity rates, while
CD24 positivity demonstrated an initial increase at 10 mM PQ, which
subsequently decreased at higher concentrations (Fig. 4A and
Figs. S2A-C). These findings suggest initial cellular attempts to coun-
teract the mild degenerative oxidative stress, but an inability to respond
effectively at higher concentrations. We then assessed the active pro-
duction of key NP-ECM components i.e., COL2 and proteoglycan (PG),
through flow cytometry. Upon PQ treatment, we observed a significant
reduction in the percentage of NPCs actively producing COL2, indicating
a disruption in the synthesis of essential ECM components, although, the
proportion of cells producing PG remained unaffected. (Fig. 4B and
Figs. S2D and E).

Next, we examined the correlation between mitochondrial superox-
ide and NPCs senescence. A dose-dependent increase in the rate of SA-
B-Gal positive cells was observed, accompanied by a decrease in cell
proliferation rates (Fig. 4C and D). Cellular senescence is mainly divided
into replicative senescence, which is regulated by the p53-p21 pathway
in a telomere-dependent manner, and stress-induced premature senes-
cence, which activates the p16™V<4 pathway [25,56,57]. Western blot-
ting showed that the activation of both p53-p21 and p16™%43 pathways
was enhanced in a PQ dose-dependent manner (Fig. 4E and F). Inter-
estingly, both SOD2 protein expression levels and SOD activity were
enhanced at low PQ concentrations and decreased at higher concen-
trations (Fig. 4E, F, H). Cellular senescence is a regulated process which
involves not only proliferation arrest, but also the alteration of the gene
expression patterns, collectively known as the senescence-associated
secretory phenotype (SASP), which includes an upregulation in the
secretion of pro-inflammatory cytokines and matrix proteases [58,59].
Thus, we further aimed to characterize the senescent state of treated
NPCs by evaluating the gene expression of ECM anabolic markers, ECM
catabolic markers, and inflammatory cytokines after PQ treatment in
relation to the expression of antioxidant enzymes. Interestingly, SOD1,
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SOD2 and GPX1 gene expression were upregulated, while SOD3 and CAT
gene expression were downregulated by PQ-treatment (Fig. 4G). As
expected, ECM anabolic factors (COL2A1 and ACAN) were significantly
downregulated, whereas catabolic factors (MMP13 and ADAMTS5) as
well as inflammatory cytokines (TNFA, IL1B and IL6) were significantly
upregulated in PQ-treated NPCs (Fig. 41 and J). Furthermore, the ELISA
results confirmed a significant increase in the inflammatory cytokines
IL-1p and IL-6 in the culture medium collected after PQ treatment
(Fig. 4K). Taken together, excessive mitochondrial superoxide produc-
tion in human NPCs, induced by PQ treatment, depletes progenitor cells,
triggers cellular senescence, and upregulates SASP factors linked to IVD
degeneration associated with matrix degradation and inflammation.

3.4. Sod2 deficiency in IVD accelerates age-related IVD degeneration in
mice

To investigate whether Sod2 deficiency in IVD affects the progression
of age-related IVD degeneration in vivo, we used chondrocyte-specific
Sod2 cKO mice (Col2al-Cret’ 7 Sodzﬂ/ﬂ) as described previously [34].
Lumbar and coccygeal IVDs of 6 M (healthy young), 12 M (mid-
dle-aged), and 18 M (aged) Sod2VA (WT) and Sod2 cKO mice were
analyzed. No significant differences in body weight or general health
were observed between WT and Sod2 cKO mice during aging (Fig. S3C).
Immunohistochemical results confirmed the successful deletion of SOD2
in both lumbar and coccygeal discs, as indicated by the complete loss of
SOD2 positive cells in NP, AF and EP regions. Contrary to the results in
human IVD tissue, SOD2 positivity in lumbar and coccygeal IVD of WT
mice decreased with aging (Figs. S3D and E).

Next, we evaluated intracellular and mitochondrial superoxide levels
in lumbar IVD at 6 M, 12 M, and 18 M for both WT and Sod2 cKO mice.
We observed a gradual increase of DHE MFI in NP and AF regions of WT
mice at 12 M and 18 M compared to 6 M, resulting in a 1.27-fold and
1.63-fold increase at 18 M for NP and AF tissues, respectively
(Fig. 5A-C). MFI of MitoSOX exhibited a similar trend in WT mice with
NP presenting a 1.69-fold increase and the AF region showing a 2.02-
fold increase at 18 M compared to 6 M (Fig. 5B-D). Again, these re-
sults emphasize the presence of a natural accumulation of oxidative
stress in the IVD with aging. The increase in DHE and MitoSOX MFI was
significantly enhanced in Sod2 cKO mice, demonstrating significantly
higher oxidative stress levels compared to WT mice at all time points of
sacrifice. Specifically, DHE MFI in the NP and AF were 1.84-fold and
1.48-fold higher, respectively, than the WT mice at 18 M, and similarly,
MitoSOX MFI were 1.86-fold and 1.35-fold higher in the Sod2 cKO mice
(Fig. 5A-D).

Further histological analysis revealed that Sod2 deficiency and su-
peroxide accumulation accelerated age-related spontaneous IVD
degeneration in both lumbar and coccygeal IVDs (Fig. 5E). Specifically,
the WT mice showed only mild IVD degeneration at 18 M (mean total
score; lumbar: 10.3, coccygeal: 9.6), whereas the Sod2 cKO mice dis-
played significantly expedited IVD degeneration with a mean total score
of 17.1 and 17.2 for lumbar and coccygeal discs, respectively, indicating
moderate degeneration (Fig. 5E, F and Fig. S4). Notably, we observed
elevated superoxide in the IVD at 12 M in WT mice, preceding histo-
logically evident disc degeneration (observed at 18 M in WT mice). This
suggests that oxidative stress accumulation may precede macroscopic
degenerative changes, emphasizing it as a promising therapeutic target.

Furthermore, p16™%42 positivity in the lumbar and coccygeal IVD of
WT mice tended to increase slightly with age, whereas p16™%*? posi-
tivity in Sod2 cKO mice was significantly higher than that of WT mice
from 6 M of age (Fig. 6A and Fig. S5), confirming that both age and Sod2
deficiency significantly promote cellular senescence. COL2 positivity
tended to decrease with age in both types of mice, but Sod2 cKO mice
exhibited significantly lower COL2 positivity than WT mice at 18 M of
age (Fig. 6B). Overall, these results establish a direct link between Sod2
deficiency, heightened oxidative stress, and accelerated age-related IVD
degeneration. Notably, the observed increase in superoxide levels at 12
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Fig. 3. PQ treatment promotes excessive superoxide production, apoptosis, and mitochondrial dysfunction in human NPCs. (A) Representative phase contrast
microscopic images of human NPCs after 24 h treatment with PQ. Scale bars, 100 pm. (B) Cell viability of human NPCs after 24 h treatment with PQ. (C, D)
Representative flow cytometry graphs of Annexin V/PI staining of human NPCs after 24 h treatment with PQ and quantification of apoptosis and necrosis cell rates.
(E) DHE and MitoSOX staining of human NPCs after 24 h treatment with PQ and quantification of mean DHE and MitoSOX fluorescence intensity. (F) Representative
transmission electron microscopy images of human NPCs after 24 h treatment with PQ. Black arrows in low-field images of control cells indicate small vacuoles.
Magnified high-field images show normal mitochondria (black arrowheads), swollen mitochondria with disrupted cristae (blue arrowheads), and shrunken mito-
chondria with ruptured outer membrane (red arrowheads). Scale bars, 5 pm (top panel), 2 pm (bottom panel). (G) Representative flow cytometry graphs of JC-1
staining of human NPCs after 24 h treatment with PQ to evaluate mitochondrial membrane potential and quantification of mean red/green fluorescence in-
tensity ratio. (B, D, E, G) Data are expressed as mean + SD. (n = 6 independent patient samples), one-way ANOVA, followed by Tukey’s multiple comparisons test
was used for statistical analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

M, along with histological evidence of degeneration at 18 M, implicates
oxidative stress as a potential primary driver of IVD degeneration.

3.5. Search for potential compounds to mitigate the cytotoxicity of
mitochondrial superoxide on human NPCs

Based on the above results, we hypothesized that suppression of
mitochondrial superoxide could inhibit IVD degeneration. To explore
compounds that can mitigate the cytotoxicity of PQ-induced mito-
chondrial superoxide, human NPCs were pretreated with either NMN,
NAC, AA, AA2P, FA, t-FA, or MT for 2 h followed by subjecting cells to
PQ for 24 h. The optimal concentration of each compound was deter-
mined based on the cell viability assay (Fig. S6). First, exposure to 10
mM PQ reduced cell viability to 66% compared to the control, but all
compounds significantly improved it to 84-98%. Exposure to 30 mM PQ
reduced cell viability to 35% compared to untreated controls, but only
NMN, AA and t-FA were able to significantly limit the viability loss to
about 51-54% (Fig. 7A). Therefore, these three compounds were applied
in the subsequent experiments. PQ-induced intracellular and mito-
chondrial superoxide levels were significantly reduced by all three
compounds, except with regard to DHE staining in the 30 mM PQ + AA
group (Fig. 7B and C).

Next, we investigated whether these compounds could inhibit PQ-
induced cellular senescence. All compounds inhibited the increase in
SA-p-Gal positivity at 10 mM PQ exposure, but only NMN significantly
reduced SA-B-Gal positivity at 30 mM PQ exposure (Fig. 7D). Western
blotting showed that activation of the p53-p21 pathway by 10 mM PQ
exposure was reduced by all compound treatments, but was irreversible
at 30 mM PQ. Conversely, these compound treatments failed to inhibit
the activation of the p16™%42 pathway at either concentration (Fig. 7E).
Both SOD2 protein expression and SOD activity were further enhanced
by NMN treatment under 10 mM PQ exposure, whereas none of the
compound treatments were able to rescue the declines caused by 30 mM
PQ exposure (Fig. 7E and F). In short, NMN consistently engendered the
strongest mitigation of PQ-induced ROS cytotoxicity and cellular
senescence in human NPCs and provided significant improvement even
at the higher 30 mM PQ dose. This indicates its potential as a promising
therapeutic agent against oxidative stress-related disc degeneration and
was thus used in subsequent experiments.

3.6. Sod2 deficiency in IVD exacerbates mechanical stress-induced IVD
degeneration in a mouse tail-looping model

Mechanical stress, along with aging, stands as a predominant risk
factor for IVD degeneration [60,61]. We used a slightly modified
tail-looping model to induce IVD degeneration by uneven mechanical
loading, as previously reported (Fig. 8A) [44]. The surgery was per-
formed without complications and no evident behavioral changes were
observed. This model applies tensile stress on the convex side of the loop
and compressive stress on the concave side, enabling the assessment of
both mechanical strains on IVD health.

Following successful surgical procedure, we first evaluated whether
mechanical overload impacts mitochondrial superoxide levels in IVDs.
MitoSOX fluorescence staining in coccygeal IVD of WT mice 24 h after
tail-looping surgery showed that mitochondrial superoxide levels

10

increased in both the convex and concave AF regions, with a greater
increase on the concave side (Fig. 8B). These findings suggest that
compressive stress produces more mitochondrial superoxide than tensile
stress.

To evaluate the impact of Sod2 deficiency on IVD degeneration under
mechanical stress and the therapeutic potential of NMN, 15-week-old
male WT and Sod2 cKO mice were injected intraperitoneally with
NMN or PBS twice weekly for 4 weeks starting 1 week before tail-
looping surgery (Fig. 8C). First, we confirmed that an increase in
NAD™ levels at the presumed site of action was observed over 1-6 h after
intraperitoneal injection of NMN in mice and rats (Fig. 8D and Fig. S7A).
Tail-looping surgery and NMN administration did not affect the body
weight of the mice during the course of the experiments (Fig. S7B).
Histology of the control disc at 28 days after tail-looping surgery showed
that both WT and Sod2 cKO mice presented nearly normal morpholog-
ical features with mild degeneration in the NP region of cKO mice
(Figs. S8A and B). In the tail-looped disc, Sod2 cKO mice exhibited
significantly more severe IVD degeneration than WT mice (mean total
score; WT: 16.0, cKO: 22.2). Notably, NMN administration effectively
attenuated mechanical stress-induced disc degeneration in both WT and
Sod2 cKO mice (Fig. 8E and Fig. S8C). We then defined the convex/
concave DHI ratio for radiographic analysis (Fig. 8F). As disc degener-
ation progresses, disc height on the concave side decreases while disc
height on the convex side increases. Consequently, an increase in the
convex/concave DHI ratio indicates the progression of disc degenera-
tion. In the control disc, there were no significant changes in DHI over
time in any of the groups. In the tail-looped disc, there was no significant
difference in the convex/concave DHI ratio among the four groups
immediately after surgery, indicating that relatively constant compres-
sion could be induced. In the tail-looped disc, Sod2 cKO mice showed a
significant increase in the convex/concave DHI ratio compared to WT
mice at 14 days after surgery, and the NMN administration group had a
significantly reduced increase in the convex/concave DHI ratio at 28
days after surgery (Fig. 8G and Fig. S7C). We then analyzed nociceptive
behavior using the von Frey test. Tail-looping surgery did not signifi-
cantly change the withdrawal latency of the hind paw and base of the
tail. Withdrawal latency in the looped tail decreased in all groups
immediately after surgery and showed a tendency to recover over time.
However, Sod2 cKO mice showed a prolonged recovery of withdrawal
latency, which was significantly reduced compared to that of WT mice at
28 days after surgery. Furthermore, NMN treatment significantly
accelerated the recovery of withdrawal latency, indicating that NMN
may have contributed to the pain reduction (Fig. 8H and S Figs. S7D and
E).

Finally, we investigated the effects of mechanical overload on SOD2
and COL2 expression in mouse IVD by immunohistochemistry. Inter-
estingly, SOD2 positivity in the tail-looped discs of WT mice was
significantly increased in the NP, but decreased in the AF and EP
compared to the control disc. Furthermore, SOD2 positivity was signif-
icantly decreased on the concave side compared to the convex side in the
AF (Fig. 9A and B and Fig. S9). Mitochondrial superoxide levels were
markedly elevated on the concave side of the AF compared to the convex
side (Fig. 8B), suggesting a potentially greater depletion of SOD2 on the
concave side. Notably, NMN administration not only increased SOD2
positivity in the control disc of WT mice, but also increased SOD2
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followed by Tukey’s multiple comparisons test was used for statistical analysis.

positivity in the tail-looped disc except for the convex side of the AF
(Fig. 9A, B and Fig. S9). These results suggest that NMN may have
attenuated IVD degeneration by upregulating of SOD2-based protective
responses against oxidative stress. In addition, NMN administration
rescued the COL2-positivity in tail-looped discs, which was reduced by
mechanical overload (Fig. 9C and D). Taken together, these results
suggest that Sod2 deficiency exacerbates mechanical stress-induced IVD
degeneration and NMN administration can alleviate disc degeneration
by, in part, enhancing SOD2 derived antioxidant activity.

4. Discussion

This study demonstrates that SOD2 plays a pivotal role in main-
taining the redox homeostasis in IVDs and that an imbalance between
SOD2 and mitochondrial superoxide accelerates IVD degeneration
through promoting cellular senescence and ECM degradation (Fig. 9E).
In this study, SOD2 expression in the NP of human IVD was upregulated
in degenerative discs compared to relatively healthy controls. This is in
line with previous single cell RNA sequencing data by Cherif et al. that
similarly observed an increase in SOD2 expression as a marker for disc
degeneration [62]. Interestingly, our work further suggested that mod-
erate degeneration resulted in an upregulation of SOD2, while severe
degeneration did not show a further increase, but rather a decline in
SOD activity. Furthermore, the proportion of cells expressing SOD2
showed a strong positive correlation with patient age (Fig. 2). In
contrast, SOD2 expression in IVD of WT mice decreased with aging in all
three disc-compartments (Fig. S3D and E). Interestingly, under me-
chanical stress, SOD2 expression exhibited upregulation in the NP and
downregulation in the AF and EP (Fig. 9). These results indicate that IVD
degeneration is not simply an age-related disease, but is strongly asso-
ciated with external factors, including mechanical stress. Additionally,
the distinct trends in SOD2 expression observed between human and
mice discs may be attributed, in part, to the variance in oxygen levels.
Furthermore, the rodent NP, which is composed mainly of notochordal
cells, and the human NP, which is composed mainly of chondrocyte-like
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cells, may have different responses to oxidative stress. This may be a
topic for future research. The NP is inherently hypoxic [63,64] and is
expected to be less exposed to oxidative stress derived from the TCA in
its healthy state, thereby potentially maintaining SOD2 expression at
low levels in human IVD. In contrast, rodent discs, with their smaller
disc volumes and higher oxygen tensions, might experience different
redox dynamics [18]. Furthermore, when ROS are induced by external
stimuli such as mechanical stress, SOD2 expression in the NP is also
enhanced to counteract ROS accumulation. Excessive ROS production
can deplete SOD2, resulting in a redox imbalance, that accelerates IVD
degeneration. In contrast, the AF and EP maintain high SOD2 expression
under healthy conditions, conferring robust antioxidant capabilities.
However, upon exposure to ROS induced by aging and mechanical
stress, SOD2 expression was found to be compromised.

Emerging evidence suggests that oxidative stress is associated with
the development and progression of IVD degeneration [23,24,26].
However, it remained unclear whether oxidative stress directly accel-
erates IVD degeneration or is merely a consequence of aging. We first
demonstrated that superoxide levels in human IVD tissue increases with
aging and progressive disc degeneration, along with AGEs, suggesting
the accumulation of oxidative damage (Fig. 2). Notably, both aging and
mechanical stress, which are the two major risk factors for IVD degen-
eration [16,61], elevated superoxide levels in the IVD of WT mice
(Figs. 5 and 8). Furthermore, the finding that elevated superoxide in the
IVD (observed in 12 M WT mice) precedes histologically evident disc
degeneration (observed in 18 M WT mice) suggests that oxidative stress
plays a critical role in the onset and progression of disc degeneration
(Fig. 5). In addition, we found that superoxide levels were consistently
elevated in Sod2 cKO mice compared to WT mice at all ages and that
Sod2 deficiency in IVD accelerates age-related disc degeneration and
exacerbates mechanical stress-induced disc degeneration in mice
(Figs. 5 and 8). Taken together, these findings support the suggestion
that SOD2 plays an essential role in limiting disc degeneration by
maintaining redox homeostasis in IVD.

Several studies have suggested that cellular senescence is an
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Fig. 7. Search for potential compounds to mitigate the cytotoxicity of mitochondrial superoxide on human NPCs. (A) Cell viability of human NPCs after 24 h
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Fig. 8. Sod2 deficiency in IVD exacerbates mechanical stress-induced IVD degeneration in a mouse tail-looping model. (A) Schematic illustration, radiograph, and
picture of the tail-looping model. (B) Representative images of MitoSOX fluorescence staining in coccygeal IVD of 15-week-old male WT mice 24 h after tail-looping
surgery and quantification of mean MitoSOX fluorescence intensity in AF. Scale bars, 50 pm. (C) Schematic illustration of the experimental design in NMN-treated
mouse tail-looping model. (D) Temporal assessment of NAD™ conversion in spinal unit following NMN treatment. (E) Representative images of H&E staining and
safranin-O/fast green staining in coccygeal IVD of WT and Sod2 cKO mice 28 days after tail-looping surgery and quantification of ORS Spine histopathological score.
Scale bars, 200 pm. (F) A visual representation of the disc height index (DHI) measurement. (G) Changes in the %convex/concave DHI ratio of control and tail-looped
discs. (H) Withdrawal latency times in the von Frey test. (B, D, E, G, H) Data are expressed as mean + SD. In B (n = 6 IVDs from 3 biologically independent mice per
group), D (n = 3 biologically independent mice per group), E (n = 32 IVDs from 8 biologically independent mice per group), G (n = 16 IVDs from 8 biologically
independent mice per group), and H (n = 8 biologically independent mice per group), one-way ANOVA for B and E, two-way ANOVA for G and H followed by
Tukey’s multiple comparison test were used for statistical analysis. One-way ANOVA for D followed by Dunnett’s multiple comparisons test was used for statistical
zinalysis. * indicates p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

important contributor to the progression of IVD degeneration [65-68].
Senescent cells are generally characterized by growth arrest, resistance
to apoptosis, and an altered gene expression, including upregulation of
cell cycle inhibitors such as p16™<*3, p53, and p21, as well as secretion
of various bioactive molecules, leading to the SASP [56,57]. Cellular
senescence can be triggered by a variety of intrinsic and extrinsic
stimuli, including telomere shortening, DNA damage, oncogenes, and
various forms of stress, including oxidative, endoplasmic reticulum, and
mitotic stress [56,57]. In this study, we examined the effects of
PQ-induced mitochondrial superoxide on the phenotype and cellular
senescence of human NPCs to investigate the relationship between
oxidative stress and cellular senescence in the IVD. We demonstrated
that excessive mitochondrial superoxide leads to mitochondrial
dysfunction, progenitor cell depletion, cellular senescence and subse-
quent upregulation of SASP factors associated with ECM degradation in
human NPCs (Figs. 3 and 4). Furthermore, p16™ 42 positivity in IVD of
WT mice increased slightly with age, while Sod2 deficiency resulted in
significantly higher p16™%4? positivity even in young mice at 6 M of age.
Moreover, Sod2 deficiency resulted in a marked reduction in COL2
expression in IVD (Fig. 6 and Fig. S5). These results suggest that an
imbalance between SOD2 and mitochondrial superoxide accelerates
cellular senescence and ECM degradation in IVD.

In recent years, the therapeutic potential of various antioxidants
targeting oxidative stress against IVD degeneration has been reported
[26,69]; however, the optimal compounds have not been identified.
Therefore, we investigated an array of antioxidant compounds that
could potentially mitigate the cytotoxicity of PQ-induced mitochondrial
superoxide on human NPCs. Interestingly, our results indicate that NMN
outperformed conventional antioxidants, namely NAC and AA, in pre-
serving cell viability and attenuating cellular senescence against
PQ-induced mitochondrial superoxide. NMN is a critical precursor
molecule of nicotinamide adenine dinucleotide (NAD™), a key player in
the energy metabolism. More specifically, NAD is a regulator of
NAD-dependent enzymes sirtuins, which through deacetylation, are able
to activate SOD activity, including SOD2 [70]. Thus, NMN may have
mediated these cytoprotective responses by augmenting SOD activity
and enhancing antioxidant capacities (Fig. 7). Moreover, our results
affirmed NMN’s ability to directly boost NAD" levels within the spinal
units of mouse discs (Fig. 8D), a finding further supported in rat discs
(Fig. S7A). This underscores the NMN’s potential to impart antioxidative
effects even in the avascular disc environment. It’s noteworthy that the
validation in a rat model was necessitated by challenges in acquiring a
sufficient amount of mouse disc material; hence, the entire spinal unit
was examined for mouse samples. A previous study showed that NMN
could restore mitochondrial antioxidants and reduce apoptosis in human
NPCs against AGEs-induced IVD degeneration through adenosine
monophosphate-activated  protein  kinase @ and  peroxisome
proliferator-activated receptor-y coactivator la (AMPK-PGC-la)
pathway [71]. Additionally, our results imply the existence of a thera-
peutic efficacy threshold for these compounds targeting mitochondrial
superoxide; they may be beneficial for moderate IVD degeneration but
potentially insufficient to mitigate severe stress-induced degeneration.
We further demonstrated that NMN administration attenuated me-
chanical stress-induced IVD degeneration in a mouse tail-looping model,
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as evidenced by histological, radiographic, and nociceptive assessments
(Fig. 8). However, considering that NMN was also able to alleviate the
progression of disc degeneration in Sod2 cKO mice, it underscores that
its mechanism is not limited to regulating SOD2 activity. Collectively,
our findings suggest that mitochondrial superoxide may represent a
promising novel therapeutic target for IVD degeneration.

This study has several limitations. First, only human NP tissues and
cells were evaluated due to the difficulty in obtaining AF and EP tissues
by nucleotomy, where NP is resected for curative purposes. Second, the
IVD of mouse is biologically and mechanically different from that of
humans. Specifically, rodents retain notochordal cells in the NP
throughout life, resulting in less age-related disc pathology [72].
Moreover, our results suggest a distinct SOD2 expression pattern with
age and degeneration that requires consideration when translating the
mice observation to the human condition. Additionally, our surgical
tail-looping mouse model to induce IVD degeneration does not fully
mimic the clinical situation of human degenerative discs. Acknowl-
edging the limitations, the mouse model, with its utility and genetic
manipulability [73] and similar disc geometry [74], provides valuable
insights into IVD degeneration despite inherent differences from the
human condition [18,46,72]. Future preclinical studies could be per-
formed using larger animal models in which the notochordal cells in the
NP disappear. In addition, the Sod2 cKO model used in this study
selectively eliminates SOD2 from all chondrogenic cells expressing
Col2al. It’s important to note that other cartilage tissues beyond the IVD
were not specifically investigated in this study. Nonetheless, our previ-
ous work using this mouse model has confirmed that the potential
impact on overall health is not significantly different compared to
control mice [34]. Finally, the therapeutic potential of antioxidants for
age-related IVD degeneration was not evaluated and warrants future
study.

In conclusion, our study sheds light on the critical role of SOD2 in
preserving redox homeostasis within IVD. The imbalance between SOD2
and mitochondrial superoxide can induce and accelerate IVD degener-
ation in part through promoting cellular senescence and ECM degra-
dation. These findings mark a significant advancement in unraveling the
complexities of IVD degeneration, contributing valuable insights with
broader implications for oxidative stress-related pathologies.
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