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| ntroduction

Intervertebral disc degeneration (IVDD), a majous® of lower back pain (LBP), is
the most common and disabling clinical problem irhopedics. Further, it is
considered a significant socioeconomic burden waddd' ™ Intervertebral discs
(IVDs) are avascular organs and each consistotkus pulposus (NP), an annulus
fiborosus (AF), and cartilage endplates (CEPs). TWi@ is essentially the largest
avascular structure in the human bbdsxcept for minor blood supply to the outer
layers of the AF, nutrients supply to the disc arate products carry away from the
disc rely mainly on convective transport througle tBEP3°. Therefore, endplate
degeneration is closely associated with IVDD and catiate or accelerate this
condition by impeding nutrient transport to thecfs Accordingly, studies on the
mechanisms underlying CEP degeneration will begnaieto develop effective

therapeutic protocols for IVDD.

The lesions of degenerative CEPs were first obsiloyemagnetic resonance imaging
(MRI) by de Roos et al., and termed Modic changé®sr M.T. Modi¢'®. There are
three different types of Modic chand®&sModic type 1 changes are hypointense on
T1l-weighted images and hyperintense on T2-weight®dges, and indicate
inflammation and edema in the lesions from histaalgperspective. Modic type 2
changes are hyperintense on T1l-weighted imagessaimense or hyperintense on
T2-weighted images, and represent fatty replacenoénthe formerly red bone
marrow as confirmed by histology. Modic type 3 op@s are hypointense on T1- and
T2-weighted images and reflect subchondral bonerasis. However, the exact
molecular and mechanical mechanism underlying etelptiegeneration remains
poorly understood. An examination of oxidative ssremarkers indicated that
oxidative stress, promoted by the overproductiomeaictive oxygen species (ROS),
might be involved in IVDB'™® Suzuki et al. demonstrated that oxidative stress
contributes to the progression of IVDD and exertsatabolic effect on AF celt$
Moreover, two recent studies confirmed that oxigastress is involved in pathologic

CEP degeneration by decreasing autophagy and mglueipoptosis in CEP



chondrocyte’, which causes CEP lesidfislt is known that oxidative stress is
closely related to inflammatidh'® Furthermore, activation of the inflammasome,
especially NACHT, LRR, and PYD domains-containingptpin 3 (NLRP3), is
reportedly induced by the overproduction of R®S. In a previous study, we
demonstrated activation of the NLRP8aspase-1t interleukin-3 (IL-1f) axis in
human degenerative lumbar CEP ti€éuspecifically, the NLRP3 inflammasome can
trigger the proteolytic cleavage of pro-caspasetd biologically active caspase-1,
which then converts the dormant cytokine precumsm-IL-13 into mature and
biologically active IL-B?. As a potent pro-inflammatory mediator, maturelf.-
participates in many reactions. During IVDD, dowaam IL-13 promotes the
expression of disintegrin like and metalloprotesadsrombospondin type | motif5
(ADAMTS) and matrix metalloproteinases (MMPs), whiccan degrade the

extracellular matrix proteins of CE¥3>

Transforming growth factds activated kinase 1 (TAK1) is closely related toasiety

of pathophysiological processes through controlimglear factor-kB (NF-kB) and
mitogen-activated protein kinase (MAPK) pathw&y#s the upstream regulator of
the NF-kB pathway, a number of studies have indit#hat TAK1 is tightly related to
spinal diseases and cartilage homeostagiswhat's more, a recent study showed
that inhibition of TAK1 prevents inflammation-red¢at cartilage degradation in

osteoarthriti&’.

However, activation of the NLRP3 signaling pathway CEPs in response to
oxidative stress induced by excessive ROS hasetdigen studied. And the specific
role TAK1 plays in IVDD pathogenesis still remaitts be clarified. Therefore, the
present study investigated the role of excessiveSR® the pathogenesis of
degenerative CEPs and determined if inhibiting tdmevnstream ROS signaling

pathway could be a therapeutic target for this ¢

Materialsand Methods



Human samples

Experimental protocols and the use of surgical sesnwere approved by the Ethics
Committee of Sir Run Run Shaw Hospital, Medical &€y of Zhejiang University.
Endplate tissues without Modic changes were catedtom three male patients and
one female patient, aged 2B6 years (mean, 25.96), with vertebral burst fraguas
controls. Degenerative tissues were collected fifora male and seven female
patients, aged 34-77) years (mean, 57.6) with Mathanges undergoing spinal
surgery. The cartilaginous endplate tissues werdiosed for use in different
experiments immediately, as previously describ&d Briefly, we conducted
histological analyses via hematoxylin and eosinwad as safranin O, staining,
detected changes in ROS levels, explored markessgesing RT-PCR, and analyzed
the expression of NLRP3, pro-caspase-1, caspagedl] -1, IL-1p, transforming
growth factor b-activated kinase-1 (TAK1), afidactin (1:1000; Cell Signaling
Technology, Boston, MA, USA) by western blottinge\&1so checked the expression
of IL-1pB using enzyme-linked immunosorbent assays ELISAmd?s used are listed

(Table 1).
ELISA

ELISA Kits (Thermo Fisher Scientific) were useddoantify IL-13 in the endplate
homogenate or cell culture supernatants. Experisnesgre performed in duplicate

according to the manufacturer’s recommendations.
Céll culture

According to a previous stutly rat endplate tissues were macroscopically disgect
from the lumbar IVD of 4-week-old female Spraguewlsy (SD) rats and digested
overnight using collagenase Il (0.025 %) (Rochegbastics, Tokyo, Japan) at 37 °C.
Endplate chondrocytes were then washed with Dutiiecnodified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) containing % heat-inactivated fetal
bovine serum (FBS; JRH Biosciences, Lenexa, KS, JJ&&ording to a previously

described method. Isolated endplate chondrocytese waultured in DMEM



supplemented with 10 % FBS, maintained in a humedifncubator containing 5 %

CQO; at 37 °C, and used within the first two passagegxtperiments that followed.
Oxidative stress and antioxidant treatments

To evaluate oxidation in the endplate, chondrocytese treated with D, (Wako,
Tokyo, Japan) for 24 h. To study the effects ofandiants or small molecular agents,
N-acetyl cysteine (NAC, 1 g/l; Sigma, St. Louis, A)JSMCC950 (Selleck, Houston,
USA), and diacerein (Selleck, Houston, USA) weredu® treat the chondrocytes for

30 min before administering ;.
Céll proliferation and viability analysis

Cell proliferation and viability under the follongnoxidative stress and antioxidant
treatment regimens were estimated using a Cell ttayKit-8 (Dojindo Laboratories,
Kumamoto, Japan) according to the manufacturestructions. Chondrocytes were
seeded in a 96-well plate (5000 cells/well) anduwel as described previously herein.
Chondrocytes were then treated with different catregions of HO, (0, 200, 400,
800, 1000, and 1200M), NAC (0, 1, 2, 4, 6, 8, and 10 mM), M MCC950, or 50
uM diacerein. Next, 1@l of CCK-8 dye was added to each well, chondrocytese
incubated at 37J for 30 min, and optical density was estimated @ Am using a

multi-mode microplate reader (Synergy2, BioTek, ®diski, VT).
Apoptosis analysis using flow cytometry

Apoptosis was assessed using an Annexin V-FITCHiiefly, chondrocytes were
seeded in 6-well plates (25xX16ells/well). Chondrocytes were washed twice with
cold PBS (phosphate-buffered saline), resuspendebiriding buffer with 5uL
Annexin V-FITC and uL propidium iodide (PI), and then incubated forri in the

dark room. Samples were analyzed through flow cegtoyrwithin 1 h of staining.
Total superoxide dismutase (T-SOD) and MDA measurements

Analyses of T-SOD in the culture media of endplettendrocytes were carried out

according to the instructions of the manufactucérthe kits used (Nanjing Jiancheng



Bioengineering Institute, Nanjing, China). Briefl{00 puL culture medium and
reagents were mixed completely in tubes. Nextnhdéure was heated for 60 min at
37°C. Following the addition of the developer intke samples at the room
temperature for 10 min, the absorbance of superhateas measured via
spectrophotometry (Model UV-2401, Shimadzu Co.)580nm. Determination of
MDA was based on its reaction with thiobarbiturgda(TBA) to form red colored
formazan. Briefly, 100ul of plasma/standards were added to the tubes icamda
TBA dissolved in acetic acid. Samples were thernledoifor 60 min at 95 °C,
following which HCL and butanol were introduced dnthe mixture. After
centrifugation at 3500 rpm for 10 min, the butagdlase was removed. The

absorbance of the supernatant was measured viag@eatometry at 53am.
Western blotting

The proteins in chondrocytes were extracted withoiemmune precipitation assay
lysis buffer and boiled for 4 min in 5% loading farf Samples were separated on 10%
sodium dodecyl sulfate polyacrylamide gel electarpbis gels, and the proteins were
transferred to polyvinylidene fluoride membraneso(Bad) by electroblotting. The
membranes were blocked using 5% (w/v) nonfat nalif h at room temperature and
incubated overnight at 4 °C with antibody againetlagen Il (Col II), matrix
metalloproteinase-3 (MMP-13), a disintegrin like danmetalloproteinase
thrombospondin type | motif5 (ADAMTS-5), p-p65, p;6p-JNK, INK, p-TAK1,
TAK1, NLRP3 (1:1000; Cell Signaling Technology, Bas, MA, USA), caspase-1,
IL-1B, andp-actin (1:1000; Cell Signaling Technology), follogdvey incubation with
secondary goat anti-rabbit horseradish peroxidasg@igated antibody (CWBIO,
Beijing, China) for 1 h. Proteins were assayed gi&i€L Western Blotting Detection
Reagent (GE Healthcare, Uppsala, Sweden). Bands geantified with Image J
1.49v software (Wayne Rasband, National Institofddealth, Bethesda, MD, USA).

RT-PCR

Total RNA in chondrocytes was extracted using thde&y Mini Kit (Qiagen,



Valencia, CA, USA) according to the manufacturgwstocol. Next, the RNA was
reverse-transcribed and amplified by PCR. Brigigl-time RT-PCR was performed
using the Thermal Cycler Dice Real-Time System N8R Premix Ex Taq (Takara
Bio). Primers used are listed (Table 1). Mean Ques of genes under investigation

were normalized t@-actin and the results were quantified using th@&tddethod.
Animal VDD model and MRI evaluation

Thirty Sprague-Dawley rats (180 + 10 g) purchasednfthe Shanghai Laboratory
Animal Company (SLAC) were used as the animal modkd established the model
by modifying the protocol of Han et®4l The tail discs were injected with |2 of
various solutions including 0.1 M phosphate-buffiesaline (PBS; sham group), 1000
uM H20,, 2 mM NAC, or 2 ™M 5Z-7-0O. First, both subchondral bones of caudal
level 6/7-8/9 were injected with J,. After 30 min, PBS, NAC, or 5Z-7-O was
injected into the selected levels, respectivelye TMD at caudal level 5/6 remained
undisturbed as the control group. Following thecpdure, rats were raised in cages
and given food and water for 4 weeks until euthend3isc injection was performed
using a 29-gauge insulin injector needle and thpghdef the injection was determined
by the resistance of tissue according to previdusias>** MRI was performed
before the injection and at 4 weeks post-operatives reported previousty
T2-weighted images were obtained, and the ratithefhigh-intensity area to IVD

was measured using Image J software 1.46.
Histological analysis

Rat endplate tissues were fixed in paraformaldelsgdeation for 24 h, decalcified in
10% EDTA for 2 weeks, and then embedded in paradi@ctioned, and stained with
hematoxylin, eosin, and safranin-O. Cartilage aasea endplate thickness were
measured according to Zhou et’alVD was evaluated based on the scoring system
(Table S1) described by Wang ef®alTo evaluate IVDD by immunofluorescence,
discs were incubated with primary antibodies for FIM8 and IL-B. After staining,

the number of positively stained cells and integpladptical densities in the discs were



analyzed according to our previous sttidy

Statistical analysis

Quantitative data are expressed as the mean * 8ferddces among groups were
analyzed by ANOVA, followed by post hoc Tukey HSDabysis to separate
individual means. Statistical analyses were peréarnusing SPSS 18.0 (IBM,

Chicago, IL, USA). Statistical significance was aeP < 0.05.

Results

The NLRP3 inflammasome axis and TAK1 are activated in human CEP samples with
Modic changes

Hematoxylin and eosin staining of human CEP tigadeated that the extracellular
matrix was fibrotic and sclerotic, with fewer choadytes in the Modic changes
group, compared to that in the control group (Hig, B; P < 0.05). Additionally,
safranin O staining showed a decrease in proteaglgontent in the Modic changes
group (Fig. 1A). Further, the ROS levels were digantly increased in the endplates
with Modic changes (Fig. 1C; P < 0.05). Gene exgiogsresults were consistent with
histology, in that the extracellular matrix was degrative in the Modic changes
group. Phenotype marker genes encoding collagefCal II) and SOX-9 were
downregulated in the Modic changes group compardtiat in controls. In contrast,
the expression of matrix metalloproteinase-3 (MME-land ADAMTS-5 was
upregulated in the Modic changes group (Fig. 1Dk B.05). We also analyzed
expression of the NLRP3/caspase-1/jdxis and TAK1 (Fig. 1E, F). The results
were consistent with those of our previous stfdjndicating that the NLRP3
inflammasome axis is implicated in Modic changed #rat TAK1 is upregulated in

human CEP tissue with Modic changes.

NAC inhibits H,O,-induced rat endplate chondrocyte damage and oxidative stress
Annexin V-FITC staining and the viability of ratdplate chondrocytes treated for 24

h with different HO, concentrations was examined to clarify the pathepggical



effect of intracellular ROSChondrocyte viability was suppressed significariily
H,O, at the dose of 80@M (Fig. 2A, B). However, no significant evidence of
malondialdehyde (MDA), a lipid peroxidation markewas found until a
concentration of 1000M H,O,was used (Fig. 2C; P < 0.0Blext, we investigated
whether the administration of an antioxidant coafttnuate bD,-induced oxidative
stress in rat endplate chondrocytes. First, it @aadirmed that NAC levels lower than
2 mM did not affect the viability of endplate cellBig. 2D; P > 0.05). Endplate
chondrocytes were then pretreated with NAC for 30, followed by HO,for 24 h.
Endplate chondrocyte activity was significantly moped by NAC administration
(Fig. 2E, F; P < 0.001). Further, administratiorntlod NLRP3 inhibitor MCC950 and
antagonist of IL-B receptor diacerein also improved chondrocyte agtafter HO,
treatmentFig. 2E, F). Next, we treated endplate chondracyigh 1000uM H,0,for
24 h or pre-treated chondrocytes with 2 mM NAC30rmin and oxidative stress was
detected by measuring MDA levels (Fig. 2G) and TSextivity (Fig. 2H). The
results indicated that J@, treatment significantly increased oxidative stress
endplate chondrocytes, and that pretreatment wi&C Nsignificantly decreased
H,O,.mediated oxidative stress (P < 0.05). These resldtaonstrated that J,
might induce oxidative stress in endplate chondiexand that NAC could efficiently

suppress this.

NAC inhibits H,O»-induced endplate chondrocyte extracel lular matrix degradation

Next, we evaluated the effect of,®b-induced oxidative stress on endplate
chondrocyte extracellular matrix degradation via-lRTR and western blotting. The
MRNA expression of genes encoding catabolic enzysueh as MMP-13 and
ADAMTS-5 was significantly increased when the chmuytes were treated with
H,0O,, whereas that of Col Il and SOX-9 was reduced.(BA; P < 0.05). However,
pretreatment with NAC neutralized the catabolieeffof HO, significantly. Western
blot and densitometric analyses showed thgdHreatment significantly enhanced
the expression of catabolic enzymes and inhibhedeixpression of Col Il and SOX-9

(Figs. 3B-F; P < 0.05). Further, catabolism indubgdH,0O, was reduced by NAC



administration (Figs. 3B, D, and E; P < 0.05). Wastblotting results, which
confirmed the results of gene expression, showeddme tendency in,B.-induced
endplate chondrocytes. Considered together, thatseindicated that oxidative stress
induced by HO, has a catabolic effect on the extracellular masixd that NAC

alleviates the degeneration process in endplatedrboytes.

NAC and 5Z-7-O inhibit the activation of signaling pathways and the NLRP3
inflammasome

Reportedly, ROS and activated p-p65 and p-JNK paylsvgenerate crucial upstream
signals, and thus blocking them might restrain vation of the NLRP3
inflammasom&~° To determine the downstream signaling pathwagutiin which
H,O, stimulates ROS in rat endplate chondrocytes, tlwsporylation of p65, JNK,
and TAK1 was evaluated by western blotting. Resilltstrated that stimulating
chondrocytes with bD, activates the phosphorylation of p65, JNK, and TAKIa
time-dependent manner (Fig. 4A-D). However, préimgachondrocytes for 30 min
with 5Z-7-oxozeaenol (5Z-7-0), a TAK1-specific sinalolecule inhibitor, inhibited
the phosphorylation of p65 and TAK1 and expressibthe NLRP3 inflammasome
axis upon stimulation with ¥, (Fig. 5). Moreover, pretreating chondrocytes with
NAC for 30 min also inhibited the phosphorylatiod p65 and TAK1, and
significantly inhibited the activation of NLRP3,@caspase-1, caspase-1, pro-fi,-1
and IL-18 (Fig. 5). These results indicated that treatmeith VROS scavengers,
namely NAC and the TAK1-specific inhibitor 5Z-7-@duced the levels of activated
TAK1 and p65. In addition, both downregulated espien of the
NLRP3/caspase-1/ILfl axis in HO.-treated EP chondrocytes, confirming the
chondroprotective effect of NAC and 5Z-74@ vitro. In summary, these findings
suggested that 5Z-7-O might inhibit the NLRP3 infraasome pathway by targeting
TAK1 (Fig. 6).

NAC and 5Z-7-0O treatment ameliorate rat CEP degeneration in vivo
Finally, to explore the preventive effects of NA@debZ-7-O on CEP degeneration

vivo, these compounds were administered intra-dis@at® with BO,-induced CEP



degeneration. Safranin O staining showed that egaminoglycan content in the
ECM and EP thickness were reduced in the §®B8p (Fig. 7A, B) compared to those
in the other groups. Further, the administrationN®C and 5Z-7-O upregulated
glycosaminoglycan expression and restored endpiét&ness contrast in the PBS
group (Fig. 7A, B, D; P < 0.05). In addition, CERoadrocytes were markedly
reduced in the PB&oup, and NAC and 5Z-7-O exerted a chondroproteaifectin
vivo compared to those in the PB®up (Fig. 7B, C, F; P < 0.05). Hematoxylin and
eosin staining of rat CEP tissue also showed tbettamord cells were reduced in the
ECM of the NP and that the outer AF was not arrdngevell-ordered rows (Fig. 8A,
B). Then, immunohistochemical staining of the IVIhowed that the levels of
MMP13 (Fig. 8C, F) and IL{1 (Fig. 8D, G) were high in the PBS group, indicgtin
that the IVD was degenerative. However, after NAQ &Z-7-O intervention,
MMP13 staining intensity and ILBlpositive cells decreased compared to those in the
PBS group. These results showed that NAC and 5Ziikhibit enzymes that can
degrade the matrix and can alleviate inflammatiorthie IVD. Further, histological
scores, based on the disc degeneration assessoceeingssystem of Wang et4)
showed that discs in the PB®up were graded as moderate, whereas those in the
other groups were normal or mild (Fig 8E). MoregwdRI signal intensity of IVDs
treated with PBS decreased progressively at 4 wediereas those treated with NAC
and 5Z-7-0 displayed a significantly higher sigmaénsity (Fig 8H, ). In summary,
these results revealed that NAC and 5Z-7-O tredtnmemeliorate rat CEP

degeneratiomn vivo.

Discussion

An H;O.-induced model of oxidative stress in the endplates successfully
establishedin vitro andin vivo in this study. Further, the ROS scavenger NAC
alleviated cellular damage, abrogated cataboliec&df and restored the redox status
and cell viability in endplate chondrocytesvitro andin vivo. In addition, the small

molecule inhibitor of TAK1 5Z-7-O reduced the exgs®n of p-TAK1 and NLRP3



considerably and ameliorated rat CEP degenerationivo, indicating that the
administration of 5Z-7-O might be a potential theatic target for CEP

degeneration.

Previous research demonstrated that inflammatiora isnajor mediator of the
progression of Modic changd@sNLRP3 inflammasomes are also implicated in the
degeneration of CER. The NLRP3 inflammasome and its final breakdowodpict,
IL-18, play an important role in the activation of catlidm in the extracellular matrix.
Three factors are cited in the literature as featrs of NLRP3 activation, namely
ROS generation, ion fluxes, and phagosomal deitabidn'®?. ROS have been
suggested as common upstream mediators of NLRR&a@oh. ROS also play a
pivotal role in the progression of chondrocyte Hemd matrix degradatiéh Based

on this evidence, we proposed that ROS generaticha CEP might result in the
inflammation response via NLRP3 inflammasome atitva In accordance with
previous studies reporting that,® can activate NLRP3 inflammasonies. we
found that the administration of 10QM H,O, for 24 h succeeded in inducing
oxidative stress injury in chondrocytes, resultimgthe upregulation of NLRPS3.
Results also indicated that,®k increased MDA content and decreased T-SOD
activity, which exerted catabolic effects on the ME®Wf chondrocytes. Finally,
pretreating degenerated,,®p-stimulated chondrocytes with the antioxidant NAC

significantly inhibited oxidative stress and NLR&&ivationin vitro andin vivo.

TAK1, a serine/threonine kinase, is a critical ncalar component that regulates
diverse functions related to cell fate determinafioReportedly, TAK1 is considered
an attractive therapeutic target for many cartiegjated diseases such as
osteoarthritis and rheumatoid arthritis. TAK1 inkidn also prevents
inflammation-related cartilage degeneration, suggee downstream inflammatory
mediators, and downregulates the expression of mairetalloproteinasés“®
Furthermore, Onodera et al. demonstrated th#2,Hnight activate ROS-TAK1-
MAPK/NF-kB—COX2 signaling in synovial fibroblast cells anelsdribed an effective

therapeutic strategy for chronic joint dised3e®ur results were consistent with



previous reports indicating that expression of ghBAK1, p-p65, and NLRP3 axis is
upregulated in endplate chondrocytes treated wifo,Hand that the ECM is
degraded. Chondrocytes pretreated with NAC priorH®, exposure exhibited
increased cell viability and T-SOD activity, desed MDA formation, maintained
ECM production, inhibited p65 and TAK1 phosphorgat and downregulated
NLRP3, caspase-1, and I3 ¥expression. A similar protective effect was obedrv
with 5Z-7-O, prior to the administration of,8,. However, phosphorylation of TAK1
was suppressed much more significantly with 5Z-h&n with NAC. Moreover, the
NLRP3 inflammasome was activated by ROS directlyiarthe activation of TAK1,

which led to a downstream inflammation respons¥/ibs.

In the current study, we demonstrated that a RQfvesger, namely NAC, can
ameliorate endplate degeneration usingimarnvitro cell model and a rat model.
Furthermore, we confirmed that the TAK1 inhibitaZ-B-O can alleviate endplate
degeneration in the rat model. Considering theswlirfgs, recovering redox
homeostasis of the endplate might be an effectiveasmre to retard endplate
degeneration, where 5Z-7-O exerts protective actigainst HO,-induced endplate
degeneration by inhibiting the TAK1-NLRP3 inflammase pathway. Future studies
could focus on the efficacy of 5Z-7-O treatmentarger preclinical trials involving
animal endplate degeneration models, and subsdguefihical trials might be

performed to evaluate the effect of 5Z-7-O on IMiDgression in patients.

There remain limitations in this study. First, mahfferent chemical induction IVDD
animal models were introduced in the previous ssidsuch as ILfl, chymopapain,
propionibacterium acnes and chondroitinase ABQ.&ksafar as we know, no related
papers use the B.-induced animal model. However,®, was widely used in cell
models to explore the function and mechanism ofl@tkve stress in the degeneration
of IVD. What's more, researchers employefkto thein vitro model to detect the
function of oxidative stress recerly’. And our main purpose was to determine the
molecular mechanism related to oxidative stres®uyidg endplate degeneration, so

we used this model. Then, there is no denyingtthiatmodel is neither good enough



in some aspects, such as effectiveness of treatfoerthe clinical situation, short

treatment time, clinical relevance of occurrence development of the IVDD. If this

model can be confirmed by other researchers, it lvalan ideal animal model to

explore the oxidative stress in IVDD.
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L egends

Figure 1. Histological changes and altered exthaleel matrices in cartilaginous
endplates of patients with Modic changes. (A) Hemyin and eosin-stained (H&E)
cartilaginous endplate specimens of the contraligr@and the Modic changes group at
x100 magnification. Safranin O-stained cartilagsmendplate specimens at x100. (B)
The number of cartilaginous endplate cells from ¢batrol group and the Modic
changes group. (C) Reactive oxygen species (RO®Islein the cartilaginous
endplate specimens. (D) Transcriptional levelsypetll collagen Col 11), SOX9,
matrix metalloproteinaseMMP)13, and ADAMTS5 are shown in cartilaginous
endplate samples. (E) The protein expression lee¢INLRP3, pro-caspase-1,
caspase-1, pro-ILf IL-1B, and transforming growth factor beta activatedaka 1
(TAK1) in cartilaginous endplates (CEP). (F) Thencentration of mature ILfLin
endplate specimens. The data in the figures reprdbe mean + S.D. Significant

differences are indicated as *P < 0.05.

Figure 2. N-acetyl cysteine (NAC) treatment inlsbitbO,-induced rat endplate
chondrocyte damage and oxidative stress. (A) Am&xFITC staining of endplate
chondrocytes and the quantification of apopto$y. Gell Counting Kit-8 (CCK-8)
results of rat endplate chondrocytes treated wiffierént concentrations of 4, for
24 h. (C) Malondialdehyde (MDA) content of chondras treated with different
concentrations of D, for 24 h. (D) CCK-8 results of rat endplate chamjtes



treated with different concentrations of NAC for 3@n. (E) Annexin V-FITC
staining results of rat endplate chondrocytes pratéd with NAC, MCC950, or
diacerein and 100@M H,0,. (F) CCK-8 results of rat endplate chondrocytes
pre-treated with NAC, MCC950, or diacerein and 1080 H,0,. (G) MDA content

of chondrocytes pre-treated with NAC and thegOH(H) Activity of T-SOD in
chondrocytes pre-treated with NAC and thei©Of Data in the figures represent the
mean + S.D. Significant differences are indicated'Ra < 0.05, **P < 0.01, ***P <
0.001, normaks H,0,; “P < 0.05/P < 0.01,"% < 0.001, HO,vs NAC, MCC950,

or diacerein.

Figure 3. N-acetyl cysteine (NAC) inhibits,Gh-induced endplate chondrocyte
extracellular matrix degradation. (A) Gene expm@ssiof extracellular matrix
components in endplate chondrocytes. (B—F) Wedilerting results of extracellular
matrix components in endplate chondrocytes. Datthénfigures represent mean +
S.D. Grey levels were normalized fleactin. Significant differences are indicated as

*P <0.05, *P < 0.01.

Figure 4. Induction of signaling pathways byQdin rat endplate chondrocytes. (A-D)
Western blotting results of p-p65, p-JNK, and p-TIAK rat endplate chondrocytes
treated with HO, for different time periods. The data in the figurepresent the

mean + S.D. Grey levels were normalizedfteactin. Significant differences are

indicated as *P < 0.05.

Figure 5. N-acetyl cysteine (NAC) and 5Z-7-O inhithe activation of signaling
pathways and the NLRP3 inflammasome. (A—G) Weshdotting results of p-p65,
p-JNK, p-TAK1, and the NLRP3/caspase-1/Ig-axis in HO,-induced rat endplate
chondrocytes pre-treated with NAC or an inhibitbrTé\K1 for 30 min. Data in the
figures represent the mean = S.D. Grey levels wermalized td3 -actin. Significant

differences are indicated as *P < 0.05, **P < 0.01.



Figure 6. A working model of lateral view of spineblumn and illustrating that
inhibiting reactive oxygen species (ROS) and TAKds tprotective effects against

cartilaginous endplate (CEP) degeneration.

Figure 7. N-acetyl cysteine (NAC) and 5Z-7-O treatnameliorate rat cartilaginous
endplates (CEP) degeneratiorvivo. (A) Representative Safranin O staining of disc
samples from different experimental groups at 4 kseeost-surgery (original
magnification x4). (B) Representative Safranin @irshg of CEPs from different
experimental groups at 4 weeks post-surgery (algmagnification x40). (C)
Representative H&E-stained CEPs from different expental groups at 4 weeks
post-surgery (original magnification x40). (D) Repentative CEP thickness of disc
samples from different experimental groups at 4 ksepost-surgery. (E) The
representative ratio of chondrocytes in CEPs frafferént experimental groups at 4
weeks post-surgery. Data in the figures represbat hean + S.D. Significant
differences are indicated as *P < 0.05, **P < 0:61P < 0.001, controlvs H,O; P

< 0.05,"P < 0.01/%P < 0.001, NAC or 5Z-7-@s H,0,.

Figure 8. Histological analysis of rat interveri@hdisc degeneration (IVDD) at week
4 in different groups. (A) Representative H&E-s&nucleus pulposus (NP) from
different experimental groups (original magnificati x40). (B) Representative
H&E-stained annulus fibrosus (AF) from differentpeximental groups (original
magnification x40). (C) Expression of MMP13 in IVEBr®m different experimental
groups. (D) Expression of ILBlin IVDs from different experimental groups. (E)erh
histological scores of IVDs from different experimt@& groups. (F) Integrated optical
densities of MMP-13 in IVDs. (G) Percentage of €g@ositive for IL-B in IVDs. (H)
Representative 1VD revealed by MRI based on T2-wieid images. (I) Quantitative
analysis of T2 disc signal intensity. Data in tihgufes represent the mean + S.D.
Significant differences are indicated as *P < 0:0%, < 0.01, controlvs H,O,; "P <

0.05,"P < 0.01, NAC or 5Z-7-®s H,0,.



Table 1. Primer sequences used for quantitative RT-PCR.

Gene SpeciesDirection | Sequences 5-3°
Col li Human| Forward| CTGGAAAAGCTGGTGAAAGG
Reverse | GGCCTGGATAACCTCTGTGA
SOX-9 Human| Forward] GGAATGTTTCAGCAGCCAAT
Reverse | TGGTGTTCTGAGAGGCACAG
MMP13 Human| Forward] TGGTCCAGGAGATGAAGACC
Reverse | TCCTCGGAGACTGGTAATGG
ADAMTS-5 | Human| Forward| TACTTGGCCTCTCCCATGAC
Reverse | TTTGGACCAGGGCTTAGATG
B-actin Human| Forward] AGCGAGCATCCCCCAAAGTT
Reverse | GGGCACGAAGGCTCATCATT
Col li Rat Forward | AAGGGACACCGAGGTTTCACTGG
Reverse | GGGCCTGTTTCTCCTGAGCGT
SOX-9 Rat Forward] AGCGACAACTTTACCAG
Reverse | GGAAAACAGAGAACGAAAC
MMP13 Rat Forward| TGCTGCATACGAGCATCCAT
Reverse | TTCCCCGTGTCCTCAAAGTG
ADAMTS-5 | Rat Forward | GTCCAAATGCACTTCAGCCACGAT
Reverse | AATGTCAAGTTGCACTGCTGGGTG
NLRP3 Rat Forward| CGGTGACCTTGTGTGTGCTT
Reverse | TCATGTCCTGAGCCATGGAAG
Caspase-1 Rat Forward GAACAAAGAAGGTGGCGCAT
Reverse | AGACGTGTACGAGTGGGTGT
IL-18 Rat Forward | CCTATGTCTTGCCCGTGGAG
Reverse | CACACACTAGCAGGTCGTCA
B-actin Rat Forward| TTGTAACCAACTGGGACGATATGG
Reverse | GATCTTGATCTTCATGGTGCTAGG

Abbreviations:
RT-PCR = Reverse Transcription Polymerase ChairctiRern
Col Il = Type Il collagen;
MMP3 = matrix metalloproteases, 3;

ADAMTS-5 = a disintegrin-like and metalloproteasghathrombospondin type |

motifs-5;

NLRP3 = NACHT, LRR and PYD domains-containing pnote3;
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Highlights

An H,0, induced oxidative stress model of the endplate was successfully established
invitro aswell asin vivo.

NAC alleviated cellular damage, abrogated catabolic effects and restored the redox
status and cell viability in endplate chondrocytes in vitro and in vivo.

The small molecule inhibitor of transforming growth factor b-activated kinase-1
(TAK1), 5Z-7-0O, reduced the expression of p-TAK1 and NLRP3 considerably, and

ameliorated rat CEP degeneration in vivo.
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