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Abstract


We investigated the effects of the cytokine inhibitors IL-1 receptor antagonist (IL-1Ra) and soluble tumor necrosis factor receptor-1 (sTNFR1) on the extracellular matrix metabolism of human intervertebral discs (IVDs) and the roles of IL-1β and TNF in the homeostasis of IVD cells. The 1.2% alginate beads and the explants obtained from 35 human lumbar discs were treated with cytokine inhibitors. Extracellular matrix metabolism was evaluated by proteoglycan (PG) and collagen syntheses and IL-1β, TNF, and IL-6 expressions after three days of culture in the presence or absence of IL-1Ra, sTNFR1, and cycloheximide. Simultaneous treatment with IL-1Ra and sTNFR1 stimulated PG and collagen syntheses in the NP and AF cells and explants. The IL-1β concentration was significantly correlated to the relative increase in PG synthesis in AF explants after simultaneous cytokine inhibitor treatment. The relative increase in PG synthesis induced by simultaneous cytokine treatment was significantly higher in an advanced grade of MRI. Expressions of IL-1β and TNF were upregulated by each cytokine inhibitor, and simultaneous treatment suppressed IL-1β and TNF productions. In conclusion, IL-1Ra and sTNFR1 have the potential to increase PG and collagen synthesis in IVDs. IL-1β and TNF have a feedback pathway to maintain optimal expression, resulting in the control of homeostasis in IVD explants.
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1. Introduction


Low back pain is a major cause of disability and is the leading cause of years lived with disability, which has a significant socioeconomic impact [1]. More than 75% of people experience low back pain in their lifetime. Low back pain restricts activity, and 15–20% of people require medical care for this malady [2]. Moreover, it leads to significant economic losses, including an annual average of 297 million restricted days and 87 million disability days in the United States. Consequently, resolving low back pain is an urgent matter worldwide.



Intervertebral disc (IVD) degeneration may be a major factor in the pathogenesis of low back pain and lumber disc herniation. Structurally, the IVD consists of an outer annulus fibrosis (AF), which is rich in collagens that account for its tensile strength, and an inner nucleus pulposus (NP), which contains large proteoglycans (PGs) that retain water to resist compressive forces [3,4,5]. Biologically, disc cells residing in the AF and NP actively regulate the homeostasis of IVD explants by maintaining a balance between anabolism and catabolism. Although the exact pathogenesis is not well understood, IVD degeneration is considered to be a pathological condition induced mechanically and mediated biologically and is often concurrent with aging. Inflammatory cytokines, such as ILs and TNF, have been observed in degenerated IVDs [6,7]. Disc cell metabolism is regulated by various molecules, such as cytokines, enzymes, enzyme inhibitors, and growth factors, which act in paracrine and/or autocrine fashions [8,9,10,11,12,13]. IVD degeneration often results from an imbalance between anabolic and catabolic processes or from a loss of steady-state metabolism that is maintained in the normal disc. Polypeptide growth factors play important roles in anabolic regulation, which include insulin-like growth factor-1 (IGF-1), transforming growth factor-β, and bone morphogenetic proteins (BMPs) [9,14]. The IVD expresses cytokines, including interleukin (IL)-1 and tumor necrosis factor (TNF)-α. In degenerated or herniated IVD explants, the expression of these cytokines increases at both protein and mRNA levels [15,16]. The autocrine production of cytokines is an important regulatory mechanism of cartilage metabolism. Although IL-1 affects both anabolic and catabolic pathways in the IVD, IL-1 at low concentrations is more effective at inhibiting aggrecan synthesis than at stimulating its degradation. Le Maitre et al. [17] reported that the expression of IL-1β increases in human degenerated or herniated IVD cells at protein and mRNA levels. They emphasized that IL-1β is a therapeutic target to restrain catabolic pathways in degenerated IVDs. Seguin et al. [18] stated that TNF expressed by NP cells of degenerated IVDs may contribute to degenerative changes in disc diseases. IL-1β regulates the expressions of IL-1β and TNF in an autocrine fashion [19]. The expressions of some cytokines have been suggested to be modulated by negative and/or positive feedback systems. However, the function of the cooperative interplay between IL-β and TNF in the pathomechanism of IVD degeneration is unclear.



We hypothesized that the interplay of these cytokines produced in autocrine and/or paracrine fashions suppresses the basal synthesis level of matrix molecules. The aim of this study was to investigate the production of proinflammatory cytokines in human IVD cells and to reveal the role of these cytokines in the ECM metabolism of IVD cells using cytokine inhibitors IL-1 receptor antagonist (IL-1Ra) and soluble TNF receptor-1 (sTNFR1).




2. Results


2.1. Expression of Cytokines in the IVD


2.1.1. Basal Cytokine Production by Disc Explants


In half of the donors, IL-1β, TNF, and IL-6 were not detected in conditioned media from the alginate bead culture system at 2 days of preculture. Because several reports identified the presence of cytokines in the ECM compartment of the IVD [17], we measured the concentrations of these cytokines in conditioned media from the explant culture system. The values obtained from the explant culture system were normalized to the DNA content in each sample. IL-1β, TNF, and IL-6 concentrations were extremely low, and some samples of the eight donors were negative in high-sensitivity ELISAs. These data are presented in the Table 1. Each donor produced various basal amounts of cytokines in explant culture during the first 2 days of culture. No significant relationships were observed between MRI, age, and gender and the IL-1β, TNF, and IL-6 concentrations.




2.1.2. Source of Cytokines in the ECM Compartment of IVDs (Disc Explants)


In NP and AF explants, IL-1β expression was significantly diminished by treatment with 10 and 100 µM cycloheximide. In NP explants, the freezing and thawing of cells and following incubation in media induced a significant release of IL-β (Figure 1a). However, in NP explants, TNF expression was significantly diminished by treatment with 10 and 100 µM cycloheximide (Figure 1c). In AF explants, cycloheximide and the freezing and thawing of cells decreased TNF expression, which was in contrast to IL-β (Figure 1b,d). In terms of IL-6 expression, in NP explants, the results showed a similar trend to TNF but did not achieve statistical significance (Figure 1e). However, in AF explants, IL-6 expression was significantly reduced by freezing and thawing, and IL-6 level, after treatment with cycloheximide, was maintained at the same level as the control. The IL-1β production suggested that the release of cytokines reflected newly synthesized cytokines or the release of intracellular cytokines induced by a newly synthesized protein, the IL-1-converting enzyme. Additionally, NP explants had a large amount of IL-1β in the intracellular compartment. In terms of TNF expression, in NP explants, the same trend as IL-1β was observed. In AF explants, TNF might be released from other explants and induced by the newly synthesized TNF-converting enzyme. IL-6 was produced in NP explants and released from other explants among AF explants. As mentioned above, IL-1β, TNF, and IL-6 were probably produced from NP and AF explants in autocrine and/or paracrine fashions. These results were obtained from five donors.





2.2. DNA Concentration in the IVD


In NP and AF explants, DNA concentrations showed that the trend decreased from the treatment of IL-1Ra (0.5, 1.0 μg/mL) and/or sTNFR (0.5, 1.0 μg/mL) but did not achieve statistical significance (Figure 2).




2.3. Effect of Cytokine Inhibitors on Anabolism of the ECM Compartment in IVDs Alginate Bead Culture


The effect of cytokine inhibitors on PG and collagen synthesis was evaluated by the ratio normalized to the value of the control group.



2.3.1. PG Synthesis (Figure 3a,b)


In NP and AF cells, a single treatment with IL-1Ra or sTNFR1 at 0.1 µg/mL did not affect PG synthesis. In NP cells, simultaneous treatment with IL-1Ra and sTNFR1 at 0.1 µg/mL significantly upregulated PG synthesis (+41%, p < 0.01, Figure 3a). Additionally, the single and simultaneous treatments at any other concentration did not stimulate PG synthesis. In AF cells, the results from single treatments showed a similar trend to NP cells with a statistical significance (Figure 3b). These results were obtained from 15 donors.
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Figure 3. PG and collagen syntheses after treatment with cytokine inhibitors IL-1Ra and sTNFR1 in the alginate bead culture system. A single treatment with IL-1Ra or sTNFR1 did not affect PG synthesis in the both cell types. However, PG synthesis was significantly stimulated by simultaneous treatment with IL-1Ra and sTNFR1 at 0.1 ng/mL in NP cells (a). In AF cells, PG synthesis stimulated by simultaneous treatment showed the similar result (b). Collagen synthesis was significantly upregulated by simultaneous treatment at 0.1 µg/mL in NP cells (c). In AF cells, collagen synthesis was significantly stimulated by a single treatment with 0.1 µg/mL sTNFR1 and simultaneous treatment at 0.1 ng/mL (d). All values are expressed as the mean ± SE. * p < 0.05; ** p < 0.01. Data on PG synthesis and collagen synthesis were obtained from 15 and 9 donors, respectively. 
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2.3.2. Collagen Synthesis (Figure 3c,d)


In NP cells, a single treatment with IL-1Ra or sTNFR1 at any concentration did not affect collagen synthesis, whereas simultaneous treatment at 0.1 µg/mL significantly increased collagen synthesis (+45%, p < 0.01). In AF cells, a single treatment with 0.1 µg/mL sTNFR1 significantly stimulated collagen synthesis (+61%, p < 0.05), and simultaneous treatment at 0.1 µg/mL significantly increased collagen synthesis (+78%, p < 0.05). These results were obtained from seven donors.





2.4. Effect of Cytokine Inhibitors on Anabolism of the ECM Compartment in IVD Explant Culture


Because several reports observed the presence of some cytokines in the extracellular matrix of spinal discs, we used the explant culture system to reflect in vivo conditions. The explants were obtained from one disc. NP explants were dissected from the center of the disc, and AF cells were isolated from the anterior portion of the disc. The samples were obtained from eight cadavers, and the information is shown in the Table 1.



PG Synthesis (Figure 4)


The effect of cytokine inhibitors on PG synthesis was assessed by the relative ratio compared with the value of the control group, which was normalized to the DNA content in each sample. In NP and AF explants, a single treatment with IL-1Ra or sTNFR1 at any concentration did not affect PG synthesis. Simultaneous treatment with IL-1Ra and sTNFR1 at 1 µg/mL significantly stimulated PG synthesis (NP: +96%, p < 0.01; AF: +44%, p < 0.05). Moreover, the recovery rate was higher than that in the alginate bead culture. These results suggested that IL-1β and TNF in the ECM compartment participated in modulating ECM anabolism in IVD cells. These results were obtained from eight donors.
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Figure 4. PG synthesis after treatment with cytokine inhibitors IL-1Ra and sTNFR1 in the explant culture system. Simultaneous treatment with IL-1Ra and sTNFR1 at 1.0 ng/mL significantly stimulated PG synthesis in both NP and AF cells. All values are expressed as the mean ± SE. * p < 0.05. Data were obtained from eight donors. 
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2.5. Relationship between Cytokine Levels or IVD Degeneration and the Effect of the Cytokine Inhibitors on PG Synthesis (Figure 5)


Approximately one-third of donors did not show any upregulation in PG or collagen syntheses by cytokine inhibitors in alginate and explant culture systems. Next, we found a relationship between the basal levels of cytokines or the degree of IVD degeneration and the response to cytokine inhibitors by ECM anabolism. Cytokine levels were measured in conditioning media obtained after preculture from the explant culture system by ELISAs. The IL-1β concentration had a significant positive correlation to the response to simultaneous cytokine inhibitor treatment at 1 µg/mL in AF explants (R = 0.496, p < 0.01, Figure 5b). AF explants that produced a high level of IL-1β responded more to simultaneous treatment in terms of PG synthesis, compared with those that produced less IL-1β. However, in NP explants, no correlation was observed between the IL-1β level and the response to cytokine inhibitors. Neither the expression of TNF nor IL-6 in NP and AF explants had any correlation to PG synthesis after treatment with various concentrations of cytokine inhibitors. A relative increase in PG synthesis after simultaneous cytokine treatment was significantly higher, with an advanced MRI grade. Both NP and AF explants were significantly correlated (NP: Rho = 0.585, p < 0.01; AF: Rho = 0.710, p < 0.01, Figure 5g,h). These results were obtained from eight donors.
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Figure 5. Relationship between the response to cytokine inhibitors and cytokine concentrations or the MRI grade in the explant culture system. (a,b) The concentration of IL-1β was significantly correlated to a relative increase in PG synthesis after simultaneous cytokine inhibitor treatment at 1 μg/mL in AF explants. The concentrations of TNF (c,d) and IL-6 (e,f) showed no relationship with PG synthesis. (g,h) The relative increase in PG synthesis by simultaneous cytokine treatment was significantly higher in an advanced grade of MRI. Both were significantly correlated. Data were obtained from eight donors. 
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2.6. Cytokine Expression after Treatment with Cytokine Inhibitors (Figure 6)


IL-1β expression in AF explants had a significant positive correlation to the response to cytokine inhibitors. Because simultaneous treatment stimulated PG synthesis in the explant culture system, the interplay between IL-1β and TNF appeared to control the basal level of ECM metabolism in the IVD. The concentrations of these cytokines on day one after treatment with cytokine inhibitors were measured in a conditioning medium from the explant culture system. The cytokines were maintained at the same levels for three days after treatment. The IL-1β concentration was significantly decreased by simultaneous treatment at 1 µg/mL in NP and AF explants (Figure 6, top panel). However, IL-1β production was significantly upregulated by a single treatment with IL-1Ra or sTNFR1 at 1µg/mL, and the amount of IL-1β upregulated by sTNFR1 was larger than that upregulated by IL-1Ra in both explants. In terms of the TNF concentration, simultaneous treatment resulted in a trend similar to that of IL-1β in NP and AF explants. These results did not show a significant difference. However, a single treatment with IL-1Ra significantly stimulated TNF expression, and a single treatment with IL-1Ra significantly increased TNF expression more than sTNFR1 expression in both explants. IL-6 production was significantly diminished by simultaneous treatment with IL-1Ra and sTNFR1. These results suggested that low levels of IL-1β, TNF, and IL-6 were maintained by each feedback pathway via IL-1β and TNF signaling in degenerated IVD cells. These results were obtained from eight donors.





[image: Ijms 24 12336 g006] 





Figure 6. Cytokine levels in condition medium after cytokine inhibitor treatment. (a,b) IL-1β expression was stimulated by a single treatment with IL-1Ra or sTNFR1. sTNFR1 significantly increased IL-1β expression more than IL-1Ra in NP and AF. (c,d) Simultaneous treatment suppressed IL-1β production in both NP and AF. IL-1Ra significantly stimulated TNF expression. Simultaneous treatment did not affect TNF production. All values are expressed as the mean ± SE. * p < 0.05; ** p < 0.01. Data were obtained from eight donors. 
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3. Discussion


Low back pain is a significant problem in society, and a major cause is IVD degeneration [3,20]. The degeneration mechanism in IVD tissues remains unclear. IL-1 might play a major role in the pathogenesis of human disc degeneration [17,21,22]. Kandel et al. [18] found that TNF might also contribute to IVD degeneration by examining TNF-induced NP explant degradation. Le Maitre et al. [23] reported the use of IL-1Ra gene therapy to inhibit IVD degeneration. Simultaneous blockage of IL-1 and TNF is effective against matrix degradation of articular chondrocytes [24,25,26]. However, no report has investigated IL-1 or TNF inhibitors for stimulating ECM anabolism of IVDs at the protein level. Our results demonstrated that IL-1Ra and sTNFR1 had the potential to increase PG and collagen syntheses in degenerated IVD tissues. Except for the stimulation of collagen synthesis by a single treatment with sTNFR1 in the AF from the alginate bead culture system, a single treatment with IL-1Ra or sTNFR1 did not affect the ECM anabolism of IVD cells. However, simultaneous treatment with IL-1Ra and sTNFR1 stimulated ECM anabolism in both cells and both culture systems. Additionally, the stimulated product by simultaneous treatment of the explant culture system was higher than that of the alginate bead culture system. Because cytokines in the ECM might be removed during the preparation process of alginate beads, these cytokines might act on the ECM anabolism of degenerated IVD cells.



IL-1β, TNF, and IL-6 productions in degenerated IVD cells were relatively low. These cytokines were probably produced by NP and AF explants in autocrine and/or paracrine fashions. A single treatment with IL-1Ra or sTNFR1 upregulated each cytokine production, and simultaneous treatment diminished their production. No previous study has investigated the function of IL-1β in the ECM anabolism of IVD cells. Degenerative changes in IVDs are caused by an imbalance in catabolic and anabolic activities. Certain growth factors stimulate anabolism, and proinflammatory cytokines activate catabolic pathways. IL-1 knockout mice exhibit normal growth [27]. After surgery to induce OA joints, IL-1β knockout mice show accelerated development of OA lesions in both operated and unoperated joints [28]. IL-1 may not be a major factor in OA, at least in the early stages when inflammation is absent. IL-1 and TNF activate specific mitogen-activated protein kinase (MAPK) subgroups, including ERK1/2, c-Jun, and p38, in human articular chondrocytes [29]. Fukui et al. [30] reported that IL-1 and TNF stimulated BMP-2 expression in normal and osteoarthritic chondrocytes. Blocking p38 MAPK increases the mRNA expression of matrix proteins (e.g., aggrecan, collagen I, and collagen II) and anabolic factors, including insulin-like growth factor-1, transforming growth factor, and SOX-9 in rabbit NP cells [31]. Depending on degeneration, age, and cytokine concentrations in IVD tissues, the function of proinflammatory cytokines in the ECM metabolism of IVD tissue appears to alter dramatically. In addition to the crucial roles of IL-1 and TNF in catabolic pathways, these proinflammatory cytokines participate in anabolic pathways of ECM metabolism in IVDs. Thus, IL-1 and TNF may act as major regulators of homeostasis in ECM metabolism.



Each donor produced various basal amounts of cytokines in the organ culture. We hypothesized that proinflammatory cytokines modulated the basal level of ECM synthesis and the rate of catabolic pathways in autocrine and/or paracrine fashions, which was supported by our results. However, despite some donors with high levels of these cytokines, they did not respond to treatment with the cytokine inhibitors alone or in combination. Pathways other than IL-1β and TNF might affect the anabolism of IVDs. Some donors responded strongly to the treatment on PG synthesis, even if they had low levels of these cytokines. Except for the significant relationship between IL-1β expression and the relative increase in PG synthesis in AF explants, no significant relationships between cytokines IL-1β, TNF, and IL-6 and PG synthesis were observed in NP and AF explants. The relative increase in PG synthesis induced by simultaneous cytokine inhibitor treatment was significantly higher in an advanced MRI grade in both NP and AF. The MRI grade in an IVD might reflect the degenerative change in the ECM compartment in IVDs. Furthermore, the various and optimal levels of proinflammatory cytokines might modulate basal anabolism in each donor and each stage of degeneration in IVD cells. AF was especially dense, compared to NP. We could not deny the possibility that explant culture limited the diffusion of cytokines; further investigations are required.



Studies have reported the autocrine fashions of IL-1 and TNF in human articular chondrocytes [19,32,33]. In this study, the absence of IL-1 and TNF pathway signaling upregulated the expressions of each other. Basal cytokine levels could be maintained by the interplay of IL-1 and TNF in degenerated IVD explants via a feedback system. As the largest avascular explant, ECM metabolism of IVDs was restrained by low pH and low oxygen tension. IL-1 and TNF might modulate the delicate balance between the anabolism and catabolism of IVDs. This could contribute to the narrow effective range of the cytokine inhibitors on the ECM anabolism of IVDs. To treat inflammatory diseases, including rheumatoid arthritis and Crohn’s disease, biopharmaceutical drugs targeting TNF, IL-1, and IL-6 provided satisfactory outcomes [34,35]. Future research on IVD degeneration in these patients using biopharmaceutical drugs may reveal the clinical feasibility of anti-cytokine drugs for IVD degeneration-related diseases.




4. Material and Methods


4.1. Cell Preparation and Culture Conditions of Alginate Beads and Explants


Thirty-five human cadaveric lumbar spines (20–75 years old, average: 57.5 years old) were obtained from a regional explant bank within 24 h of death and were graded by MRI (Thompson grade 2–5) [36]. The nucleus pulposus (NP) and anulus fibrosus (AF) were isolated separately. Briefly, the outermost layer of the AF (approximately 0.5 mm) was sharply dissected and discarded to prevent contamination by cells from ligaments surrounding the IVD. The NP and AF were separated, and cells of 15 cadavers were isolated from NP and AF explants by sequential enzymatic digestion with 0.4% pronase (EMD Bioscience, La Jolla, CA, USA) for 1 h and 0.025% collagenase P (Roche Applied Science, Indianapolis, IN) and 0.001% deoxyribonuclease 2 (Sigma-Aldrich, St. Louis, MO) for 16 h in a 5% CO2 incubator at 37 °C. The cells were encapsulated in a 1.2% low-viscosity sterile pharmaceutical-grade alginate solution (Keltone LV, a gift from ISP Alginate Inc., San Diego, CA) at 2 × 106 cells/mL (Figure 7a) [37]. The explants of 15 cadavers were cut into 5 × 5 mm pieces and coated with 1.2% alginate (Figure 7b). The alginate beads (nine beads per well in a 24-well plate) and explants were cultured in complete medium [Dulbecco’s modified Eagle’s medium and Ham’s F-12 medium (Mediatech, Herndon, VA) containing 10% fetal bovine serum (Hyclone, Logan, UT), 25 µg/mL ascorbic acid (Sigma Chemical, St. Louis, MO, USA), 360 µg/mL L-glutamine (Mediatech, Herndon, VA), and 50 µg/mL gentamicin (Invitrogen, Carlsbad, CA)], with daily medium changes. After 2 days of preculture, the beads and explants were cultured for another 3 days in complete medium in the absence or presence of IL-1 receptor antagonist (IL-1Ra, gift from Amgen, CA) at 0.1, 0.5, and 1 µg/mL, soluble TNF receptor-1 (sTNFR1, a gift from Amgen) at 0.1, 0.5, and 1 µg/mL, or both. On day 3 of treatment, the beads were dissolved in a dissolving buffer consisting of 0.15 M NaCl, 30 mM ethylenediaminetetraacetic acid, and 55 mM sodium citrate at 4 °C for 20 min with gentle shaking. The two compartments [cell-associated matrix (CM) and further removed matrix (FRM)] were then separated by mild centrifugation [38]. The explants coated with alginate were dissolved in a dissolving buffer, and the wet and dry weights were measured.




4.2. DNA Content


To assess the DNA content in explants, a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA) was used in accordance with the manufacturer’s instructions. The DNA content was used to normalize values obtained from the following analyses.




4.3. Proteoglycan (PG) Synthesis


To assess the amount of newly synthesized PG, beads and explants were treated with 35S-sulfate (final concentration: 20 µCi/mL; PerkinElmer Life and Analytical Sciences, Boston, MA) for the last 4 and 16 h of culture, respectively, on day 3. At the end of the culture, the medium was collected, and the beads and explants were dissolved, as described above. The CM, FRM, and explants were digested with papain, and the amount of radiolabeled 35S-PGs in the digests was quantified by a rapid filtration assay following the precipitation of glycosaminoglycans with Alcian blue [39].




4.4. Collagen Synthesis


The incorporation of radiolabeled 3H-proline into pepsin-resistant proteins was measured as an indicator of collagen synthesis [40]. During the last 16 h of culture, beads were radiolabeled with L-[2,3,4,5-3H]-proline (final concentration: 50 µCi/mL; Amersham Biosciences Corp., Piscataway, NJ). CM, FRM, and medium fractions were digested with 100 µg/mL pepsin (Sigma Chemical, St. Louis, MO) in 0.5 M acetic acid. Each sample was mixed with 30% trichloroacetic acid (final concentration: 25%; Sigma) to form a precipitate. The radioactivity of pepsin-resistant 3H-labeled proteins in the precipitate from each sample was quantified [40].




4.5. IL-1, TNF, and IL-6 Measurements


IL-1β, TNF, and IL-6 concentrations in conditioned media were determined by ELISAs (R&D Systems, Minneapolis, MN; eBioscience, San Diego, CA). To investigate the source of these cytokines, the cytokine concentrations were measured after treatment with 10 and 100 µM cycloheximide. Samples after a single freezing and thawing were used to measure intracellular cytokine levels in the explant culture system.




4.6. Statistical Analysis


Values were presented as the mean ± standard error of results from three separate cultures of nine beads or single constructs. Two-way ANOVA with the Fisher PSLD test was used to assess PG and collagen syntheses. The regression coefficient was used to investigate correlations between IL-1β, TNF, and IL-6 and PG synthesis. The Spearman rank correlation was employed to assess correlations between the MRI grade of spinal discs and PG synthesis.





5. Conclusions


Our results demonstrated that simultaneous inhibition of IL-1β and TNF by IL-1Ra and sTNFR1 upregulated ECM anabolism in human IVD cells, and the interplay of IL-1β and TNF modulated the basal level of ECM anabolism. Additionally, IL-1β and TNF produced by NP and AF tissues in autocrine and/or paracrine fashions controlled the production of each cytokine via a feedback system. Simultaneous treatment with IL-1Ra and sTNFR1 may be a feasible approach to inhibit or prevent cytokine-induced IVD degeneration.
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Figure 1. Cytokine levels in condition medium after cycloheximide treatment. (a,b) In NP and AF explants, IL-1β was significantly diminished by treatment with cycloheximide. In NP explants, freezing and thawing of cells and following incubation in medium induced the significant release of IL-1β. (c) In NP explants, TNF was significantly diminished by treatment with cycloheximide. (d) In AF explants, cycloheximide and the freezing and thawing of cells decreased TNF. (e) In NP explants, IL-6 showed a similar trend to TNF but did not achieve statistical significance. (f) In AF explants, IL-6 was significantly reduced by freezing and thawing. All values are expressed as the mean ± SE. * p < 0.05; ** p < 0.01. Data were obtained from five donors. 
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Figure 2. DNA concentration in NP and AF. Data were obtained from six donors. 
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Figure 7. Alginate beads just made (a), and explant coated with 1.2% alginate (b). 
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Table 1. Cytokine levels in the explant culture system. Donor information is presented in this table. IL-1β, TNF, and IL-6 concentrations in the explant culture system were very low and undetectable in some samples. Each donor produced various basal amounts of cytokines in the explant culture system during the first two days of culture. No significant relationship was observed between MRI or age and IL-1β, TNF, or IL-6. Data were obtained from eight donors. The minimum detection values were 0.125 pg/mL for IL-1β, 0.5 pg/mL for TNF, and 2 pg/mL for IL-6. ND: not detaectable.
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IL-1β/DNA (pg/μg)

	
TNF/DNA (pg/μg)

	
IL-6/DNA (pg/μg)




	
Donor

	
Age

	
Sex

	
MRI

	
NP

	
AF

	
NP

	
AF

	
NP

	
AF






	
1

	
66

	
male

	
4

	
2.62

	
0.12

	
1.29

	
ND

	
5.51

	
20.01




	
2

	
35

	
male

	
2

	
2.32

	

	
ND

	

	
25.7

	




	
3

	
57

	
female

	
2

	
ND

	
ND

	
ND

	
0.95

	
2.35

	
2.23




	
4

	
55

	
male

	
3

	
23.8

	
0.03

	
3.48

	
8.04

	
7.53

	
15.03




	
5

	
55

	
male

	
4

	
ND

	
0.12

	
0.28

	
2.81

	
ND

	
0.61




	
6

	
49

	
male

	
3

	
6.96

	
0.04

	
20.43

	
4.47

	
0.64

	
74.84




	
7

	
58

	
female

	
4

	
0.43

	
0.04

	
0.46

	
0.08

	
0.04

	
0.03




	
8

	
58

	
female

	
3

	
0.50

	
0.03

	
0.96

	
0.09

	
0.05

	
0.03
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