
Understanding the Physiological Behavior of Disc Cells in 
an In Vitro Imitation of the Healthy and Degenerated Disc 
Niche

SNUGGS, Joseph <http://orcid.org/0000-0002-0200-4596>, BASATVAT, 
Shaghayegh, KANELIS, Exarchos <http://orcid.org/0000-0002-2059-1480>, 
BINCH, Abbie, ALEXOPOULOS, Leonidas, TRYFONIDOU, Marianna A. 
<http://orcid.org/0000-0002-2333-7162> and LE MAITRE, Christine 
<http://orcid.org/0000-0003-4489-7107>

Available from Sheffield Hallam University Research Archive (SHURA) at:

https://shura.shu.ac.uk/36624/

This document is the Published Version [VoR]

Citation:

SNUGGS, Joseph, BASATVAT, Shaghayegh, KANELIS, Exarchos, BINCH, Abbie, 
ALEXOPOULOS, Leonidas, TRYFONIDOU, Marianna A. and LE MAITRE, Christine 
(2025). Understanding the Physiological Behavior of Disc Cells in an In Vitro 
Imitation of the Healthy and Degenerated Disc Niche. JOR Spine, 8 (4): e70153. 
[Article] 

Copyright and re-use policy

See http://shura.shu.ac.uk/information.html

Sheffield Hallam University Research Archive
http://shura.shu.ac.uk

http://shura.shu.ac.uk/
http://shura.shu.ac.uk/information.html


1 of 17JOR Spine, 2025; 8:e70153
https://doi.org/10.1002/jsp2.70153

JOR Spine

RESEARCH ARTICLE OPEN ACCESS

Understanding the Physiological Behavior of Disc Cells 
in an In Vitro Imitation of the Healthy and Degenerated 
Disc Niche
Joseph Snuggs1,2   |  Shaghayegh Basatvat1,2  |  Exarchos Kanelis3   |  Abbie Binch2  |  Leonidas Alexopoulos3  |  
Marianna A. Tryfonidou4,5   |  Christine Le Maitre1,2

1Clinical Medicine, School of Medicine and Population Health, University of Sheffield, Sheffield, UK  |  2Biomolecular Sciences Research Centre, Sheffield 
Hallam University, Sheffield, UK  |  3National Technical University of Athens, Athens, Greece  |  4Department of Clinical Sciences, Faculty of Veterinary 
Medicine, Utrecht University, Utrecht, the Netherlands  |  5Regenerative Medicine Centre Utrecht, Utrecht, the Netherlands

Correspondence: Christine Le Maitre (c.lemaitre@sheffield.ac.uk)

Received: 24 September 2025  |  Revised: 30 October 2025  |  Accepted: 9 December 2025

Keywords: degenerate niche | healthy niche | IL-1 | in vitro culture | intervertebral disc | nucleus pulposus

ABSTRACT
Introduction: The natural environment within the nucleus pulposus (NP) is hypoxic, acidic, low in nutrition, and exerts a high 
osmotic pressure. NP cells have adapted to this harsh environment; however, in vitro conditions often fail to recapitulate this 
environment. Hence, this study aimed to develop media to mimic the conditions of the native NP, with regards to pH, osmolality, 
glucose, combined with culture in physioxia (5% O2), and determine their effects upon human NP cells and tissue.
Methods: All media utilized low glucose DMEM/serum free conditions with supplements supporting matrix synthesis, based 
on media recommended for alginate culture (standard media). Healthy media modulated osmolarity (425 mOsm/kg) and pH 7.2; 
degenerate media consisted of 325 mOsm/kg and pH 6.8. The latter was further supplemented with 100 pg/mL IL-1β (degener-
ate+IL-1β media). NP cells in 3D alginate and NP tissue explants were cultured in these media for up to 2 weeks in physioxia (5% 
O2) to determine effects on viability, mitochondrial activity, protein expression, and secretome.
Results: Media osmolarity and pH remained stable and cell viability was not altered by any media composition. Mitochondrial 
activity was increased during short-term cultures, whilst a decrease was seen following 14 days in degenerate media. The se-
cretome of NP cells was differentially affected in healthy or degenerate media, with most increases in catabolic cytokines ob-
served following the addition of IL-1β. Tissue explants showed stability of protein expression of matrix components in both 
healthy and degenerate+IL-1β media, with limited effects seen on the secretome.
Discussion: The media formulations developed here can provide more appropriate environmental conditions in vitro, mimick-
ing more closely the in vivo conditions observed within healthy and degenerate IVDs. The application of which can provide more 
appropriate culture conditions to test potential therapeutic approaches and understand more fully the pathogenesis of disease 
using in vitro and ex vivo models.

1   |   Introduction

The adult IVD is the largest avascular organ with blood vessels 
located only within the annulus fibrosus (AF) and vertebral end-
plates [1]. The cells within rely on diffusion through the dense 

extracellular matrix (ECM) via load-induced water transport 
across the cartilaginous end plate (CEP) for the supply of nutri-
ents (e.g., O2 and glucose) and removal of waste products (e.g., 
lactic acid) [2]. As a result, there are steep concentration gra-
dients of oxygen, glucose, and lactic acid in the IVD, with the 
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nucleus pulposus (NP) being particularly low in glucose and ox-
ygen (ranging from 1% to 5% [1, 3, 4]), whereas lactic acid levels 
are relatively high [4–7]. As such, the pH within the healthy NP 
is relatively low (pH 7.2–6.9) [1, 8] and decreases further during 
IVD degeneration to ~(pH 6.8–6.5), whilst oxygen concentra-
tion remains low (~5%) [8, 9]. These changes are in part due to 
the calcification of the CEP, decreased nutrient diffusion, and 
compromised removal of waste products including lactic acid, 
which further lead to cellular dysfunction and decreased matrix 
synthesis [2, 4, 10].

In the healthy IVD, the ECM of NP tissue is rich in glycosami-
noglycans (GAGs). These negatively charged, hydrophilic pro-
teoglycan sidechains enable water and cation retention within 
the NP, providing an environment that is highly hydrated and 
hyperosmotic. The NP is confined by the AF and the CEP, lead-
ing to increased osmotic and hydrostatic pressure enabling the 
cells residing within the disc to adapt to the biomechanical 
loading of the spine [11, 12] by increased production of ECM. 
However, during degeneration the GAG content of the NP is re-
duced, which leads to a decrease in tissue hydration and osmo-
lality [13, 14]. These changes contribute to IVD degeneration as 
cells can no longer adapt to their permanently altered osmotic 
environment [15].

The function of NP cells is highly dependent on both oxygen 
concentration and pH, of note matrix production is increased 
when cells from the NP are cultured at 5% O2 [16, 17], whilst 
reports of the effect of pH to mimic the native disc environment 
(pH 7.2–6.9) have not been widely reported [1, 18–23]. Whereby 
low pH on bovine NP cells decreased GAG synthesis but did not 
affect degrading enzyme production [18], decreased viability 
and ECM production on porcine NP cells [23], rat NP cells low 
pH promoted cellular senescence and decreased proliferation 
[19], whilst on human NP cells it altered mechanoresponses [21].

The observed changes to oxygen concentration, pH, and os-
molality during the degenerative process could contribute to 
the transition from an anabolic to catabolic environment [24]. 
Cytokines and growth factors produced by NP cells [12, 25–27] 
play important roles in normal homeostasis and in the onset and 
progression of disc degeneration [12, 28]. Importantly, locally 
produced IL-1β has been shown to drive degenerative features 
in human cells including decreased ECM synthesis and upregu-
lation of matrix degrading enzymes, such as matrix metallopro-
teinases (MMP) and a disintegrin and metalloproteinase with 
thrombospondin motifs (ADAMTS) [26]. IL-1β has also been 
shown to act as a plethoric cytokine inducing the production 
of many other cytokines and chemokines by NP cells in  vitro 
and thus can be deployed to induce the catabolic cytokine se-
cretome seen during IVD degeneration [29]. Furthermore, IL-1β 
drives increased production of vascular endothelial growth fac-
tor (VEGF) and neurotrophic factor expression [30–32], which 
are thought to contribute to the vascularization and infiltration 
of sensory nerve fibers, potentially leading to sensitization and 
pain [33–36].

However, most in vitro environmental conditions to date have 
not recapitulated the combined environmental conditions of 
low nutrient, low pH, altered OSM, physiological concentra-
tions of IL-1β and physioxic environment. Within the recently 

published consensus methodology for NP cell in vitro culture, 
standardization of extraction, expansion, and re-differentiation 
of NP cells was proposed with support across the spine commu-
nity whereby recommendations were made for common species 
used for NP cell culture and research [37]. However, these rec-
ommended culture conditions can be further improved to mimic 
the environment of the NP better. Thus, to gain an improved 
understanding of cell behavior and phenotype in  vivo, in this 
study, we aimed to develop and compare in vitro culture condi-
tions resembling the healthy and degenerated NP environment 
more closely by adjusting the pH, osmolarity, glucose concen-
tration combined with culture under physioxia; furthermore, 
the addition of a physiologically relevant concentration of IL-1β 
was investigated [29, 38]. The behavior of NP cells and ex vivo 
tissue explants from human IVDs taken from microdiscectomy 
surgery were investigated within these novel culture conditions 
compared to standard alginate culture as previously recom-
mended [37].

2   |   Methods

2.1   |   Development of Healthy and Degenerated 
Disc Media

To mimic the IVD environment in vitro, this study adjusted the 
osmolality to match those reported for the nondegenerate and 
degenerate NP niche using the impermeant cation N-methyl-
d-glucosamine HCL to prevent solute-specific target effects 
from other compounds [39]. To adjust the pH, the Henderson-
Hasselbalch equation was used to determine the concentration 
of sodium bicarbonate required to accurately alter media pH 
when cultured in 5% CO2 [21]. To mimic the low nutrition en-
vironment, low glucose (1 g/L) DMEM was utilized. The media 
compositions used were based on those recommended in the 
recent consensus NP cell culture paper for 3D alginate culture 
which formed “standard” media in this study [37]. Basal culture 
media for all compositions utilized the Fetal Bovine Serum (FBS) 
alternatives, exchanging FBS for Albumax, insulin-transferrin-
selenium (ITS-X) and l-Proline [37]. Media was further supple-
mented with ascorbic acid to support collagen synthesis [37]. 
To prepare the media, powdered low glucose DMEM without 
pre-added sodium bicarbonate was utilized so that sodium bi-
carbonate concentration could be adjusted to alter the pH of the 
solution (Table 1). Degenerate media was further supplemented 
with a physiological concentration of recombinant human IL-1β 
(100 pg/mL, Peprotech) [38] to mimic the catabolic environment 
of the degenerate NP.

2.2   |   Human NP Samples

Human IVD samples were collected from patients undergoing 
microdiscectomy surgery with informed consent of the pa-
tients or relatives. Ethical approval was granted from Sheffield 
Research Ethics Committee (IRAS 10226). Upon receipt, tissue 
was rinsed twice with 1× PBS containing 1% v/v penicillin/
streptomycin (P/S) (Thermo Fisher, Warrington, UK). NP tis-
sue was separated from AF/CEP and weighed in a sterile envi-
ronment to enable wet weight normalization. NP cell isolation 
and tissue digestion were performed as previously optimized 
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and described in the consensus methodology [37]. Briefly, NP 
tissue was digested in type II collagenase (Thermo Fisher) at 
64 U/mL in lg DMEM (Thermo Fisher: 31600-083) containing 
1% P/S and Amphotericin B (Sigma, Poole, UK) on a shaker 
(600 rpm) for 4 h at 37°C. Following digestion, the collagenase 
solution was passed through a 70 μM cell strainer and centri-
fuged for 10 min at 400 g. NP cells in monolayer were expanded 
up to passage two in complete medium containing hg-DMEM 
(HG-DMEM, Invitrogen: 10569010 HG) supplemented with 10% 
v/v heat-inactivated foetal calf serum (FCS, LifeTechnologies, 
Paisley, UK), 1% v/v P/S, 1% v/v l-Glutamine (Invitrogen: 
25030–024), 2.5 μg/mL Amphotericin B (Sigma, A2942), 25 μg/
mL l-ascorbic acid 2-Phosphate (AA, Sigma, A8960) as de-
scribed previously [37], prior to encapsulation in alginate. To 
produce tissue explants, morphologically distinct NP tissue was 
dissected into 5 × 5 mm diameter explants and cultured within 
semi-constrained silicone rings to limit tissue swelling during 
culture and retain their phenotype as demonstrated previously 
[40, 41].

2.3   |   Encapsulation of Human NP Tissue in 
Alginate

Following expansion NP cells were encapsulated in 1.2% w/v 
medium viscosity alginate (Sigma: A2033) in 0.15 M NaCl to a 
final cell density of 4 × 106 cells/mL, and alginate beads formed. 
Alginate was polymerized in 200 mM CaCl2 for 10 min and 
washed in 0.15 M NaCl as described previously [37]. NP cells were 
cultured in alginate beads for 2 weeks to regain their in vivo phe-
notype in 37°C 5% CO2, 5% O2 within standard alginate culture 
media (lg DMEM with Pyruvate (Thermo Fisher:31600-083), 
50 U/mL Pen/Strep (Thermo Fisher), 2.5 μg/mL Amphotericin B 
(Thermo Fisher), 25 μg/mL 2-AP-Ascorbic Acid (Sigma), 1% v/v 
l-Glutamine (Thermo Fisher), 1% v/v ITS-X (Thermo Fisher), 
40 μg/mL l-Proline (Sigma) and 1.25 mg/mL Albumax (Thermo 
Fisher)) (Standard Media). Media was exchanged 3 times a week 
within a hypoxia glove box to maintain 5% O2.

2.4   |   Media Stability

Healthy and degenerate cell-free media were cultured at 5% 
O2, 5% CO2, 37°C for 7 days. At Days 2, 5, and 7, media were 
removed, and the pH was determined at 5% CO2 using a pH 
monitor within the hypoxia glove box, and osmolality was deter-
mined by freezing point depression using Model 3320 osmome-
ter (Advanced Instruments, Dorset, UK).

2.5   |   Cell Viability Testing

Following initial re-differentiation of NP cells within alginate 
beads for 2 weeks in standard media, beads were either main-
tained in standard media or transferred to healthy, degenerate, 
or degenerate +100 pg/mL IL-1β media for 7 days. Metabolic ac-
tivity of NP cells cultured within different media was assessed 
using the Alamar Blue (resazurin reduction assay) following 2 
and 7 days in culture as previously published [42]. Furthermore, 
following 7 days in culture, alginate beads were isolated, dis-
solved in Papain as described previously [43] and DNA/alginate T
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bead calculated using the Quant-iT PicoGreen dsDNA Assay Kit 
(P7589, Invitrogen), following the manufacturer's protocol.

2.6   |   Mitochondrial Activity

Mitochondrial activity was assessed using the Image-iT 
Tetramethylrhodamine, methyl ester (TMRM) reagent 
(ThermoFisher). TMRM is a cell-permanent dye that accumu-
lates in active mitochondria with intact membrane potentials. 
Whereby healthy cells with functioning mitochondrial result 
in a higher fluorescence reading, whilst upon loss of mitochon-
drial membrane potential, TMRM accumulation will halt, and 
signal intensity will decrease. TMRM is a dynamic dye that has 
a higher specificity for staining mitochondria compared to other 
available dyes [44] and can be assessed by plate reader readout, 
avoiding imaging issues with 3D culture systems such as algi-
nate. Furthermore, as there is no covalent attachment of TMRM 
to mitochondria, it can move in and out of mitochondria depend-
ing on changes in mitochondrial membrane potential, making it 
ideal for dynamic analysis. In comparison to commonly utilized 
Mitotracker dyes that covalently attach to mitochondria and are 
retained even following subsequent drops in membrane poten-
tial, these are also more commonly used for microscopic imag-
ing, which in 3D systems is problematic.

To determine that TMRM could indicate changes in mitochon-
drial membrane potential within human NP cells, alginate 
bead encapsulated NP cells (n = 3 patients: Table  2) cultured 
in standard media were treated with 10 μM carbonyl cyanide-
4-(trifluoromethoxy) phenylhydrazone (FCCP) for 10 min prior 
to reading TMRM fluorescence compared to untreated controls. 
FCCP is a protonophore that disrupts the mitochondrial mem-
brane potential and uncouples oxidative phosphorylation [44]. 
Following FCCP treatment, the percentage of TMRM fluores-
cence (median value: 55.57%) was significantly reduced com-
pared to untreated controls (median value: 99.5%) (p < 0.0001), 

indicating a significant reduction in mitochondria membrane 
potential (Figure S1).

To assess mitochondrial activity, human NP cells (n = 3 pa-
tients: Table  2) encapsulated in alginate beads were cultured 
with standard, healthy, degenerate or degenerate + IL-1β 
(100 pg/mL) media at 5% O2, 5% CO2 for up to 2 weeks during re-
differentiation. To determine the effects of media composition 
on mitochondrial activity at 1 and 2 weeks of re-differentiation, 
cells were incubated with Image-iT TMRM Reagent (Thermo 
Fisher) at 0.1 μM for 30 min at 37°C. Alginate beads were then 
washed with PBS prior to reading fluorescence (ex: 548 nm, 
em: 574 nm) using a CLARIOstar plate reader (BMG Labtech, 
Aylesbury, UK). In follow-up studies, we also determined poten-
tial short-term effects of media composition on mitochondrial 
activity on NP cells for 10 and 30 min following an initial 2-week 
re-differentiation period in standard media.

2.7   |   Human NP Cell Secretome

Human NP cells isolated from 5 patient samples (Table 2) were 
cultured within alginate beads in standard media for 2 weeks 
to induce re-differentiation prior to maintenance within stan-
dard culture or transferred to healthy, degenerate, or degenerate 
media +100 pg/mL IL-1β for 72 h to investigate their secretome 
into the culture media via Luminex assay. Conditioned media 
from alginate cultures was collected and analyzed for 73 se-
creted proteins (Table  S1) using bead-based Luminex multi-
plex immunoassays (Protavio, Athens, Greece), utilizing an 
eight-point standard curve as described previously [45]. Briefly, 
96-well plates were coated with 50 μL of each 1× bead mix dilu-
tion (Mag-Plex magnetic microspheres, Luminex Corp, Austin, 
TX, USA), containing 2500 beads per bead ID, and incubated 
with 35 μL of standards, samples, and blanks for 90 min at 
room temperature on an orbital shaker (1000 rpm). Wells were 
washed twice with assay buffer (PR-ASSB-1×, Protavio, Greece), 

TABLE 2    |    Patient details utilized for studies.

Patient ID Age Sex Disc level Grade of degeneration Studies used for

HD596 21 M L4/5 5 Viability assessment.

HD623 74 M L4/5 8 Viability and mitochondrial activity.

HD624 22 F L4/5 4 Viability and mitochondrial activity.

HD625 42 M L5/S1 6 Viability and mitochondrial activity.

HD585 34 M L4/5 5 3D alginate culture—Luminex analysis.

HD632 55 M L3/4 7 3D alginate culture—Luminex analysis.

HD639 32 M L4/5 6 3D alginate culture—Luminex analysis.

HD644 28 F L5/S1 6 3D alginate culture—Luminex analysis.

HD661 72 M L4/5 8 3D alginate culture—Luminex analysis.

HD741 41 M L4/5 3 Tissue explant study.

HD742 66 M L4/5 4 Tissue explant study.

HD744 32 M L5/S1 5 Tissue explant study.

Note: Grade of Degeneration determined using NP score (0–9) from consensus human grading scheme (https://​doi.​org/​10.​1002/​jsp2.​1167).
Abbreviations: F: female; M: male.
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followed by the addition of 20 μL of a detection antibody mix at 
an average concentration of 1 μg/mL to each well and incubated 
for 60 min at room temperature on an orbital shaker (1000 rpm). 
After two more washes with assay buffer, 35 μL of Streptavidin-
R-Phycoerythrin conjugate (5 μg/mL, SAPE-001, MOSS, USA) 
was added and incubated for 15 min under the same conditions. 
Finally, the wells were washed twice and resuspended in 130 μL 
of assay buffer, and the median fluorescence intensity (MFI) 
values were measured using the Luminex FLEXMAP 3D plat-
form (Luminex Corp., Austin, TX, USA) with a minimum of 100 
bead counts per sample. Protein concentration was normalized 
to patient-matched standard cultures to generate fold changes 
within healthy, degenerate and degenerate + IL-1β treated 
groups.

2.8   |   NP Explant Protein Expression 
and Secretome

To determine the influence of longer term exposure of cultures 
to healthy and degenerate+IL-1β media and investigate with 
intact cell-ECM interaction, human NP tissue explants were 
cultured immediately following removal from the body in a 
semi-constrained culture system for 14 days in standard, healthy 
or degenerate+IL-1β media prior to formalin fixation and par-
affin embedding. The protein expression of collagen type I, col-
lagen type II, aggrecan, IL-1β, IL-1R1, MMP3, and ADAMTS4 
within NP explants was determined by immunohistochemistry 
on 4 μm sections using previously published methods [46, 47]. 
At least 200 cells per NP tissue explant were manually counted 
by 2 independent assessors blinded to group and determined 
as immunopositive (stained brown) or immunonegative (blue 
nuclear staining without the presence of brown cytoplasmic 
staining), and the percentage of cells positive for staining of the 
protein of interest was calculated. During the culture of NP ex-
plants, media was collected at 7 and 14 days. Media was changed 
every 3–4 days of culture and prior to collection at 7 and 14 days, 
media was conditioned by NP explants for 3 days. The produc-
tion of a panel of 18 secreted proteins (CCL2, CCL4, CX3CL1, 
CXCL1, CXCL10, GM-CSF, IL-1α, IL-1Ra, IL-6, IL-8, IL-17, 
MMP1, MMP3, MMP9, β-NGF, NT-3, TNF, VEGF-A) within 
cell culture supernatant was determined by Luminex Human 
Discovery Assay (18-Plex, LXSAHM-18, R&D Systems) using 
a Luminex 200 Instrument System (Invitrogen) following the 
manufacturers' protocols. Luminex data was analyzed using the 
ProcartaPlex Analysis App (Thermo Fisher).

2.9   |   Statistical Analysis

All data were analyzed using GraphPad Prism v10.5.0 
(Dotmatics). Normality testing determined that media condi-
tions (pH and OSM) and metabolic activity were normally dis-
tributed whilst DNA content, mitochondrial activity, Luminex 
and immunohistochemical analysis were non-normally dis-
tributed. Statistical differences between media conditions (pH 
and OSM) across time was investigated using a 2-way ANOVA 
with Tukey multiple comparison test, whilst metabolic ac-
tivity (resazurin assay) was analyzed with a 1-way ANOVA 
and Dunnett's multiple comparisons test. Kruskal–Wallis 
with Dunn's multiple comparisons test was used to determine 

influence of media composition on mitochondrial activity and 
mitochondrial activity across time in each media composition. 
Volcano plots for differentially secreted proteins were generated 
using GraphPad Prism v10.5.0 as data failed to follow a non-
parametric distribution, Multiple Mann–Whitney U tests with a 
false discovery rate (FDR) using Two-stage step-up (Benjamini, 
Krieger, and Yekutieli) and FDR set to 5% was employed to iden-
tify statistically significant differences between the conditions 
depicted in each volcano plot. Volcano plots indicated signifi-
cant differences between treatments (p < 0.05) whilst potential 
trends were indicated where (p > 0.05 < 0.1). Luminex analysis 
was plotted as actual concentrations produced but data was nor-
malized to patients own standard media cultures for statistical 
analysis to determine fold changes from standard media and ac-
count for patient variability in baseline expression. Percentage 
immunopositivity was analyzed with a Kruskal–Wallis with 
Dunn's multiple comparisons test to determine significant dif-
ferences across 3 or more groups. p ≤ 0.05 were considered as 
statistically significant, whilst trends were considered whereby 
p > 0.05 < 0.1. Adjusted p values were used in all cases.

3   |   Results

3.1   |   Media Conditions Remain Stable During 
Culture

The stability of healthy and degenerate media over a 7-day pe-
riod in culture without exchange of media was first investigated, 
determining pH and osmolality at 37°C, 5% O2, 5% CO2, demon-
strating pH (Figure  1a) and osmolality (Figure  1b) remained 
stable for the first 5 days in culture with no significant differ-
ence in pH or OSM, whereafter levels significantly increased 
(pH: p = 0.0039; osmolarity p = 0.0024), demonstrating culture 
media should be exchanged prior to this time course. As culture 
media is exchanged every 2–3 days, this was considered stable 
for culture.

3.2   |   Human NP Viability Is Retained During 
Culture

The metabolic activity of human NP cells encapsulated in al-
ginate beads and cultured within healthy or degenerate media 
with or without supplementation of 100 pg/mL IL-1 was not ad-
versely affected compared to standard media following 2 days 
(Figure  1c) and 7 days (Figure  1d) of culture with no signifi-
cant difference between media conditions at either time point 
(p > 0.05). Following 2w re-differentiation in alginate beads and 
a subsequent 7 days treatment with standard, healthy, degener-
ate, or degenerate + IL-1β media, total double-stranded DNA 
content per alginate bead remained unaltered across all treat-
ment groups (Figure 1e) (p > 0.05), indicating that viability was 
maintained within all culture media tested.

3.3   |   Mitochondrial Activity

Mitochondrial activity of NP cells was significantly in-
creased following 10 min of short-term treatment with healthy 
and degenerate + IL-1β media following an initial 2 week 
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6 of 17 JOR Spine, 2025

re-differentiation period in standard media, compared to stan-
dard media controls (p < 0.05) (Figure 2a). This effect was tran-
sient and after 30 min of treatment no significant differences 
in mitochondrial activity were observed (Figure  2b). Whilst 
in cultures whereby re-differentiation was performed within 
standard, healthy or degenerate media, following 1 week re-
differentiation in 5% O2 mitochondrial activity was significantly 
increased in healthy (p = 0.027) and degenerate (p < 0.0001) 
media compared to standard media controls and significantly 
decreased in degenerate + IL-1β (p = 0.027) compared to degen-
erate media (Figure 2c). After 2 weeks of re-differentiation in 5% 
O2 mitochondrial activity was significantly decreased in degen-
erate media compared to healthy media (p = 0.0003) (Figure 2d). 
During re-differentiation within standard, healthy or degener-
ate media + IL-1β in 5% O2 there was no significant difference 

in mitochondrial activity between 1 and 2 weeks (p < 0.05); how-
ever, a significant decrease was observed in degenerate media 
from 1 week to 2 weeks in culture (p < 0.0001) (Figure 2c,d).

3.4   |   Secretome of Human NP Cells Cultured in 
Alginate Constructs in Differential Media

Luminex analysis of conditioned media from human NP cells 
extracted from degenerate discs, expanded and redifferentiated 
in alginate culture detected 55 secreted proteins out of the panel 
of 73 proteins investigated (Table  S1). Culture of human NP 
cells in media mimicking the healthy disc environment for 72 h 
showed significant decreases in NGF, VEGF, PAL1, PROK1, and 
IL-10 compared to standard culture media (p < 0.05) (Figure 3 

FIGURE 1    |    Media stability and viability of 3D alginate bead cultured human NP cells in response to treatment media. Change in (a) pH and (b) 
osmolality of healthy and degenerate media over 7 days in culture at 5% O2 (37°C, 5% CO2). Metabolic activity of human NP cells following (c) 2 days 
and (d) 7 days treatment with standard, healthy, degenerate and degenerate +100 pg/mL IL-1β. Prior to treatment, NP cells were cultured in standard 
media for 2 weeks following suspension into alginate beads, to allow the 3D re-differentiation of cells. (e) Following 2 weeks of 3D re-differentiation 
and 7 days treatment, alginate beads were dissolved in papain and total DNA/alginate bead was determined using Quant-iT PicoGreen dsDNA Assay 
Kit (P7589, Invitrogen), following the manufacturer's protocol. *p ≤ 0.05.
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7 of 17JOR Spine, 2025

+ Figure  S2), with a trend for a decrease in IL-1α (p = 0.066) 
(Figure 3). A significant increase was seen for CCL-7, M-CSF, 
CXCL11 in cultures with healthy media for 72 h compared to 

standard media (p < 0.05) (Figure 3 + Figure S2) and a trend for 
an increase in CCL20 (p = 0.093) and CTACK (p = 0.093). Fewer 
significant differences were observed when NP cells cultured in 

FIGURE 2    |    Mitochondrial activity. Mitochondrial activity determined using Image-iT TMRM Reagent in alginate bead-encapsulated human 
NP cells following short term (a: 10, b: 30 min) and long term (c: 1, d: 2 weeks) treatment with standard, healthy, degenerate and degenerate +100 pg/
mL IL-1β media cultured in 5% O2, 37°C, 5% CO2 for the duration of culture. Individual patient data points shown in differential colors. *p ≤ 0.05.

FIGURE 3    |    Secretome release from 3D cultured NP cells. Volcano plots indicating secretome of human NP cells cultured in alginate, following 
2 weeks re-differentiation in standard culture media for 2 weeks at 5% O2, 37°C, 5% CO2, prior to transfer to standard, healthy, degenerate or degen-
erate +100 pg/mL IL-1β media for a further 72 h. 73 secreted proteins analyzed with 55 secreted proteins detected within quantifiable levels. Volcano 
plots showing Log2(Fold change) against −Log10 (P) within: (A) NP cells cultured in healthy media compared to standard media; (B) NP cells cultured 
in degenerate media compared to standard media; (C) NP cells cultured in degenerate +100 pg/mL IL-1β compared to degenerate media alone. Dark 
red dots indicate significant increased proteins (p < 0.05), and dark blue significant decreased proteins (p < 0.05), pale red and blue indicate proteins 
which showed a trend for increase or decrease proteins (p < 0.1 but > 0.05).
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alginate were exposed to degenerate media for 72 h compared to 
standard media with significant decreases seen for NGF, VEGF, 
PROK1, and MMP 2 (p < 0.05) (Figure  3 + Figure  S2) with a 
trend for a decrease in IL-6 (p = 0.055) and CX3CL1 (p = 0.1) 
(Figure 3) with only M-CSF significantly increased by culture 
in degenerate media compared to standard media (p < 0.05) 
(Figure 3 + Figure S2). Whilst 11 proteins were significantly in-
creased within cultures with degenerate media +100 pg/mL IL-
1β compared to degenerate media alone, namely: IL-1β, PROK1, 
NGF, IL-6, IL-11, IP-10, IL-20, M-CSF, CCL3, LIF, and IL-1α 
(p < 0.05) (Figure 3 + Figure S1) with a trend seen for CXCL11 
(p = 0.065) (Figure  3), there were no proteins significantly de-
creased (Figure 3 + Figure S2).

3.5   |   NP Explant Protein Expression 
and Secretome

The native expression of collagen type I, collagen type II, ag-
grecan, IL-1β, IL-1R1, MMP3 and ADAMTS4 within human 
NP tissue explants was not significantly different following 
2 weeks of culture within healthy or degenerate + IL-1β media 
compared to standard media (Figures 4 and 5). However, in 2 
of the 3 patient cultures (HD741 and HD742-Table 2), a signif-
icant increase was observed in the percentage of cells immu-
nopositive for IL-1β and ADAMTS4 in explants cultured in 
degenerate + IL-1β media compared to standard media (IL-1: 
p = 0.036; ADAMTS4: p = 0.049) (Figure  5). Fifteen out of the 
18 secreted proteins investigated were detectable (IL-1α, IL-
1Ra, IL-6, IL-8, TNF, CCL2, CCL4, CXCL1, CXCL10, GM-CSF, 
MMP1, MMP3, MMP9, NT-3, NGF, VEGF) (Figures  6–9) and 
analyzed with the aid of volcano plots to determine significant 
differences and potentially biologically relevant fold changes 

between culture media compositions (Figure  6). Following 
7 days of culture, only NGF was significantly decreased in 
healthy compared to standard media (p = 0.02) (Figures 6 and 
9), however this effect was lost following 14 days in culture. In 
NP tissue explants cultured in degenerate media supplemented 
with 100 pg/mL IL-1β, NGF was also significantly decreased 
compared to standard media following 7 days and 14 days (7D: 
p = 0.022; 14D: p = 0.024) (Figures 6 and 9). CCL4 secretion was 
also significantly decreased (p = 0.047) (Figures 6 and 8), whilst 
CXCL10 was significantly increased following 7 days culture of 
NP explants in degenerate + IL-1β media compared to standard 
media (p < 0.047) (Figures 6 and 8). By 14 days of culture, CCL4 
and CXCL10 did not differ between culture conditions. IL-8 was 
significantly increased in both healthy and degenerate + IL-1β 
media compared to standard media following 14 days in culture 
(Healthy: p = 0.019; Degenerate + IL-1β: p = 0.01) (Figures  6 
and 7).

4   |   Discussion

Here, media compositions to mimic the healthy and degener-
ate disc have been developed, whereby pH and osmolarity were 
shown to remain stable for at least 5 days without media ex-
change. Human NP cells cultured within 3D alginate cultures 
and NP tissue explants were cultured without any detectable 
loss of metabolic activity and DNA content, suggesting reten-
tion of viability. Upon redifferentiation in standard media and 
changing into the degenerate media, mitochondrial activity in-
creased temporarily to decrease thereafter compared to healthy 
media culture. A comprehensive analysis was firstly performed 
on a broad secretome panel to assess the influence of such media 
over a short-term culture (72 h) on human NP cells previously 

FIGURE 4    |    NP explant matrix protein expression. Expression of collagen type I, collagen type II, and aggrecan within ex vivo human NP tissue 
explants, determined by IHC, following 2 weeks of culture in standard, healthy, and degenerate +100 pg/mL IL-1β media at 5% O2, 37°C, 5% CO2 for 
the duration of culture. Scale bar 100 μm. *p ≤ 0.05.
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expanded in hgDMEM and redifferentiated in standard lgD-
MEM. Whereby the secretome of NP cells was differentially af-
fected in healthy and degenerate media, most notably decreased 
production of angiogenic and neurotrophic factors was seen 
compared to standard media. Whilst the addition of physiolog-
ical levels of IL-1 induced some of these factors alongside cyto-
kines and catabolic factors. This was followed by investigating 
the influence of such media on the protein expression and secre-
tome of NP tissue explants, whereby they were cultured within 
these physiological conditions immediately following isolation 
from the body. Within explants, secretome effects were more 
limited and appeared to be donor dependent.

NP cells have shown a limited response to changes in oxygen 
concentration or glucose conditions, within the physiological 
range [17], and NP viability in prior studies where altered pH 
conditions that resemble mild to severe degenerative IVD has 
been sustained [20]. Together with the results of the current 
study, this suggests that as this is the native environment for 
NP cells, they are primed to adapt and survive in these condi-
tions. We previously showed that in human NP cells cultured 
in 3D alginate cultures, phenotype was maintained when cul-
tured in low glucose, serum-free conditions, which formed 
the basis of the standard culture media used in the current 
study [37]. Within the current study, mitochondrial activity 
of NP cells in 3D alginate culture was initially increased in 

healthy and degenerate media, both following short-term treat-
ment (10 min) and during re-differentiation following 7 days. 
While this increased mitochondrial activity was maintained 
at 2 weeks of culture in healthy media, it was temporary in 
degenerate media, reducing well below the levels of healthy 
media following 14 days. Mitochondrial activity of human AF 
cells has been shown to decrease during IVD degeneration [48] 
and whilst the influence of culture conditions on human NP 
cell mitochondrial activity has not been investigated previ-
ously, mitochondrial activity has been shown to be altered in 
response to stimuli such as alterations in glucose concentra-
tion [49], osmotic stress [50], hydrostatic pressure [51], pH, and 
ion exchange [52] within multiple cell types, indicating mito-
chondrial activity changes observed here may be an adaptive 
response to specific alterations in media composition and may 
also be finely tuned in response to environmental cues within 
the IVD. The findings here may implicate the degenerate envi-
ronment in the decrease in mitochondrial activity seen during 
degeneration.

Despite the induction of metabolic activity observed in the 1st 
week of culture, re-differentiated human NP cells cultured in 
3D alginate beads in both healthy and degenerate media for 
72 h secreted lower levels of angiogenic and nerve ingrowth/
sensitization factors (NGF, VEGF, PROK1) compared to stan-
dard media. Given that OSM is similar between standard and 

FIGURE 5    |    NP explant catabolic protein expression. Expression of IL-1β, IL-1R1, MMP3, and ADAMTS4 within ex vivo human NP tissue ex-
plants, determined by IHC, following 2 weeks of culture in standard, healthy, and degenerate +100 pg/mL IL-1β media at 5% O2, 37°C, 5% CO2 for the 
duration of culture. Scale bar 100 μm. *p ≤ 0.05.
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degenerate media, but pH is decreased in both healthy and 
degenerate media compared to standard, this suggests that 
this effect may be pH mediated. However, following addition 
of physiological levels of IL-1β to degenerate media, secretion 
of NGF and PROK1 increased, matching more closely the in-
creased expression of neurotrophic factors seen in the degen-
erate disc [30].

IL-1β has been shown in numerous studies to induce the ex-
pression of cytokines, chemokines, matrix degrading enzymes, 
and neurotrophic and angiogenic factors [12], however, most 
of these studies have utilized high glucose media, often under 
21% O2 and many at higher concentrations [12]. In contrast, this 
study aimed to mimic the natural disc environment by using 
low glucose conditions and physioxia (5%), where a number of 

FIGURE 6    |    Secretome of NP tissue explants. Volcano plots indicating secretome of human NP tissue culture, immediately followed extraction, 
tissue explants cultured in semi-constrained silicone constructs for 2 weeks in either standard, healthy or degenerate + IL-1β culture media, 5% O2, 
37°C, 5% CO2. Eighteen selected secreted proteins were analyzed with Luminex, with 15 proteins detected within quantifiable levels. Volcano plots 
showing Log2(Fold change) against −Log10(p) within: (A) NP cells cultured in healthy media compared to standard media following 7 days; (B) NP 
cells cultured in degenerate + IL-1β media compared to standard media following 7 days; (C) NP cells cultured in healthy media compared to stan-
dard media following 14 days; (D) NP cells cultured in degenerate + IL-1β media compared to standard media following 14 days; Dark red dots indi-
cate significant increased proteins (p < 0.05), and dark blue significant decreased proteins (p < 0.05).

 25721143, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jsp2.70153 by Sheffield H

allam
 U

niversity, W
iley O

nline L
ibrary on [05/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



11 of 17JOR Spine, 2025

factors were significantly increased (namely: IL-1β, PROK1, 
NGF, IL-6, IL-11, IP-10, IL-20, M-CSF, CCL3, LIF, and IL-1α). 
However, for many factors, responses were dampened or lost 

compared to previous studies. Within the current study, IL-1β 
was deployed at a concentration aimed to mimic the concen-
tration produced naturally by the degenerate disc cells. These 

FIGURE 7    |    NP explant cytokine production. Production of cytokines (IL-1α, IL-1Ra, IL-6, IL-8, IL-17 and TNF) by ex vivo NP explants, using 
Luminex, following 7 and 14 days culture within standard, healthy, and degenerate +100 pg/mL IL-1β, 5% O2, 37°C, 5% CO2, *p ≤ 0.05.
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12 of 17 JOR Spine, 2025

concentrations were proposed from prior secretome studies 
showing that degenerate disc explant cultures attain 100 pg/mL 
in culture without prior stimulation [38]. Such concentrations 

have been shown previously to induce cytokine and chemok-
ine secretion in high glucose, high oxygen environments within 
alginate cultures [29]. As such, the lack of responses for many 

FIGURE 8    |    NP explant chemokine production. Production of chemokines (CCL2, CCL4, CX3CL1, CXCL1, CXCL10, GM-CSF) by ex vivo NP ex-
plants, using Luminex, following 7 and 14 days culture within standard, healthy, and degenerate +100 pg/mL IL-1β, 5% O2, 37°C, 5% CO2, *p ≤ 0.05.
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13 of 17JOR Spine, 2025

factors, such as the MMPs investigated here, which has been re-
ported previously even at low concentrations of IL-1β30 demon-
strates differential responses in low glucose, low oxygen, altered 

OSM, and decreased pH conditions. It is possible that the met-
abolic activity of the disc cells observed within these condi-
tions is lower than the abnormal environment induced by high 

FIGURE 9    |    NP explant matrix degrading enzyme and neurotrophic/angiogenic factor production. Production of matrix degrading enzymes 
(MMP1, MMP3, and MMP 9), neurotrophic factors (NT-3 and β-NGF) and vascular factor (VEGF) by ex vivo NP explants, using Luminex, following 
7 and 14 days culture within standard, healthy, and degenerate +100 pg/mL IL-1β, 5% O2, 37°C, 5% CO2, *p ≤ 0.05.
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glucose and high oxygen conditions; however, to the authors' 
knowledge, this has not been determined to date. Furthermore, 
within cultures with high glucose and high oxygen, it is prob-
able that these environmental conditions would increase the 
concentration of advanced glycation end products due to glu-
cose concentrations that are higher than those seen during dia-
betes [53], with associated mitochondrial dysfunction [54]. Even 
more so, high oxygen concentrations will induce increased mi-
tochondrial derived oxygen free radicals [55] promoting catab-
olism. As such, previous studies investigating the influence of 
cytokines, matrix degrading enzymes, and other factors could 
be confounded by a high stress state of the cells [12] cultured in 
the commonly used high glucose media and thus may amplify 
potential effects, highlighting the importance of evaluating po-
tential pathogenic factors in vitro in an environment which is 
more representative of the in vivo environment.

The secretome of NP cells maintained in the native disc tissue 
environment was not differentially affected by healthy or degen-
erate+IL-1β culture conditions. There were, however, distinct 
donor differences, with increases only observed in the number of 
immunopositive cells for IL-1β and the aggrecanase: ADAMTS4 
in 2 of the 3 patients; the reasons for patient variability are 
difficult to discern given the low donor number, although the 
donor that failed to respond was younger but also slightly higher 
grade of degeneration than the responding donors. Although in-
creased secretion of CXCL10 and IL-8 but decreased secretion 
of CCL4 and NGF was observed. This reduction in NGF pro-
duction was evidenced in tissue explants cultured in healthy 
or degenerate+IL-1β media for 7 days and in degenerate+IL-1β 
media for 14 days, as well as in 3D cell cultures in healthy and 
degenerate media for 72 h. These findings seem in contradiction 
to disc degeneration where NGF is increased [30, 32] and has 
been shown to be induced by IL-1 previously [30, 32], as was ob-
served in the present study where NGF was only increased in NP 
cells in 3D alginate culture following the addition of IL-1β to the 
degenerate media. It is possible that NGF and other growth fac-
tors were sequestered in the ECM and thus not fully represented 
by the conditioned media. Future studies should include protein 
quantification within digested tissue explants.

Interestingly, greater effects were observed in the secretome from 
alginate cultures as opposed to tissue explants, which could also 
be due to an increased response of isolated cells expanded in high 
glucose media and subjected to a 2-week re-differentiation period 
prior to stimulation with differential media for 72 h. However, it 
could also indicate a dampening of the effects of physiological 
media within tissue cultures as opposed to 3D alginate cultures. 
This could be due to the fact that the cells reside within an intact 
pericellular matrix in NP tissue explants, whilst in alginate only 
limited pericellular matrix is deposited over the re-differentiation 
period [26], insufficient to match that of native tissue, a phenom-
enon also observed in isolated chondrocytes v/s cartilage tissue 
cultures [56]. Alternatively, the reduced response in tissue ex-
plants could be a result of reduced nutrient and waste diffusion 
across tissue explants, particularly as the cultures within the cur-
rent study were not biomechanically loaded [57].

At the matrisome level, it was notable that even within alginate 
cultures at a concentration of 100 pg/mL, IL-1β failed to induce an 
increase in the matrix degrading enzymes investigated. This lack 

of stimulation was also seen within the degenerate NP explant 
cultures in the current study and previously [38, 41]. Similarly, 
within our recently published study investigating the potential 
of IL-1R antagonist (IL-1Ra) gene therapy where human NP ex-
plants were cultured within low glucose media under physioxia 
(equivalent to the standard media condition in the current study), 
supplementation with 100 pg/mL IL-1β did not induce matrix 
degrading enzymes, although inhibition of IL-1 via IL-1Ra in-
hibited catabolism [38]. Concentrations of IL-1β identified in the 
secretome of human tissue explants in our previous study ranged 
from 108 to 526 pg/mL, median: 253 pg/mL IL-1β [38], and thus 
addition of 100 pg/mL IL-1β would not substantially increase 
the overall concentration of IL-1β, whilst concentrations of IL-
1β identified within standard culture conditions of 3D alginate 
beads within the current study ranged between 0.3 and 2 pg/mL 
and thus upon addition of 100 pg/mL IL-1β to these cultures rep-
resented an increase in IL-1β concentrations to those predicted 
to be seen in  vivo. Within these alginate bead cultures the ad-
dition of IL-1β resulted in a further stimulation of IL-1β, with 
concentrations of IL-1β within conditioned media increasing to 
200–300 pg/mL, indicating an increased production of IL-1β fol-
lowing stimulation with IL-1β. Such a positive feedback loop has 
previously been shown in NP cells isolated from degenerate but 
not healthy NP tissues when stimulated with IL-1β [26].

4.1   |   Study Limitations

A key element which remains missing in the current study is 
the application of physiological loading. Which can be applied 
using bioreactor systems designed to load tissue explants [58, 59] 
or whole organ systems [60]. Thus, it would be recommended to 
apply the physiological media developed here together with the 
sophisticated loading culture systems developed by groups world-
wide [60]. The desired external conditions to mimic the NP condi-
tion particularly within organ cultures would need to be further 
optimized considering the diffusion rates for O2 and solutes under 
diurnal loading regimes applied to develop a complex model of the 
IVD. Furthermore, additional donor samples would be required 
to unpick differential responses between donor demographics 
and influence of degenerative state of tissues. This study aimed to 
develop media which mimicked more closely the environmental 
conditions of the native disc, however to determine the specific in-
fluences of pH, Glucose, O2, culture system (3D alginate, or tissue 
explants) and catabolic cytokines, a multifactorial design would 
be required to pin point potential influencers, however given the 
limited responses within modified media, this suggests that na-
tive disc cells are adapted to these conditions in vivo. This study 
focused on the utilization of physiological levels of IL-1β to in-
duce catabolic response, however limited response was observed 
within tissue explants, whereby cytokine levels were already high, 
suggesting higher doses may be required to further stimulate an 
increase in degenerative state. Further investigation of alternative 
cytokines may provide greater catabolic responses such as IL-6, 
TNF although these factors are also induced by IL-1.

5   |   Conclusions

Here, the development of media compositions to mimic the 
healthy and degenerate IVD has been achieved. Human NP cells 
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and explants were successfully cultured within these media 
without any detectable loss of viability and minimal secretomic 
changes. The main effects observed within cultures were seen 
with the addition of physiological concentrations of IL-1β within 
3D cultures of expanded cells. These conditions provide appro-
priate environmental conditions in  vitro which mimic more 
closely the intra-discal conditions observed during healthy and 
degenerate physiology; further studies are warranted to deter-
mine behavior across broader patient samples. The application 
of these media can provide more appropriate culture conditions 
to test potential therapeutic approaches and understand more 
fully the pathogenesis of disease using in  vitro and ex  vivo 
models.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Mitochondrial activity—
control vs FCCP. Mitochondrial activity determined using Image-iT 
TMRM Reagent in alginate bead-encapsulated human NP cells in 
standard media cultured in 5% O2, 37°C, 5% CO2 ± 10 μM carbonyl 
cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) treatment for 
10 min prior to reading TMRM fluorescence. Individual patient data 
points shown in differential colors. *p ≤ 0.05. Figure S2: Secretome re-
lease from 3D cultured NP cells. Scatter plots shown for differentially 
produced proteins between culture media. Angiogenic and neurogenic 
proteins (NGF, VEGF, PAI-1, PROK1), Inflammatory cytokines (IL-1α, 
IL-1β, IL-6, IL-20) and anti-inflammatory factors (IL-10, IL-11, LIF), 
Chemokines (CCL3, CCL7, M-CSF, CXCL11, IP10) and matrix degrad-
ing enzyme (MMP 2). *p ≤ 0.05. Table  S1: List of analyzed proteins 
within secretome analysis of alginate cultures, Analytes grouped ac-
cording to their function. 
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