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13 Abstract

14  Senescence, particularly in the nucleus pulposus (NP) cells, has been implicated in the 

15 pathogenesis of disc degeneration, however, the mechanism(s) of annulus fibrosus (AF) cell 

16 senescence is still not well understood. Both TNFα and H2O2, have been implicated as 

17 contributors to the senescence pathways, and their levels are increased in degenerated discs when 

18 compared to healthy discs. Thus the objective of this study is to identify factor(s) that induces 

19 inner AF (iAF) cell senescence.  Under TNFα exposure, at a concentration that can induce 

20 senescence in NP cells, bovine iAF cells did not undergo senescence, indicated by their ability to 

21 continue to proliferate as demonstrated by Ki67 staining and growth curves and lack of 

22 expression of the senescent markers, p16 and p21. Unlike iAF cells, NP cells treated with TNFα 

23 accumulated more intracellular ROS and secreted more H2O2. Following TNFα treatment, only 

24 iAF cells had increased expression of the superoxide scavengers SOD1 and SOD2 whereas NP 

25 cells had increased NOX4 gene expression, an enzyme that can generate H2O2. Treating iAF cells 

26 with low dose H2O2 (50 μM) induced senescence, however unlike TNFα, H2O2 did not induce 

27 degenerative-like changes as there was no difference in COL2, ACAN, MMP13, or IL6 gene 

28 expression or number of COL2 and ACAN immunopositive cells compared to untreated 

29 controls. The latter result suggests that iAF cells have distinct degenerative and senescent 

30 phenotypes. To evaluate paracrine signalling, iAF and TNFα-treated NP cells were co-cultured. 

31 In contact co-culture the NP cells did induce iAF senescence. Thus, senescent NP cells may 

32 secrete soluble factors that induce degenerative and senescent changes within the iAF. This may 

33 contribute to a positive feedback loop of disc degeneration. It is possible these factors may 

34 include H2O2 and cytokines (TNFα). Further studies will investigate if human disc cells respond 

35 similarly.
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36 Introduction

37 Intervertebral disc (IVD) degeneration has a lifetime prevalence of up to 80% and is associated 

38 with the development of back pain(1), one of the most common causes of disability in Canada 

39 leading to millions of dollars in health care costs and lost wages(2,3). Despite the prevalence of 

40 IVD degeneration, the etiology and pathogenesis of degeneration is still poorly understood. More 

41 recently, an association between the pathological changes in the IVD and the presence of 

42 senescent cells has been identified(4–6). Previous studies have found significantly more 

43 senescent cells in human disc tissue herniations(4) than healthy discs. Similarly, aged or 

44 degenerative mouse(7) and rat(8) IVDs accumulate significantly more senescent cells than 

45 healthy discs. Interestingly, a p16 knockout mouse, a protein identified as a key driver of the 

46 senescence program leads to amelioration of specific markers of IVD degeneration(7,9). Further, 

47 treatment with senolytic drugs have been shown to reduce IVD degeneration severity(10,11). 

48 This has led many to believe that cellular senescence plays a role in the pathophysiology of IVD 

49 degeneration. 

50

51 The intervertebral disc is composed of a nucleus pulposus surrounded by annulus fibrosus which 

52 can be divided further into an inner and outer zone based on the composition. The inner annulus 

53 is integrated with the nucleus pulposus. There is a high degree of variability in the reported 

54 senescence rate within the tissues of the IVD in humans, ranging from 13-86% in the 

55 NP(4,8,9,12) and 5-86% in the AF(8,13,14). This variation likely reflects the method of 

56 senescence identification. One of the most well studied inducers of senescence in NP cells is 

57 TNFα(15), however the mechanism through which TNFα induces senescence is still not fully 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2022. ; https://doi.org/10.1101/2022.12.21.521533doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.21.521533
http://creativecommons.org/licenses/by/4.0/


4

58 delineated. Studies have implicated PI3K-Akt(15), and pSTAT3(16) as potential signaling 

59 mechanisms. Recent work has demonstrated that TNFα induced senescent NP cells secrete 

60 soluble factors that are capable of inducing senescence in healthy NP cells(16), however the 

61 effect of these soluble factors on AF cells have not been assessed. A further understanding of the 

62 impact of the NP senescent secretome on other disc cells is important to enable understanding of 

63 how the propagation of the degenerative phenotype within the disc occurs. 

64

65 Reactive oxygen species (ROS), i.e., superoxide and H2O2, have also been shown to be capable 

66 of inducing senescence in a number of different cell types, including NP cells(17) and AF 

67 cells(18). H2O2 is a redox signaling factor and is produced by normal metabolizing cells. The 

68 H2O2 concentration in the cell is in the nanomolar concentration and outside of the cell ranges 

69 from approximately 1-5 μM(19). It signals, in part, by reversible oxidation of specific protein 

70 Cys thiolate residues which activates redox signalling. These can then activate phosphorylation 

71 cascades and transcription, to name a few processes(20). H2O2 is produced through multiple 

72 pathways, one of which is the NADPH oxidase (NOX) family and the complexes of the electron 

73 transport chain(21). NOX2 and 4 expression has been shown to increase within the IVD during 

74 degeneration in rats(22), and in NP cells following exposure to IL1 or ROS in-vitro(23,24). 

75 Mitochondrial dysfunction has also been associated with IVD degeneration and has been 

76 proposed to contribute to ROS-induced damage within the tissues of the IVD(25). In response to 

77 oxidative stress, mammalian cells have four enzymes that compose the primary ROS response: 

78 superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX)(26), and 

79 peroxiredoxins (PRX). SOD catalyzes the dismutation of superoxide radicals to H2O2 which can 

80 then be degraded into H2O via CAT, GPX, or PRX. Cells in the intervertebral disc have been 
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81 reported to express all isoforms of SOD(27,28), although studies have consistently found a 

82 higher expression of SOD in the AF when compared to the NP(28,29). Decreased SOD and 

83 catalase activity/expression has been associated with IVD pathologies(30), which has led many 

84 to believe that a redox imbalance within the IVD may contribute to the pathogenesis of IVD 

85 degeneration(31). Despite this, characterization of ROS scavenging systems within the disc 

86 remains poorly understood and has not been determined in the iAF. 

87

88 Thus, the objective of this study is to identify factor(s) that induces iAF cell senescence. These 

89 studies will provide insight into factor(s) leading to iAF senescence and the contribution of inter-

90 tissue communication on this process.

91

92 Methods

93 Cell isolation and monolayer culture: 

94 Intervertebral discs were aseptically excised from bovine caudal spines. IAF and NP tissues were 

95 visually distinguished and harvested as previously described(32–34). NP and iAF tissues were 

96 each finely diced in HAM’s F12 (Wisent, 318-010-CL) into approximately 5 mm3 cubes. Tissues 

97 were individually digested in 0.3% protease (Type XIV, P5147, Sigma-Aldrich, St Louis, MO, 

98 USA) in HAM’s F12 supplemented with 100 U/mL of penicillin-streptomycin (Gibco, 

99 15140122) at 37˚C for 1 hour, followed by 0.2% collagenase A (COLLA-RO, Sigma-Aldrich, St 

100 Louis, MO, USA) in HAM’s F12 supplemented with 100 U/mL of penicillin-streptomycin 

101 (Gibco, 15140122) at 37˚C for approximately 16 hours. Digested tissues were passed through 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2022. ; https://doi.org/10.1101/2022.12.21.521533doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.21.521533
http://creativecommons.org/licenses/by/4.0/


6

102 100 μm cell strainer and centrifuged at 800g for 8 minutes. Cells were washed three times in 

103 DMEM (Wisent, 319-016-CL) supplemented with 5% fetal bovine serum (Wisent Bioproducts, 

104 St-Bruno, Quebec, Canada). Approximately 17,000 cells/cm2 of primary (P0) NP or iAF cells 

105 were plated separately in monolayer culture in T175 flasks (Sarstedt, 83.3912.502) in DMEM 

106 supplemented with 5% fetal bovine serum (FBS). P0 iAF and NP cells were cultured for 6 days 

107 and then passaged. Passage 1 cells were used in all experiments, unless otherwise stated. 

108 In selected experiments, cells were treated with TNFα (40 ng/mL, R&D systems recombinant 

109 bovine TNFα 2279-BT, reconstituted in 0.1% bovine serum albumin in PBS) in DMEM 

110 supplemented with 5% FBS for 24 hours, followed by 5 washes with DMEM and then cultured 

111 cytokine-free in DMEM containing 5% FBS and allowed 24 hours to recover, prior to analysis. 

112

113 Non-contact co-culture:

114 IAF and NP cells were isolated and cultured as described above. Monolayer P1 iAF and NP cells 

115 were used for all non-contact coculture experiments. Approximately 14,000 cells/cm2 iAF cells 

116 were seeded onto 12-well plates (Sarstedt, 83.3921.005) and in separate cultures approximately 

117 14,000 cells/cm2 NP cells were seeded onto hanging inserts (Corning Costar 0.2 µm pore PTFE 

118 transwells). This cell density was used so that cells were not confluent at the time of analysis. NP 

119 cells were treated with 40 ng/mL of TNFα for 24 hours, followed by 5 washes with DMEM only. 

120 Transwell inserts were then placed in the wells containing iAF cells and cocultured for 24 hours 

121 in DMEM containing 5% FBS prior to analysis. 

122
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123 Contact Co-Culture:

124 Contact coculture was performed as previously described(16) with some modifications. DMEM 

125 containing 5% FBS was used for all contact cocultures, unless otherwise stated. NP cells were 

126 passaged to P1, plated at 14,000 cells/cm2 and treated with TNFα (40 ng/mL) for 24 hours. The 

127 iAF cells (P0) were cultured for 5-7 days until harvested using trypsin-EDTA for experimental 

128 set up. NP cells (P1) were trypsinized and resuspended in 20 μM CellTracker Red CMTPX dye 

129 (ThermoFisher, C34552) in DMEM (Wisent, 319-016-CL) according to the manufacturer’s 

130 instructions. Greater than 95% labelling of cells was confirmed by fluorescent microscopy. NP 

131 and iAF cells were then mixed at a ratio of 1:1 and plated into chamber slides at approximately 

132 14,000 cells/cm2 (7,000 cells/cm2 of each iAF and NP, or 14,000 cells/cm2 of iAF alone) (Ibidi, 

133 81816). Experimental conditions were as follows: iAF cells alone, untreated NP and iAF 

134 coculture, and TNFα treated-NP and iAF coculture. In the final cocultures, NP cells were P2, and 

135 iAF cells were P1. Cells were cultured for 24 hours prior to analysis. Cells were evaluated for 

136 senescence by p16 immunocytochemistry as described below (Roche, CINtec 06695248001). 

137 Cells were imaged using a Leica DMI-6000 spinning disc confocal microscope running Velocity 

138 imaging software. All contact coculture quantification was assessed manually. P16 

139 immunostaining was visualized in the far-red channel, NP cells were labelled with CellTracker 

140 Red/DAPI, and iAF cells were positive for DAPI but were negative for CellTracker Red. Each 

141 image was assessed for number of p16+ iAF, p16+ NP, total iAF, and total NP cells. A minimum 

142 of 100 cells were assessed for each biological replicate. Results were displayed as the percentage 

143 of p16 positive iAF and NP cells in each condition. 

144
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145 Formation of 3D tissue sheets:

146 Tissue sheets were formed by seeding P1 iAF cells at high density (570k cells/cm2) in 12-well 

147 plates (Sarstedt, 83.3921.005). Tissues were cultured in DMEM supplemented with L-Proline 

148 (40 μg/mL, Sigma-Aldrich, St. Louis, MO, USA), Insulin-Transferrin-Selenium (1%, Wisent 

149 Bioproducts, St-Bruno, Quebec, Canada), sodium pyruvate (1 mM, Wisent Bioproducts, St-

150 Bruno, Quebec, Canada), and 10% fetal bovine serum (complete medium). Non-adherent cells 

151 were removed after 2 days and replaced with complete medium with ascorbic acid (100 μg/mL, 

152 Sigma-Aldrich, St. Louis, MO, USA). The media was replaced with fresh complete media with 

153 ascorbic acid every other day. Tissues were harvested after 10 days of culture. In selected 

154 experiments the iAF tissue sheets on day 9 of culture were treated for 24 hours with TNFα (40 

155 ng/mL) or 50 μM H2O2, followed by 5 washes with DMEM. The cultures were then placed in 

156 complete media without ascorbic acid and harvested 24 hours later. 

157

158 Histology and immunofluorescence:

159 Monolayer cells were fixed in 4% paraformaldehyde (PFA) for 10 minutes and tissue sheets 

160 were fixed in 10% formalin for 12 minutes for histology and immunofluorescence and placed in 

161 30% sucrose. Using a dissection microscope, agarose covered cell sheets were cut into thirds 

162 (each 12 mm wide). The center third of the tissue was mounted in OCT and cut cross-sectionally 

163 at 7 μm using a cryostat. Sections were collected onto silane coated slides and dried overnight at 

164 40˚C. 
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165 Sections were stained with hematoxylin and eosin, or Toluidine blue and cover-slipped using 

166 Micromount (Leica Biosystems, Buffalo Grove, IL USA). Tissues were imaged with a light 

167 microscope (Olympus BX61) running CellSens version 1.18. 

168 Collagen type 1 and 2 immunohistochemistry was preceded by antigen retrieval using enzymatic 

169 digestion. Sections were incubated in Tris-buffered saline (TBS, pH 2) for 5 minutes, followed 

170 by pepsin (2.5 mg/mL in TBS pH2, Millipore Sigma P7012) for 10 minutes at room temperature, 

171 followed by 3 washes with PBS. For aggrecan immunostaining the sections were incubated in 

172 hyaluronidase (25 mg/mL in PBS pH 7.3, Millipore Sigma H3506) for 30 minutes at 37˚C. 

173 Boiling sections in Dako Target Retrieval solution, pH 9.0 (Agilent, S236784-2) for 10 minutes 

174 was used for MMP13 and p16 antigen retrieval. Monolayer cell staining did not utilize any 

175 antigen retrieval. 

176 Sections or cells were then washed three times with PBS and blocked in 20% goat serum (Gibco, 

177 16210-064) and 0.1% Triton X-100 in PBS. Sections were incubated with primary antibody 

178 (listed in S3 methods) at 4˚C overnight in a humidified chamber. The sections were washed three 

179 times with PBS before incubating with AlexaFluor secondary antibody (listed in S3 methods) 

180 and 4’6-diamidino-2-phenylindole (DAPI) together at room temperature for 1 hour. Sections 

181 were washed 5 times with PBS, stained with DAPI and mounted with PermaFluorTM 

182 (Thermofisher Scientific, Waltham, MA, USA). Negative controls consisted of replacing the 

183 primary antibody with a species matched IgG antibody at the same protein concentration (w/v). 

184 Immunofluorescence was imaged with a fluorescent microscope (Olympus IX81) and Velocity 

185 version 6.3.0. Quantification of ECM proteins in monolayer were assessed using ImageJ version 

186 1.53q. COL1, COL2, p16, and ACAN were all stained independently and viewed in the red 

187 channel. The images were captured from the same 3 locations in each well using a well-overlay 
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188 method (S3 methods). Nuclear counting was automated by converting the image to binary and 

189 watershed separation. Positive cells (red cytoplasm) were counted manually. 

190 Quantification of tissue thickness was calculated by measuring the average distance between the 

191 upper and lower cross-sectional edges at 4 standard sites in the tissue in ImageJ version 1.53q. 2 

192 sections approximately 0.2 mm apart and 2 images per section were assessed for all tissue 

193 analysis. 3 biological and 2 technical replicates were used for all tissue sheet quantification 

194 assays. 

195

196 Growth curves:

197 To assess monolayer cell proliferation growth curves were determined over 72 hours, iAF cells 

198 were seeded in chamber slides at approximately 14,000 cells/cm2(Ibidi, 81816). Following 24 

199 hours of treatment with TNFα or serum starvation, iAF cells were fixed at 24 hour intervals over 

200 3 days with 4% PFA. Cells were stained with DAPI for 15 minutes in PBS. All cells were 

201 imaged in each well with a fluorescent microscope (Olympus IX81) and Velocity version 6.3.0. 

202 Nuclear counting was automated using ImageJ by converting the image to binary and watershed 

203 separation. All the cells were counted within the wells of each replicate. 

204

205 Senescence associated beta-galactosidase staining:

206 Senescence associated beta-galactosidase activity (SA-βGal) was evaluated using the SA-βGal 

207 staining kit (#9860, Cell Signaling Technology, Danvers, MA USA) according to the 
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208 manufacturer’s directions. Briefly, cells or tissues were fixed using solution composed of 2% 

209 formaldehyde/0.2% glutaraldehyde in PBS for 15 minutes. Cells were washed 3 times in PBS 

210 and incubated with the staining solution adjusted to pH 6 (40 mM citric acid/phosphate buffer, 

211 5mM K4[Fe(CN)6] 3H2O, 5mM K3[Fe(CN)6], 150 mM sodium chloride, 2 mM magnesium 

212 chloride and 1 mg ml−1 X-gal) in distilled water for 16 hours at 37˚C in a non-humidified oven. 

213 Cells were washed once with PBS, mounted with 70% glycerol and imaged under phase contrast 

214 microscopy (Olympus BX61 microscope running CellSens version 1.18. 3). The images were 

215 captured from the same location in each well using a well-overlay method (S3 methods). Any 

216 blue stained (SA-β-galactosidase-positive) cells were considered positive. ImageJ was used to 

217 count cells and the percentage of SA-β-galactosidase-positive cells (blue stained) was calculated. 

218

219 Quantification of secreted H2O2 by AmplexRed: 

220 Cells were seeded in 96-well plates at approximately 14,000 cells/cm2. Cells were cultured for 24 

221 hours. In select experiments, cells were pretreated with the NOX inhibitor, 5 μM 

222 diphenyleneiodonium chloride (DPI) (Millipore-Sigma, D2926, resuspended to 5 mM in DMSO) 

223 in Hanks Balanced Salt Solution (HBSS) for 3 hours. Cells were subsequently treated with 50 

224 μM H2O2 or 40 ng/mL TNFα for 16 hours. Cells were washed 3 times with DMEM and cultured 

225 treatment-free for 24 hours in DMEM containing 5% FBS. The media was removed and 105 μL 

226 of PBS was placed on the cells and placed back in the incubator for 1 hour (37C; 5% CO2). The 

227 PBS supernatant was collected and H2O2 was quantified using AmplexRed assay (ThermoFisher, 

228 A22188) according to the manufacturer’s instructions. An H2O2 standard curve was created 

229 (0.0156 to 2 μM in PBS). Solutions were incubated with AmplexRed solution for 30 minutes in a 
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230 black, flat bottom, 96-well plate (Caplugs/Evergreen, 290-895-Z1F) at room temperature in the 

231 dark, and fluorescence intensity measured using EnSpire 2300 Multilabel Reader (running 

232 EnSpire Manager version 2.00) at 560/590 nm.

233

234 CellROX green and JC-1 staining:

235 To assess intracellular ROS and mitochondrial membrane potential CellROX green 

236 (ThermoFisher, C10444) and JC-1 (ThermoFisher, T3168) molecular probes were used, 

237 respectively. P1 NP and iAF cells were plated at approximately 17,000 cells/cm2 (6k cells/well) 

238 in 18-well Ibidi chambers (Ibidi, 81816). Cells were treated with TNFα (40 ng/mL) or H2O2 (50 

239 μM) for 16 hours, then washed three times with DMEM and cultured for 24 hours in DMEM 

240 supplemented with 5% FBS. Cells were then incubated with either CellROX green (5 μM) or JC-

241 1 (5 μg/mL) according to the manufacturer’s directions for 1 hour and visualized by 

242 epifluorescent microscopy (Olympus BX61). Quantification of CellROX green and JC-1 was 

243 done using ImageJ. CellROX green was analyzed for total fluorescence divided by the total 

244 number of cells. JC-1 was analyzed for average red fluorescence divided by average green 

245 fluorescence.

246

247 Live/Dead and TUNEL staining:

248 To assess viability of iAF or NP cells following exposure to TNFα, H2O2, and DPI, P1 NP and 

249 iAF cells were plated at approximately 14,000 cells/cm2 (6k cells/well) in 18-well Ibidi chambers 

250 (Ibidi, 81816). Cells were pre-treated with DPI (5μM) or M40403 (100 μM) (Cayman 
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251 Chemicals, 10 mM in ethanol) resuspended in HBSS for 1 hour, washed 3 times with DMEM, 

252 followed by TNFα (40 ng/mL) or H2O2 (50 μM) in DMEM for 16 hours. In experiments using 

253 DPI or M40403, control cells were pre-treated with the same amount of carrier (HBSS).

254 For the Live/Dead assay (Invitrogen, L3224), cells were washed in DMEM and treated with 

255 Calcein-AM (2 μM) and Ethidium homodimer-1 (2 μM) diluted in DMEM for 30 minutes and 

256 visualized by epifluorescent microscopy (Olympus BX61). 50 mM H2O2 diluted in DMEM was 

257 used as a positive control. 

258 For the TUNEL apoptosis assay (Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End 

259 Labeling (TUNEL) assay; Roche, 1168479591), cells in monolayer culture were stained 

260 according to the manufacturer’s instructions. Cells were washed with PBS once and fixed with 

261 2% PFA for 1 hour. Cells were rinsed once with PBS and permeabilized with the included 

262 permeabilization solution for 2 minutes on ice. Label solution and enzyme solution were 

263 combined and incubated on cells for 1 hour at 37˚C. Cells were rinsed three times with PBS and 

264 mounted with PermaFluorTM (Thermofisher Scientific). Cells were incubated with the nuclear 

265 stain DRAQ5 (10 µM diluted in PBS, Thermofisher Scientific, 62251) for 15 minutes and 

266 visualized by epifluorescent microscopy (Olympus BX61).

267

268 Gene expression:

269 Cells in monolayer were placed in TRIzol (ThermoFisher, 15596026) and RNA isolated 

270 according to the manufacturer’s instructions. For the 3D cultures, tissues were rinsed once with 

271 PBS and collected into TRIzol (1 mL, 12 well plate), vortexed briefly, and incubated for 10 
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272 minutes at which point the tissue was completely dissolved. RNA was isolated according to 

273 manufacturer’s instructions. The pellet was washed with 75% ethanol overnight at -20˚C. The 

274 following day, samples were spun at 7,500g for 5 minutes at 4˚C. A second wash was performed 

275 with 75% ethanol and samples were air dried for 15 minutes and resuspended in 20 µL nuclease 

276 free water. RNA quantity and quality was assessed by spectrophotometer. Reverse transcription 

277 was performed using SuperScript III reverse transcriptase (ThermoFisher, 18080093) and 2 µg of 

278 RNA, according to the manufacturer's instructions. qPCR was performed using a Roche 

279 LightCycler 96. Primers are listed in S3 methods. Gene expression analysis was presented as 2-

280 ΔCt. To calculate ΔCt, technical replicates were averaged, and average 18S rRNA Ct values were 

281 subtracted from average Ct values of the gene of interest from the same biological replicate. 

282

283 Statistics: 

284 At least 3 biological replicates were obtained for each experiment, and 3 technical 

285 replicates/condition were performed unless otherwise specified. One biological replicate was 

286 composed of tissue from 3 intervertebral discs of a single bovine caudal spine. Unpaired T-test 

287 was used when comparing between two groups, and one-way or two-way analysis of variance 

288 (ANOVA) was used when comparing multiple conditions. To minimize family-wise type I error, 

289 Tukey’s HSD post-hoc test was used when comparing multiple means. Significance was defined 

290 as p<0.05. Analysis was done using GraphPad Prism Version 9.2.0.

291

292 Ethics Statement:
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293 As the tissue was obtained from the abbatoir after euthanasia and is considered waste, no REB 

294 was required.

295

296 Results

297 TNFα induces an altered phenotype but not senescence in iAF cells.

298 TNFα treated iAF cells had significantly more senescence associated β-galactosidase (SA-βGal) 

299 positive cells as compared to control (Fig 1A). However, it did not induce senescence as they 

300 retained their ability to proliferate as indicated by quantifying cell number and Ki67 

301 immunostaining over a 3-day period (Fig 1B-D, S1 Fig). TNFα exposure did not increase p21 or 

302 p16 accumulation, as determined by immunostaining (Fig 1E/F). 

303

304 Fig 1: iAF cells are resistant to TNFα induced senescence. (A) Representative phase contrast 

305 images and quantification of senescence associated β-galactosidase staining of iAF cells treated 

306 with TNFα. (B) Growth curve of iAF cells treated with TNFα or serum starved at 24, 48, and 72 

307 hours. (C) Representative images of Ki67 immunocytochemistry. (D) Quantification of 

308 percentage of Ki67 positive cells at 24, 48, and 72 hours post treatment. Media was not changed 

309 throughout the 72 hour time course. (E) Representative images of p16 and p21 immunostaining 

310 of iAF cells treated with TNFα. (F) Quantification of p16 and p21 immunostaining of iAF cells 

311 treated with TNFα, represented as percentage of total cells that were stained. Scale bar = 100μm. 

312 p <0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****, N=3 for immunostaining, N=4 for 

313 gene expression.
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314

315 iAF and NP cells have a differential ROS response following exposure to TNFα.

316 TNFα induced a change in ROS response in NP cells, with an increase in intracellular ROS as 

317 demonstrated by CellROX green staining (Fig 2A/B) and H2O2 secretion as quantified by 

318 AmplexRed assay (Fig 2C). However, unlike NP cells, iAF cells exposed to TNFα showed no 

319 increase in intracellular ROS accumulation or H2O2 secretion (Fig 2D-F). 

320 NP cells had no significant change in Superoxide dismutase (SOD)-1, SOD2, or catalase (CAT) 

321 gene expression upon exposure to TNFα. However, in contrast to the NP cells, iAF cells yielded 

322 significantly higher expression of SOD1 and SOD2 following TNFα treatment when compared to 

323 their respective untreated cells. Unlike SOD, CAT expression was higher in untreated iAF cells 

324 than in TNFα treated iAF cells. NADPH oxidase (NOX) 1-5 gene expression was also assessed, 

325 however, only NOX2 and NOX4 were detectable in both the NP and iAF cells. NOX2 but not 

326 NOX4 expression was higher in TNFα treated iAF cells as compared to untreated iAF cells. Both 

327 NOX2 and NOX4 expression was significantly increased in TNFα treated NP cells when 

328 compared to untreated NP cells (Fig 2G/H). 

329 Treating NP cells with diphenyleneiodonium chloride (DPI), a broad NOX inhibitor, caused a 

330 significant decrease in TNFα-mediated H2O2 accumulation (Fig 2I). iAF cells treated with DPI 

331 had no significant change in H2O2 accumulation (Fig 2J).

332

333 Fig 1: iAF cells have a differential ROS response to TNFα compared with NP cells. (A) 

334 Representative images of CellROX green staining in NP cells exposed to TNFα (40 ng/mL). (B) 
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335 Quantification of CellROX green average fluorescence intensity per cell in NP cells exposed to 

336 TNFα. (C) AmplexRed assay quantification of H2O2 released from NP cells exposed to TNFα. 

337 (D) Representative images of CellROX green staining in iAF cells exposed to TNFα (40 ng/mL). 

338 (E) Quantification of CellROX green average fluorescence intensity per cell in iAF cells exposed 

339 to TNFα. (F) AmplexRed quantification of H2O2 released from iAF cells exposed to TNFα. (G) 

340 Gene expression analysis relative to 18s rRNA of ROS related genes in NP cells exposed to 

341 TNFα. (H) Gene expression analysis relative to 18s rRNA of ROS related genes in iAF cells 

342 exposed to TNFα. (I) AmplexRed quantification of H2O2 released from NP cells exposed to 

343 TNFα pre-treated with the NOX-inhibitor diphenyleneiodonium chloride (DPI). (J) AmplexRed 

344 quantification of H2O2 released from iAF cells exposed to TNFα pre-treated with the NOX-

345 inhibitor DPI. Scale bar = 100μm. p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****, 

346 N=3 for all experiments.

347

348 iAF cells undergo senescence when exposed to low dose H2O2.

349 To determine if iAF cells undergo senescence in response to H2O2, which could explain the lack 

350 of response to TNFα, iAF cells were exposed to low dose H2O2. H2O2 treated iAF cells in 

351 monolayer show increased staining for SA-βGal (Fig 3A), as well as an increased number of p16 

352 and p21 immunopositive compared to control cells (Fig 3B/C). H2O2 exposure did not induce 

353 changes in SOD1, SOD2, CAT, NOX2, or NOX4 gene expression (Fig 3D). Despite this, iAF 

354 cells exposed to H2O2 had a disrupted redox regulation with an increase in intracellular ROS and 

355 secreted H2O2, evaluated by CellROX green and AmplexRed assay, respectively (Fig 3E/F). 

356 H2O2 treated iAF cells also had depolarized mitochondrial membrane potential compared to 
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357 untreated and TNFα treated cells, as visualized by JC-1 red/green fluorescence intensity (Fig 

358 3G). 

359

360 Fig 1: iAF cells are sensitive to H2O2-induced senescence. (A) Representative phase contrast 

361 images and quantification of senescence associated β-galactosidase staining of iAF cells treated 

362 with H2O2 (50 μM). (B) Representative images and quantification of p16 immunostaining of iAF 

363 cells treated with H2O2. (C) Representative images and quantification of p21 immunostaining of 

364 iAF cells treated with H2O2. (D) Gene expression analysis of iAF cells treated with H2O2. (E) 

365 Representative images and quantification of intracellular ROS with CellROX green. (F) 

366 AmplexRed quantification of H2O2 released from iAF cells exposed to H2O2. (G) Representative 

367 images and quantification of JC-1 staining in iAF cells exposed to TNFα or H2O2. Scale bar = 

368 100μm. p <0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****, N=3 for all experiments.

369

370 iAF cells treated with TNFα but not H2O2 undergo degenerative-like changes.

371 IAF cells in monolayer treated with TNFα (40 ng/mL) showed a significant reduction in COL2 

372 and ACAN and an increase in IL6 and MMP13 gene expression (Fig 4A). This correlated with 

373 immunohistochemical data showing a significant reduction in the number of cells producing type 

374 II collagen and aggrecan when compared to untreated control cells (Fig 4B/C). Unlike TNFα, 

375 H2O2 (50 μM) exposure did not induce changes in COL1, COL2, ACAN, IL6, or MMP13 gene 

376 expression (Fig 4D) or COL1, COL2, or ACAN immunopositivity (Fig 4E/F).

377
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378 Fig 2: TNFα treated but not H2O2-induced senescent iAF cells show signs of degeneration 

379 at 24hrs. (A) Gene expression analysis of iAF cells treated with TNFα (40 ng/mL). (B) 

380 Representative images of COL1, COL2, and ACAN immunocytochemistry of iAF cells treated 

381 with TNFα. (C) Quantification of immunocytochemistry in B, presented as percentage of total 

382 cells stained. (D) Gene expression of iAF cells treated with H2O2. (E) Representative images and 

383 quantification of COL1, COL2, and ACAN immunocytochemistry of iAF cells treated with 

384 H2O2. (F) Quantification of immunocytochemistry in E, presented as percentage of total cells 

385 stained. Scale bar = 100μm. p <0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****, N=3 for 

386 all experiments.

387

388 iAF cells grown in 3D tissue sheets also undergo senescence in the presence of H2O2 but not 

389 TNFα.

390 To determine if the inability of TNFα to induce senescence in iAF cells was an artefact of 

391 growing the cells in monolayer culture, cells were also grown in 3D to form tissue. These tissues 

392 contain collagen types I and II and aggrecan similar to native iAF (Fig 5A). As in monolayer, 

393 TNFα treated iAF tissue showed a significant increase in MMP13 protein as determined by 

394 immunostaining. The iAF 3D sheets had a significant increase in the number of p16 

395 immunoreactive cells when exposed to H2O2 but not TNFα (Fig 5B). Although TNFα and H2O2 

396 treated iAF tissues showed a significant decrease in thickness compared to untreated controls, the 

397 decrease was greater in the cytokine treated tissues (Fig 5C). 

398
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399 Fig 3: iAF cells in 3D tissue sheets undergo senescence when exposed to H2O2 but not 

400 TNFα. (A) Representative images of untreated iAF 3D tissue sheets following 

401 immunohistochemical staining for COL1, COL2, or ACAN, or H&E staining. (B) 

402 Representative images of immunohistochemistry and quantification of MMP13 and p16 of iAF 

403 3D tissue sheets exposed to TNFα (40 ng/mL) or H2O2 (50 μM) for 24 hours. (C) Average cross-

404 sectional thickness of iAF 3D tissue sheets exposed to TNFα or H2O2. Scale bar = 100μm. 

405 p<0.05 = *, p<0.01 = **, p<0.001 = ***, p<0.0001 = ****, N=3.

406

407 iAF cells have an altered phenotype following exposure to media conditioned by TNFα treated-

408 NP cells, but only undergo senescence in a contact co-culture model.

409 To determine if iAF cells can respond to the TNFα treated-NP secretome, iAF cells were co-

410 cultured with either TNFα or untreated-NP cells in a contact or non-contact co-culture system. 

411 iAF cells in non-contact co-culture with TNFα treated-NP cells have a significant increase in IL6 

412 and MMP13 gene expression (Fig 6A) as well as a reduction in the number of type II collagen 

413 immunopositive cells compared to co-culture with untreated-NP cells. (Fig 6B). There was no 

414 change in COL1 or ACAN gene and protein expression. IAF cells co-cultured with TNFα-treated-

415 NP also had a significant increase in SA-βGal positive cells (Fig 6C) but were negative for p21 

416 and p16 immunoreactivity (Fig 6D). 

417 In a contact co-culture system, iAF cells admixed with TNFα treated-NP cells, underwent 

418 senescence as there was significantly more p16 immunopositive cells when compared to iAF 

419 cells cocultured with untreated NP cells (Fig 6E).
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420

421 Fig 4: iAF cells have an altered phenotype when co-cultured with senescent NP cells. (A) 

422 Gene expression of iAF cells exposed to non-contact co-culture with TNFα or untreated NP cells 

423 for 24 hours. (B) Representative images and quantification of COL1, COL2, and ACAN 

424 immunostained iAF cells exposed to non-contact co-culture with NP cells. (C) Representative 

425 phase contrast images of senescence associated β-galactosidase staining and quantification of 

426 iAF cells exposed to non-contact co-culture with NP cells. (D) Representative images and 

427 quantification of p16 and p12 immunocytochemistry of iAF cells exposed to non-contact co-

428 culture with NP cells. (E) Representative images and quantification of iAF cells in a contact co-

429 culture with TNFα and untreated NP cells. Scale bar = 100μm. p<0.05 = *, p<0.01 = **, p<0.001 

430 = ***, p<0.0001 = ****, N=3 for immunostaining, N=4 for gene expression. TNFα-T-NP= 

431 TNFα treated NP cells. 

432

433 Discussion

434 Although TNFα is known to induce senescence in NP cells, this study demonstrates that iAF 

435 cells are resistant to TNFα-induced senescence under the conditions examined. Previous reports 

436 have suggested that increased ROS-accumulation is critical for TNFα-induced senescence(35). 

437 Unlike NP cells, iAF cells did not increase intracellular ROS or H2O2 secretion in response to 

438 TNFα. Furthermore, TNFα treated NP cells had increased expression of NOX4 which has been 

439 shown to produce H2O2(36), whereas TNFα treated iAF cells had increased expression of the 

440 superoxide scavengers SOD1 and SOD2. Given that iAF cells were resistant to TNFα induced 
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441 senescence, potentially through ROS homeostasis, we next looked to investigate the effect of 

442 exogenous low dose H2O2 on iAF cells. H2O2 did induce senescence in iAF cells, however unlike 

443 TNFα, H2O2 did not induce the release of markers typically associated with matrix degeneration, 

444 as there was no change in COL2, ACAN, MMP13, or IL6 gene expression nor the number of cells 

445 producing type II collagen and aggrecan. This suggests that iAF cells may have distinct 

446 degenerative and senescent phenotypes. Lastly, as some studies have demonstrated that 

447 degenerative changes occur in the NP prior to the AF(37,38) and that senescent NP cells secrete 

448 soluble factors capable of inducing senescence in healthy NP cells(16), we next investigated if 

449 the senescent NP secretome is capable of inducing senescence in iAF cells. Co-culturing iAF 

450 cells with TNFα-induced senescent NP cells, did induce senescence of the iAF cells, as well as 

451 inducing some degenerative changes when compared to co-cultures with untreated NP cells. 

452 Thus, senescent NP cells may contribute to the senescent and degenerative changes observed 

453 within the iAF during IVD degeneration. 

454 Although H2O2 accumulation within the disc is well characterized(25,39–41), to our knowledge 

455 this is the first study to demonstrate that H2O2, and not the cytokine TNFα, may be a principle 

456 driver of senescence in the iAF and importantly, that it may act as a signaling molecule between 

457 the NP and iAF. H2O2 can be transported across the plasma membrane through aquaporins, 

458 which are known to be expressed by both NP and AF cells(42,43), and has been proposed to 

459 facilitate cell-to-cell signaling(44). The crosstalk between NP and iAF cells is not entirely 

460 unexpected as a previous study has demonstrated H2O2 can be secreted by one cell type and 

461 taken up by another in-vitro(44). Given that iAF cells are sensitive to low dose H2O2, and that 

462 TNFα treated NP cells increased the amount of secreted H2O2, this may suggest that the H2O2 

463 generated from TNFα-induced senescent NP cells may be responsible for the senescence 
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464 observed in the co-cultured iAF cells. Interestingly, iAF cells co-cultured with NP cells in a non-

465 contact culture system did not undergo senescence. While there may be the need for direct 

466 contact to enable the senescent effects of H2O2 on iAF cells, it is possible that it just reflects the 

467 unstable nature of H2O2(38). Studies in the literature, using plant cells, demonstrated that H2O2 

468 diffusion distance within a cell is just on the order of 1μm, with an approximate half life of just 

469 1ms(45,46). If in the non-contact culture H2O2 levels were not high enough by the time it 

470 diffused to the iAF cells or present for sufficient time to induce senescence in the iAF cells under 

471 the conditions examined, the effects of H2O2 may not occur. Alternatively, as H2O2, or even the 

472 ROS generating NADPH oxidase, can be transported via exosomes(47,48), it is possible that 

473 diffusion of exosomes was impaired through the transwell pores. Nevertheless, taken together 

474 this data indicates that H2O2 transport within the disc may play a role in senescence propagation 

475 between cell types. This contrasts with the dominant theory that propagation of senescence from 

476 the NP to AF is that, due to NP degeneration can lead to aberrant ECM remodeling and 

477 subsequently compromise of mechanical properties(49). While the latter is likely a contributing 

478 cause to the demise of the tissues, since altered biomechanical stimuli within the AF tissues have 

479 been shown capable of inducing senescence in AF cells(50), it may not be the initiating factor.

480

481 To our knowledge, this is the first report that TNFα may not directly play a role in the induction 

482 of iAF senescence. Previous studies have identified resistance to TNFα mediated cytotoxicity, 

483 however cellular senescence in those studies was not investigated. It is possible that the 

484 mechanism of resistance to TNFα cytotoxicity may be similar to the mechanism of senescence 

485 resistance in iAF cells. Resistance to TNFα in embryonic KYM-1 cells appears to be mediated 

486 by the loss of TNFα-receptor expression(51) or in human neurons/HeLa cells by secretion of 
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487 TNFα neutralizing proteins(52). These changes are unlikely occurring in iAF cells, as they still 

488 respond to TNFα, as demonstrated by alterations in gene expression and accumulation of ECM 

489 components. Alternatively, others have found that differential phospholipase A2 activation 

490 altered the ability of TNFα to induce cytotoxicity in epithelial, ovarian, and cervical cell 

491 lines(53,54). Phospholipase A2 activation is thought to lead to the production of ROS that can be 

492 mitigated by superoxide dismutase (SOD). SOD-mediated protection has been demonstrated in 

493 L929 cells and L929.12 cells which are sensitive and resistant to TNFα cytotoxicity, 

494 respectively(55). This was validated by studies in epithelial cells(56) where it was shown that 

495 SOD2 overexpression protects cells from TNFα-mediated ROS cytotoxicity. Although these 

496 studies have not investigated the senescence response of the TNFα-resistant cells, our study has 

497 similar findings with respect to the regulation of ROS, potentially via SOD. Further studies are 

498 required to fully define the mechanism(s) underlying the senescence resistance of iAF cells to 

499 TNFα.

500

501 It is not entirely unexpected that NP cells respond differently to TNFα, when compared to iAF 

502 cells. Although the NP and iAF cells share some phenotypic similarities, the NP and AF are 

503 derived from different embryonic lineages: the NP is from the notochord and the AF from the 

504 paraxial mesoderm(57). Furthermore, in adult IVD tissues, these cells still have distinct 

505 transcriptomes that may alter their responsiveness to TNFα(29). Previous work has identified 

506 SOD2 as one of the top differentially expressed genes between iAF and NP cells, basally and in 

507 response to TNFα stimulation(28,29). This difference in SOD2 is consistent with our findings, as 

508 iAF cells were shown to have higher TNFα-induced expression of SOD1 and SOD2 as compared 

509 to NP cells. The SOD2 response to TNFα is not found across all cell types, since a reduction in 
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510 SOD2 expression in response to TNFα has been reported in mouse embryonic fibroblasts(58). In 

511 the current study, evaluation of ROS accumulation from iAF and NP cells showed a significant 

512 increase in intracellular ROS in NP but not iAF cells following TNFα -exposure, which is also 

513 consistent with iAF cells having greater regulation of superoxide and H2O2. PG1-FM, an H2O2 

514 reactive probe(44), also caused higher rates of cell death and had greater fluorescence in the iAF 

515 when compared to NP cells (data not shown), which may suggest that iAF cells have higher 

516 levels of intracellular H2O2 – both basally and following TNFα-exposure. Taken together, this 

517 suggests that the iAF cells may convert intracellular superoxide to H2O2 via SODs as a protective 

518 mechanism against TNFα induced ROS production, and as the levels are lower subsequently do 

519 not induce senescence. There are numerous proteins that regulate cellular ROS effects that were 

520 not specifically assessed in this study because of the broad spectrum of their scope. Most notably 

521 glutathione-peroxidase, thioredoxin, peroxiredoxin, and glutathione. To date, these molecules 

522 have largely been understudied in IVD cells. Specifically, two studies have indicated that AF and 

523 NP cells may decrease their expression of GPX and GSH when exposed to ROS stress or in 

524 menopause mediated IVD degeneration(59,60). Alternatively, other studies have identified non-

525 coding RNAs such as NKILA/miR-21(61,62), and cellular proteins such as Sirt6(63), or 

526 prolonged NF-κB activation can increase resistance to the cytotoxic effects of TNFα(64). This 

527 suggests that other mechanisms of TNFα signaling regulation may play a role in the iAF cells 

528 resistance to TNFα mediated senescence. 

529

530 Despite increased senescence associated β-galactosidase positivity in iAF cells following 

531 exposure to TNFα or non-contact co-culture NP cells, these cells remained p16 and p21 negative 

532 – suggesting they are not senescent. Senescence associated β-galactosidase (SA-βGal) was the 
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533 first stain reported in the literature to identify senescent cells(65), however on its own it is not 

534 sufficient to confirm senescence. The assay is designed to measure the endogenous lysosomal β-

535 galactosidase activity outside the enzyme’s ideal pH range. By using this pH, only cells that 

536 express significant amounts of lysosomal βGal are stained. Interestingly, although high SA-βGal 

537 activity has been associated with senescence it has been shown that lysosomal βGal is not 

538 required for the senescence program(66). Additionally, many studies have found SA-βGal 

539 staining in the absence of senescence, such as in high cell density culture and serum 

540 starvation(67). Other factors have also been shown to induce a positive βGal stain in the absence 

541 of senescence such as tartrate-resistant acid phosphatase (TRAP) expression in 

542 osteoclasts(68,69) or lysosomal activity in young neurons(70). 

543

544 This study has some limitations. Specifically, as this is an in-vitro investigation, the manner by 

545 which these cell types interact in this environment may not accurately reflect in-vivo signaling. 

546 ROS are capable of reacting with ECM components and integrins(71), which may sequester 

547 H2O2 before it reaches adjacent cell types, although this only enhances the case made for direct 

548 cell contact. Similarly, other ligands that may modulate TNFα or ROS responsiveness are known 

549 to be sequestered by ECM components, such as TGFβ(72,73). ECM components are also known 

550 to alter cellular responsiveness to ligands(74,75) and ROS production(71). Extracellular ROS 

551 scavenging enzymes may also inhibit ROS/H2O2 from acting as a signaling molecule within the 

552 disc, which may decrease with increasing degeneration(30). Additionally, the concentrations of 

553 TNFα (40ng/mL) and H2O2 (50µM) used in this study are significantly higher than 

554 concentrations found in-vivo (TNFα: 0.05-0.15ng/mL, H2O2: 0.25μM(12,76)). Finally, NP/iAF 

555 cultures were performed at a cell ratio of 1:1, higher than the ratio of NP:iAF in bovine caudal 
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556 intervertebral discs (NP:iAF ratio in-vivo is approximately 1:2 from cell isolations from bovine 

557 caudal spines, data not shown). 

558

559 In summary, the results suggest that iAF cells are sensitive to the senescent effect of H2O2. The 

560 cells appear to be resistant to TNFα-induced senescence at the concentration evaluated, perhaps 

561 due to their inability to produce sufficiently increased H2O2 levels on exposure to the cytokine. 

562 Interestingly, NP cells exposed to TNFα undergo senescence and secrete factors that induce 

563 degenerative and senescent changes in iAF cells. Disc degeneration has been shown to be 

564 multifactorial, with cytokines, genetics, mechanics, and environmental stressors all contributing 

565 to the pathophysiology(77–79). The current study reported here, provides another potential 

566 contributing mechanism for the positive feedback loop of disc degeneration, specifically through 

567 ROS accumulation and the capacity for NP to signal iAF cells, an action which could promote 

568 degenerative and senescent changes. This could inform the choice of IVD degeneration 

569 therapeutics. For example, targeting only senescent iAF cells may not fully ameliorate 

570 degeneration of this tissue, but reducing NP cell capacity to produce ROS (e.g., NOX knockout), 

571 or inflammatory cytokines (e.g., TNFα knockout) to prevent the positive feedback of 

572 inflammatory and oxidative stress may be equally if not more efficacious. Further study is 

573 required to determine if human disc cells respond similarly.

574
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849

850

851 Supplemental Figure Captions

852

853 S1 Fig: Representative images of Ki67 immunocytochemistry of iAF cells treated with TNFα (40 

854 ng/mL) or serum starved at 48 and 72 hours of treatment.

855

856 S2 Fig: iAF cell viability when exposed to TNFα, H2O2, and DPI. (A) Representative images of 

857 TUNEL and ethidium homodimer (red)/Calcein-AM (green) following exposure to TNFα (40 

858 ng/mL) and H2O2 (50 μM). Positive controls were exposed to DNAse I or for TUNEL staining 

859 and 50 mM H2O2 for ethidium homodimer/calcein-AM staining. (B) Quantification of 
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860 percentage of TUNEL positive iAF cells exposed to TNFα and H2O2. (C) JC-1 staining for 

861 mitochondrial membrane potential in NP cells exposed to TNFα and quantification presented as 

862 red/green fluorescence intensity. (D) Representative images of ethidium homodimer 

863 (red)/Calcein-AM (green) stained iAF and NP cells following exposure to diphenyleneiodonium 

864 chloride (DPI) (5 μM).   Student’s T-test was used for statistical analyses of NP JC-1, one-way 

865 ANOVA with Tukey’s post-hoc was used for iAF TUNEL quantification. p<0.05 = *, p<0.01 = 

866 **, p<0.001 = ***, p<0.0001 = ****, N=3 for all experiments.
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