
425 www.ecmjournal.org

BD Markway et al.                                                                        Reoxygenation enhances TNF-α-induced degradationEuropean Cells and Materials Vol. 31  2016 (pages 425-439)  DOI: 10.22203/eCM.v031a27                ISSN 1473-2262

Abstract

Mesenchymal stem cells (MSCs) have been considered 
as a potential source for cell-based therapies in arthritic 
diseases for both their chondrogenic and anti-inflammatory 
properties. Thus, we examined how MSC-based 
neocartilage responds to tumour necrosis factor alpha 
(TNF-α) compared to articular chondrocyte (AC)-based 
neocartilage. Since oxygen tension is altered in arthritic 
joints, we also examined how increased oxygen tension 
influences this process. Monolayer-expanded healthy 
human ACs and bone marrow MSCs were cultured in 
chondrogenic medium in three-dimensional culture 
under hypoxia. They were then exposed to TNF-α under 
hypoxic or increased oxygen tension. We found no 
inherent anti-inflammatory advantage’ of MSC-derived 
neocartilage as it pertains to the enzymes studied here: 
more degradative enzymes were upregulated by TNF-α 
in MSCs than in ACs, regardless of the oxygen tension. 
MSCs were also more sensitive to reoxygenation during 
TNF-α exposure, as indicated by increased proteoglycan 
loss, increased aggrecanase-generated metabolites, 
and further upregulation of the major aggrecanases, 
ADAMTS4 and ADAMTS5. There was also evidence 
of matrix metalloproteinase (MMP)-mediated aggrecan 
interglobular domain cleavage and type II collagen loss 
in response to TNF-α in both MSCs and ACs, but more 
MMPs were further upregulated by reoxygenation in MSCs 
than in ACs. Our study provides further evidence that 
consideration of oxygen tension is essential for studying 
cartilage degradation; for example, neocartilage produced 
from MSCs may be more sensitive to the negative effects 
of repeated hypoxia/reoxygenation events than AC-derived 
neocartilage. Consideration of the differences in responses 
may be important for cell-based therapies and selection of 
adjunctive chondroprotective agents.
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Introduction

In the past decade there has been growing evidence 
that inflammatory cytokines play a role in the cartilage 
degeneration seen in traumatic joint injuries and 
osteoarthritis (OA). Pro-inflammatory cytokines have 
recently been found to be elevated in the synovial fluid 
from not only OA joints, but also those with symptomatic 
cartilage defects (Tsuchida et al., 2012; Tsuchida et al., 
2014). The recent study comparing synovial fluid and 
cartilage from healthy and OA joints found no significant 
difference in tumour necrosis factor-α (TNF-α) levels 
(Tsuchida et al., 2014), but TNF-α has previously been 
reported to be significantly higher in synovial fluid of OA 
patients compared to those with inflammatory arthropathies 
(Westacott et al., 1990). While this study only examined 
synovial fluid from two healthy patients, and found TNF-α 
levels in them comparable to their highest OA specimens, 
a follow-up study showed that cultured synovial explants 
from OA patients produced significantly more TNF-α 
than those from non-arthritic subjects (Westacott et 
al., 2000). Interleukin-6 (IL-6) and TNF-α have been 
reported to be increased in patients who had undergone 
meniscectomies (Larsson et al., 2015) and in patients with 
ruptured anterior cruciate ligaments (Higuchi et al., 2006), 
both non-cartilage events that nonetheless predispose 
individuals to developing OA. Pro-inflammatory cytokines 
such as these can contribute to cartilage degeneration by 
stimulating aggrecanases and matrix metalloproteinases 
(MMPs) (Buttle et al., 1997; Flannery et al., 2000; 
Hughes et al., 1998; Little et al., 1999; Little et al., 
2002). Repair strategies for focal cartilage defects need 
to consider this aspect of the injured joint environment. 
Due to their multipotency and anti-inflammatory potential, 
mesenchymal stem cells (MSCs) are a promising source 
for cell-based repair of injured tissue such as articular 
cartilage. In various injury models, MSCs have been 
suggested to aid in repair by secreting anti-inflammatory 
factors such as IL-1 receptor antagonist (IL-1ra) and TNF-α 
stimulated gene/protein 6 (TSG-6) (reviewed by Prockop 
and Oh, 2012). However, IL-1β and TNF-α have both been 
shown to inhibit MSC chondrogenesis (Wehling et al., 
2009) and IL-1β has been shown to cause aggrecanolysis 
in MSC-derived neocartilage (Boeuf et al., 2012). It 
remains unclear whether MSC-derived neocartilage has 
any anti-inflammatory advantage, reflected in less matrix 
degradation, compared with that derived from isolated 
articular chondrocytes.
	 Evaluating whether the origin of neocartilage 
constructs influences their ability to resist inflammatory 
factor-mediated degradation may be useful to inform 
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future directions for tissue repair strategies. However, 
the conditions under which this is evaluated must include 
consideration of oxygen tension, which is acknowledged 
to be altered in injured joints, and which has a complex 
relationship with the activity of inflammatory factors. 
One theory regarding a mechanism for how alterations 
in oxygen tension may contribute to joint pathogenesis is 
that of persistent hypoxia-reperfusion injuries (Blake et al., 
1989; Mapp et al., 1995; Vos et al., 2012). According to this 
theory, due to decreased capillary density in the inflamed 
superficial region of the synovium and high intra-articular 
pressure, normal mechanical loading leads to a reduction 
in oxygen delivery to cartilage. When loading is decreased 
reperfusion occurs and the sudden increase in oxygen 
delivery generates reactive oxygen species. Alternatively, 
it has also been proposed that a supraphysiological oxygen 
tension may exist in late stage OA when severe fibrillation 
of the cartilage exists (Martin et al., 2004), though there is 
also evidence that joints affected by trauma have elevated 
oxygen compared to diseased joints (Lund-Olesen, 
1970). While the exact role of changes in oxygen tension 
during disease and injury remain unclear, it is evident that 
alterations do occur under a variety of joint pathologies.
	 Owing to the avascular nature of articular cartilage, 
chondrocytes exist in an oxygen environment much lower 
than that of the atmospheric levels in which isolated cells 
are usually studied (Brighton and Heppenstall, 1971; 
Silver, 1975; Zhou et al., 2004). It is well-established 
that low oxygen (“hypoxic”) culture increases expression 
of cartilage matrix genes in human chondrocytes and 
enhances chondrogenesis of MSCs from various species 
(Kanichai et al., 2008; Lafont et al., 2008; Lafont et al., 
2007; Markway et al., 2013; Markway et al., 2010; Robins 
et al., 2005). It has also been shown that hypoxic culture 
of healthy human chondrocytes decreases expression of 
catabolic enzymes (Markway et al., 2013; Strobel et al., 
2010; Thoms et al., 2013), and that following formation of 
neocartilage under low oxygen, simply increasing oxygen 
tension leads to increased MMP expression and matrix 
degradation (Strobel et al., 2010). TNF-α and IL-1β have 
been reported to increase hypoxia inducible factor-1alpha 
(HIF-1α) expression in both healthy and OA chondrocytes 
(Clerigues et al., 2013; Coimbra et al., 2004) and EPAS1 
(the HIF-2α gene) in human and mouse chondrogenic cell 
lines (Saito et al., 2010). HIF-1α and HIF-2α have both 
been reported to be expressed more prominently in the 
synovium of diseased joints (Giatromanolaki et al., 2003; 
Hollander et al., 2001). Additionally, a number of groups 
have reported either increased HIF-1α (Bohensky et al., 
2009; Yudoh et al., 2005) or increased HIF-2α (Saito et 
al., 2010; Yang et al., 2010) in osteoarthritic cartilage or 
chondrocytes, and several genes of catabolic enzymes 
associated with arthritis have been described as direct 
HIF-2α targets (Hashimoto et al., 2013; Saito et al., 2010; 
Yang et al., 2010). Furthermore, it has been reported that 
IL-1β-induced DNA binding of nuclear factor-κB (NF-
κB) and activator protein 1 (AP-1), which can activate 
oxygen-independent HIF signalling, is enhanced in bovine 
chondrocytes cultured in hypoxia and those cultured in 
hypoxia followed by reoxygenation as compared with 

those in constant high oxygen (Martin et al., 2004). More 
recently it was reported that IL-1β-induced MMP activity 
was lower in human OA chondrocytes, but increased 
in healthy chondrocytes, when maintained in hypoxia 
(Clerigues et al., 2013). Clearly there is a complex 
relationship between oxygen tension, inflammatory factors 
and their effects on chondrogenic cells. Therefore, we 
sought to evaluate how changes in oxygen environment 
affect neocartilage constructs and how TNF-α-induced 
degradation of cartilage matrix is affected by oxygen 
tension. We used both articular chondrocyte (AC)- and 
MSC-derived neocartilage to examine whether the 
purported anti-inflammatory potential of MSCs imparted 
benefits to neocartilage derived from these cells.

Materials and Methods

Isolation and expansion of human bone marrow 
MSCs and human ACs
MSCs were isolated from iliac crest bone marrow aspirates 
(n  =  4 donors) and expanded in monolayer culture as 
described previously (Johnstone et al., 1998; Yoo et al., 
1998). Briefly, bone marrow aspirates obtained from 
consenting donors (IRB approved) were fractionated on 
a Percoll density gradient and plated at 160,000 cells/cm2 
in Dulbecco’s modified Eagle’s medium (DMEM) with 
10  % foetal bovine serum (FBS). Adherent cells were 
cultured at 37 °C, 5 % CO2 (atmospheric oxygen) with 
medium changes every 3-4 d until confluent, at which point 
expansion medium was supplemented with 10 ng/mL basic 
fibroblast growth factor (FGF-2; Peprotech, Rocky Hill, 
NJ, USA). The MSCs used in this study were all confirmed 
to have high chondrogenic ability, accumulating at least 
as much sulphated glycosaminoglycan (sGAG) in pellet 
cultures under standard pellet culture conditions as our 
average ACs (data not shown).
	 ACs were isolated from normal cadaver femoral 
condyles that had been harvested within a few hours of 
death (n  =  5 donors). Human tissue was transferred to 
Oregon Health & Science University in a proprietary 
storage solution and obtained by the authors as discard 
tissue without patient identifiers. Oregon Health & Science 
University Institutional Review board approved the study 
as exempt from needing consent. Cartilage was dissected 
from the condyles and finely minced before enzymatic 
digestion. Cartilage digestion was initiated with 1  % 
protease from Streptomyces griseus (wt/vol) in low-glucose 
DMEM (Life Technologies, Grand Island, NY, USA) 
supplemented with 1  % penicillin-streptomycin (P/S). 
After 1 h at 37 °C, protease was removed and replaced 
with 1300 U/mL collagenase II (Worthington Biochemical, 
Lakewood, NJ, USA) in DMEM + P/S for 3 h at 37 °C. The 
cell suspension was passed through a 40-µm cell strainer, 
centrifuged at 500 ×g for 5 min, and the cells resuspended 
in low-glucose DMEM supplemented with 10 % FBS and 
1  % P/S. Chondrocytes were plated at 7,000 cells/cm2 
and expanded in monolayer culture at 37 °C, 5 % CO2 (in 
atmospheric oxygen) with medium changes every 3-4 d.
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Pellet culture
MSCs and ACs were pelleted between second and fourth 
passage with serum-free chondrogenic induction medium 
consisting of high-glucose DMEM (Gibco, Carlsbad, CA, 
USA) containing 10 ng/mL transforming growth factor-β1 
(TGF-β1, Peprotech), 10-7 M dexamethasone, 37.5 µg/mL 
ascorbic acid 2-phosphate, 1 mM sodium pyruvate, 40 µg/
mL L-proline, 1X ITS+ (BD Biosciences, Franklin Lakes, 
NJ, USA), and 1 % P/S. Scaled down pellet cultures were 
set up by centrifuging 5 × 104 cells at 500 ×g in 240 µL 
of medium in polypropylene V-bottom 96-well plates 
(Nunc, Rochester, NY, USA) and maintained in a hypoxic 
chamber (Biospherix, Parish, NY, USA) set at 2 % oxygen, 
5 % CO2 (Markway et al., 2013; Markway et al., 2015). 
Medium was changed every 2-3 d while keeping the cells 
at 2 % oxygen using a glovebox (Biospherix). At the end 
of 2 weeks of differentiation of MSCs or redifferentiation 
of ACs, medium was changed to chondrogenic induction 
medium without TGF-β1 and dexamethasone and with or 
without TNF-α (1 ng/mL). At this point, pellets were either 
maintained in hypoxia or reoxygenated by moving them to 
a standard tissue culture incubator and maintained for an 
additional week with medium changes every 2-3 d (Fig. 
1). Although CO2 displacement actually lowers the oxygen 
level, hereafter we refer to the standard condition as 20 % 
oxygen according to tissue culture convention, and we refer 
to a return to 20 % oxygen as reoxygenation. Though 2 % 
oxygen would more accurately be termed physiological, 
according to the convention of literature on the topic we 
have referred to this condition as hypoxia.

Biochemical assays
Biochemical assays were all conducted on at least triplicate 
pellets. Pellets were rinsed with phosphate-buffered 
saline (PBS) and digested overnight at 60 °C in 4 U/mL 
papain (Sigma, St. Louis, MO, USA) in PBS containing 
6 mM Na2-EDTA and 6 mM L-cysteine (papain buffer; 
pH 6.0). DNA content of all papain-digested pellets was 

quantified using 2 µg/mL Hoechst dye with calf thymus 
DNA diluted in papain buffer used to prepare standard 
curves. The sGAG content of pellets was quantified using 
1,9-dimethymethylene blue (DMMB) dye (pH 3.0). Shark 
chondroitin sulphate diluted in papain buffer was used to 
prepare standard curves.

RNA isolation and real-time quantitative polymerase 
chain reaction (qPCR)
RNEasy Mini Kit (Qiagen, Hilden, Germany) was used 
to collect total RNA from 4-6 replicate pellets of each 
condition for n = 4 independent donors for each cell type. 
Pellets were snap-frozen in liquid nitrogen and crushed, 
then immediately lysed with RLT lysis buffer containing 
40 mM dithiothreitol (DTT). RNA isolation then proceeded 
as per the manufacturer’s instructions.
	 RNA samples (250  ng) were reverse transcribed 
using qScript cDNA SuperMix (Quanta Biosciences, 
Gaithersburg, MD, USA) as per the manufacturer’s 
instructions. qPCR analysis was performed using a 
Bio-Rad MyiQ iCycler with Quanta PerfeCta qPCR 
FastMix (Quanta Biosciences) and TaqMan assays 
(Life Technologies) for MMP1 (Hs00899658_m1), 
MMP2 (Hs00234422_m1), MMP3 (Hs00968305_m1), 
MMP9 (Hs00234579_m1), MMP10 (Hs00233987m1), 
MMP12 (Hs00899662_m1), MMP13 (Hs00233992_
m1), ADAMTS4 (Hs00192708_m1), and ADAMTS5 
(Hs00199841_m1). The cycling parameters were 45 °C for 
2 min, 95 °C for 1 min, and then 95 °C for 5 s and 60 °C 
for 30 s for a total of 40 cycles. Results were analysed 
using the 2-ΔCt method relative to the housekeeping gene 
18S (Hs99999901_s1), which was deemed suitably stable 
for both cell types under the conditions described.

Immunohistochemical analysis
Pellets were fixed in 10  % neutral buffered formalin, 
embedded in paraffin and sectioned onto slides. 
Representative samples of 7-μm sections were stained with 

Fig. 1. Schematic of study design. MSCs and ACs were expanded in monolayer cultures in a standard tissue culture 
incubator (20 % O2) and then differentiated or redifferentiated, respectively, for 2 weeks in defined chondrogenic 
medium in hypoxia (2 % O2). At the end of 2 weeks, medium was changed to chondrogenic induction medium without 
TGF-β1 and dexamethasone and with or without TNF-α (1 ng/mL). At this point, pellets were either maintained in 
hypoxia or reoxygenated by moving them to a standard tissue culture incubator (20 % O2) and maintained for an 
additional week with medium changes every 2-3 d.
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toluidine blue to visualise sulphated proteoglycans at points 
before (day 14) and after TNF-α treatment and oxygen 
alterations (day 21). Serial sections were deparaffinised 
in xylene, rehydrated through graded alcohols, and pre-
treated with (i) protease-free chondroitinase ABC (0.1 U/
mL; Sigma-Aldrich, St. Louis, MO, USA) and 0.1  U/
mL of keratanase I (Sapphire Biosciences, Alexandria, 
Australia) for NITEGE and DIPEN neoepitopes or (ii) 
bovine testicular hyaluronidase (1000  U/mL; Sigma-
Aldrich) for aggrecan G1 domain and collagen type II. The 
following primary antibodies in antibody diluent (S0809, 
Dako, Glostrup, Denmark) were incubated overnight at 
4 °C: aggrecan G1 domain (1.5 μg/mL; affinity-purified 
polyclonal antisera; provided by Prof John Mort, McGill 
University, Montreal, Canada), ADAMTS-generated 
aggrecan neoepitope NITEGE (0.55 μg/mL; mAb Agg-C1; 
provided by Dr. Carl Flannery, Pfizer Inc, Cambridge, 
MA, USA), MMP-generated aggrecan neoepitope DIPEN 
(0.17 μg/mL; affinity-purified polyclonal antisera; provided 
by Prof Amanda Fosang, University of Melbourne, 
Melbourne, Australia), and collagen type II (5 μg/mL; mAb 
#6317, MP Biomedicals, Santa Ana, CA, USA). Equivalent 
concentrations of species-matched immunoglobulins 
on identically treated sections were used as negative 
controls. After washing in Tris-buffered saline with Tween 
20 (TBST) (Dako K800) slides were incubated with 
appropriate secondary antibody (EnVision+ rabbit (Dako 
K4003) or mouse (Dako K4001) horse-radish-peroxidase) 
for 30 min at room temperature. Colour was developed 
with NovaRED™ (SK-4800, VectorLabs, Burlingame, 
CA, USA) for 15 min at room temperature, and sections 
were then counter-stained with Mayer’s haematoxylin with 
Scott’s blueing solution.

Western blotting
Supernatant from the week of TNF-α exposure (days 
14-21) was collected for each condition and samples 
from three biological replicates were pooled. For these 
samples ITS (Sigma), which does not include bovine serum 
albumin, was used for the week of TNF-α exposure in place 
of ITS+. sGAGs were quantified as described above and 
supernatant containing 30 μg of sGAGs for each condition 
were concentrated using Amicon Ultra-4 10,000  kDa 
MWCO centrifugal filter units (Millipore, Billerica, MA, 
USA). Concentrated supernatants were precipitated with 9 
volumes of cold ethanol, dried, resuspended in 0.1 M Tris 
acetate buffer (pH 6.5), and deglycosylated overnight at 
37 °C with 0.01 U chondroitinase ABC, 0.01 U keratanase, 
and 0.0001 U keratanase II (Seikagaku Corporation, Tokyo, 
Japan). Samples were then dialysed against ultrapure 
(Milli-Q) water at 4  °C overnight and freeze dried. 
Samples were separated electrophoretically under reducing 
conditions on 10 % Bis-Tris gels (Invitrogen, Melbourne, 
Australia), transferred to nitrocellulose membranes 
(Invitrogen), blocked with 5 % (w/v) bovine serum albumin 
(BSA; Sigma-Aldrich) and immunoblotted with a 1:100 
dilution of monoclonal antibodies BC-3 (anti-ARGS) or 
BC-14 (anti-FFGV) (gift from Prof. B. Caterson, Cardiff 
University, Cardiff, UK) overnight as described previously 
(Little et al., 1999).

Zymography
Zymography was performed on either 10 % SDS-PAGE 
gels containing 10 mg/mL gelatine or 12 % gels containing 
10 mg/mL casein. Medium samples collected at day 21 
(day 7 of TNF-α treatment) were used for each condition. 
Samples were prepared in Laemmeli sample buffer without 
reducing agents or boiling, and 20 µL of this was used 
for zymography. Samples were run alongside PageRuler 
Plus marker (Thermo Fisher Scientific, Cambridge, MA, 
USA) and then gels were incubated in renaturing buffer 
(2.7 % Triton-X100) for 2 × 30 min before equilibrating in 
developing buffer (50 mM Tris base, 5 mM CaCl2, 40 mM 
HCl, 200 mM NaCl, 0.02 % (w/v) Brij-35) for 30 min at 
room temperature. The developing buffer was then changed 
and the gels were incubated at 37 °C overnight. Developed 
zymograms were stained with Coomassie blue.

Statistical analysis
SigmaPlot 11.0 was used to assess statistical significance, 
which was defined as p < 0.05. Four to five donors were 
used for each cell type and mRNA levels and sGAGs 
measured for each donor individually for quantitative 
assays. The number of donors analysed for each 
comparison is indicated in figure legends. Normality was 
evaluated using the Shapiro-Wilk test. Repeated measures 
ANOVA with Student-Newman-Keuls post hoc tests were 
used to compare means of multiple groups. 

Results

Oxygen-dependent effects of TNF-α on proteoglycan 
loss
MSCs and ACs had distinct responses to the removal of 
the chondrogenic factors TGF-β1 and dexamethasone as 
evidenced by the results from day 21 controls (Fig. 2a). 
Without these factors, MSCs continued to deposit sGAGs 
in the matrix as seen by the significantly higher amounts 
1 week following withdrawal. In contrast, the matrix of 
ACs contained less sGAGs at day 21 if these factors were 
removed. The addition of TNF-α led to a significant net 
loss in sGAG content in reoxygenated MSC pellets and 
in AC pellets, regardless of whether they were maintained 
in hypoxia or reoxygenated (Fig. 2a). Reoxygenation 
significantly enhanced the TNF-α-induced net loss of 
sGAGs in MSCs (3.4 ± 1.1 fold). To visualise the loss of 
proteoglycans we stained pellets with toluidine blue and 
probed for aggrecan G1 domains. Changes in toluidine blue 
staining of the pellets were consistent with the quantitative 
sGAG data (Fig. 2b). Immunostaining for aggrecan G1 
(Fig. 2c) suggested that loss of proteoglycan in TNF-α-
treated MSC and AC pellets could in part be explained by 
depletion of the entire aggrecan core-protein, particularly 
when the cells were reoxygenated.

Oxygen-dependent effects of TNF-α on aggrecanase 
expression and activity
In measuring changes in gene expression mediated by 
TNF-α and reoxygenation, we first evaluated the major 
aggrecanases responsible for aggrecan degradation in 
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Fig. 2. Loss of proteoglycans 
in MSC- and AC-derived 
neocartilage following TNF-α 
exposure and reoxygenation. 
(a) Proteoglycan content 
was quantified by measuring 
sGAGs in duplicate or triplicate 
pellets from n  =  4 (MSC) 
and n  =  5 (AC) individual 
donors at day 14 (d14: 2 % O2 
culture, pre-TNF-α exposure) 
and at  day 21 ±  TNF-α 
with or without changes in 
oxygen. L =   low oxygen 
(2  % O2), R =  reoxygenation 
(20  % O2). Values are the 
mean μg of sGAGs per pellet 
and error bars represent one 
standard deviation. Statistical 
significance was determined 
by repeated measures ANOVA 
with Student-Newman-Keuls 
post hoc tests; p < 0.05 vs. d14 
(*), vs. matched oxygen level 
without TNF-α (#), vs. low 
oxygen with TNF-α ($). Loss of 
proteoglycans was visualised by 
(b) Toluidine blue staining and 
by (c) immunohistochemical 
staining for aggrecan G1 
domain.  Pel le ts  of  each 
experimental condition from 
one representative donor are 
shown. Scale bars = 200 μm.
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cartilage, ADAMTS4 and ADAMTS5. Expression of the 
aggrecanases ADAMTS4 and ADAMTS5 in response 
to TNF-α treatment and oxygen tension was distinctly 
different in the MSCs and ACs (Fig. 3a,b). When MSCs 
were kept in hypoxia, TNF-α maintained ADAMTS4 
expression at significantly higher levels than in untreated 
controls, but the combination of reoxygenation and 
TNF-α led to significantly higher levels than both their 
hypoxic-maintained counterparts and day 14 cells (Fig. 
3a). For ACs, TNF-α increased ADAMTS4 expression 
to significantly higher levels than in untreated controls 
and day 14 expression. Additionally, concomitant 
reoxygenation did not affect the TNF-α-induced changes in 
ADAMTS4 expression compared with hypoxic-maintained 
chondrocytes (Fig. 3a). In MSCs, TNF-α was a more 
potent stimulus of ADAMTS5 expression than ADAMTS4, 
with significant increases both compared to untreated 
controls and to day 14, regardless of oxygen levels during 
TNF-α treatment (Fig. 3b). Increases in ADAMTS5 were 
also significantly increased by reoxygenation compared 

with hypoxia. In contrast to MSCs, ADAMTS5 was not 
significantly affected by TNF-α nor by reoxygenation in 
ACs.
	 While ADAMTS4 and ADAMTS5 were elevated at the 
mRNA level, activity of these enzymes is only confirmed 
by evidence of generation of the aggrecan neoepitopes 
with termini ARGS and NITEGE. The involvement of 
aggrecanases in the TNF-α-induced loss of proteoglycans 
from both MSC and AC pellets was assessed by 
immunoblotting for the aggrecan ARGS neoepitope in 
supernatants (Fig. 3c). In both MSC pellets and AC pellets 
maintained in medium without TNF-α, ARGS-bearing 
aggrecan catabolites released into the medium were all 
low molecular mass with similar proportions of ~64 and 
55 kDa bands. In MSC pellets, TNF-α appeared to increase 
the release of high (~200 kDa), intermediate (~100 kDa), 
and low (~55  kDa) molecular mass ARGS-bearing 
aggrecan catabolites into the medium. Larger BC-3 positive 
fragments predominated in low oxygen and smaller 
fragments in re-oxygenation of MSC pellets treated with 

Fig. 3. Expression and activity of aggrecanases in MSC- and AC-derived neocartilage following TNF-α exposure and 
reoxygenation. Expression of ADAMTS4 (a) and ADAMTS5 (b) were analysed by qPCR using RNA from pellets of 
n = 4 individual donors for each cell type at day 14 (d14: 2 % O2 culture, pre-TNF-α exposure) and at day 21 ± TNF-α 
with or without changes in oxygen. All values are the mean mRNA level normalised to 18S ribosomal RNA and 
error bars represent one standard deviation. Statistical significance was determined by repeated measures ANOVA 
with Student-Newman-Keuls post hoc tests; p < 0.05 vs. d14 (*), vs. matched oxygen level without TNF-α (#), vs. 
low oxygen with TNF-α ($). Catabolic activity mediated by aggrecanases was evaluated by (c) Western blotting for 
ARGS-bearing aggrecan fragments with BC-3 monoclonal antibody in supernatant collected and pooled from day 
14 to day 21 and by (d) immunohistochemical staining for the NITEGE neoepitope in pellets at day 14 and day 
21. Pellets of each experimental condition from one representative donor are shown. Scale bars = 200 μm. L = low 
oxygen (2 % O2), R = reoxygenation (20 % O2).



431 www.ecmjournal.org

BD Markway et al.                                                                        Reoxygenation enhances TNF-α-induced degradation

Fig. 4. Expression and activity of MMPs in MSC- 
and AC-derived neocartilage following TNF-α 
exposure and reoxygenation. (a) Gelatinase and 
caseinase activity were evaluated by zymography 
using day 21 supernatants. MMP-9 presents as 
a single 92 kDa band in the gelatine zymograms 
and MMP-2 presents as a doublet between 70 
and 55  kDa, with the lower molecular weight 
band indicating active MMP-2. Gels from one 
representative donor of each cell type are shown. 
L =  low oxygen (2 % O2), R =  reoxygenation 
(20  % O2). MMP activity was evaluated by 
immunohistochemical staining for (b) loss of 
collagen type II and (c) the appearance of the 
DIPEN aggrecan neoepitope in pellets at day 
14 and day 21. Pellets of each experimental 
condition from one representative donor are 
shown. Scale bars = 200 μm.

TNF-α, evidenced by the apparently increased proportion 
of the 55 kDa relative to the 64 kDa fragment. In contrast, 
in AC pellets there was no release of large ARGS-bearing 
aggrecan catabolites into the medium in any cultures, 
although as in MSC pellets the combination of TNF-α 
and reoxygenation appeared to increase the proportion of 
55 kDa compared to 64 kDa fragments. Immunostaining 
of the cell pellets for the NITEGE neoepitope confirmed 
ADAMTS-driven aggrecanolysis in MSCs treated with 
TNF-α, particularly when combined with reoxygenation 
(Fig. 3d). In ACs pellets, there was only very faint NITEGE 
staining and no apparent difference between any condition 
(Fig. 3d), in agreement with the Western blots for ARGS-
bearing catabolites (Fig. 3c).

Oxygen-dependent effects of TNF-α on MMP 
expression and activity
Release of smaller molecular mass ARGS-bearing 
ADAMTS-cleaved aggrecan catabolites (Fig. 3c) has 
previously been associated with concomitant C-terminal 
proteolysis by MMPs (Jackson et al., 2014; Little et al., 
2002). The presence of MMPs secreted into the medium 
was therefore evaluated by zymography. Gelatine 
zymography indicated that pro- and active forms of 
MMP-2 (middle and bottom bands, respectively) were 
secreted by both MSCs and ACs, and that in MSCs there 
was a consistently stronger lower band indicative of 
increased active MMP-2 when reoxygenation and TNF-α 
treatment were combined (Fig. 4a, top gel). Furthermore, 
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Fig. 5. Expression of mRNA for MMPs in MSC- and 
AC-derived neocartilage following TNF-α exposure and 
reoxygenation. Expression of MMP2 (a), MMP9 (b), 
MMP1 (c), MMP3 (d), and MMP13 (e) were analysed by 
qPCR using RNA from pellets of n = 4 individual donors 
for each cell type at day 14 (d14: 2 % O2 culture, pre-
TNF-α exposure) and at day 21 ± TNF-α with or without 
changes in oxygen. All values are the mean mRNA 
level normalised to 18S ribosomal RNA and error bars 
represent one standard deviation. Statistical significance 
was determined by repeated measures ANOVA with 
Student-Newman-Keuls post hoc tests; p < 0.05 vs. d14 
(*), vs. matched oxygen level without TNF-α (#), vs. 
low oxygen with TNF-α ($). L = low oxygen (2 % O2), 
R = reoxygenation (20 % O2).
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when pellets were first cultured at 20 % oxygen during 
chondrogenic induction, those MSC pellets kept at 20 % 
oxygen during TNF-α exposure had consistently stronger 
bands indicative of active MMP-2 compared to those 
moved to 2  % oxygen (data not shown). For ACs, we 
did not observe an effect of TNF-α on active MMP-2 
generation, nor an effect of reoxygenation on TNF-α-
treated cells (Fig. 4a, top gel). In contrast, proMMP-9 (top 
band) accumulation in the medium was strongly induced 
by TNF-α in ACs independent of oxygen tension, whereas 
little to no proMMP-9 was detected in the supernatant from 
MSCs (Fig. 4a, top gel). Casein zymography revealed 
an EDTA-sensitive band at approximately 45  kDa in 
supernatants from MSCs and ACs treated with TNF-α 
(Fig. 4a, bottom gel). This band was of similar to greater 
intensity in reoxygenated MSCs and ACs, depending on 
the sample. Candidate MMPs that could be responsible for 
this band include active forms of MMP-1, -3, -10, -12 and 
-13 (Snoek-van Beurden and von den Hoff, 2005).
	 Collagen II staining showed a similar pattern of matrix 
loss as that for aggrecan (Fig. 4b), indicating higher 
collagenolytic activity in reoxygenated TNF-α-treated 
cells, particularly in MSCs. Consistent with this, and the 
increase in MMP activity in conditioned media of TNF-
α-treated MSCs and ACs (Fig. 4a), there was staining 
indicative of an increase in the MMP-generated aggrecan 
DIPEN neoepitope in the pellets in these same cultures 
(Fig 4c). We were unable to demonstrate release of MMP-
generated C-terminal aggrecan fragments bearing the 
FFGV neoepitope in any cultures (data not shown).
	 Because there was evidence of differential MMP 
activity between cell types and conditions, we performed 
qPCR on several MMPs to determine which MMPs were 
upregulated in MSCs and ACs under these conditions. 
At the mRNA level, MMP2 expression was significantly 
increased by TNF-α compared with TNF-α-free controls 
in MSCs in both oxygen conditions but not in ACs (Fig. 
5a). Additionally, reoxygenation significantly increased 
TNF-α-induced MMP2 expression in MSCs. In agreement 
with the gelatine zymography, MMP9 was not detectable 
in any of the untreated groups and was much lower in 
MSCs than in ACs following TNF-α exposure (Fig. 5b). 
Reoxygenation had no significant effect on TNF-α-induced 
MMP9 expression in either cell type.
	 TNF-α significantly increased MMP1 expression in 
both oxygen levels for both MSCs and ACs and this was 
further increased by reoxygenation of ACs (Fig. 5c). 
In contrast to MMP1, although MMP3 expression was 
significantly higher in TNF-α-treated MSCs and ACs 
than in their untreated controls (Fig. 5d), TNF-α-induced 
MMP3 expression was not affected by reoxygenation in 
either cell type. MMP13 expression was significantly 
increased by TNF-α compared with TNF-α-free controls 
in MSCs in both oxygen conditions but not in ACs (Fig. 
5e). Additionally, reoxygenation significantly increased 
TNF-α-induced MMP13 expression in MSCs. MMP12 was 
not consistently detectable in either MSCs or ACs even 
with TNF-α treatment, and MMP10 was highly expressed 
at day 14 in MSCs but not consistently detectable in any 
other condition for MSCs or any condition for ACs (data 
not shown).

Discussion

In this study, we evaluated the oxygen-dependent 
response to TNF-α in two types of neocartilage generated 
by three-dimensional (3D) cultures of healthy human 
ACs and chondrogenically differentiated human bone 
marrow-derived MSCs, respectively. Although we were 
unable to match the MSC and AC preparations by age, 
gender or pathology, our data indicate that maintaining 
a hypoxic environment mitigates TNF-α-induced loss 
of proteoglycans from MSC-derived neocartilage as 
this tissue is more sensitive to increased oxygen during 
TNF-α exposure. However, AC-derived neocartilage is 
more sensitive to the withdrawal of chondrogenic factors, 
losing matrix and increasing expression of MMP1, MMP2, 
MMP9, MMP13 and ADAMTS5 in response to the removal 
of TGF-β1 and dexamethasone. This unforeseen difference 
is important to keep in mind when considering the 
differential loss in matrix observed between neocartilage 
made from MSCs compared to that made from ACs. While 
there was less loss of matrix from day 14 MSC-derived 
neocartilage kept under low oxygen conditions and treated 
with TNF-α, the ability of MSCs to continue making 
matrix in the absence of chondrogenic factors likely at 
least partially accounts for their higher matrix retention.
	 As for an anti-inflammatory advantage of MSCs in 
terms of the response of the various enzymes measured, we 
found none: more of these genes were actually upregulated 
by TNF-α in MSCs than in ACs. However, it should be 
noted that MMP-9, which is considered a marker of late-
stage degeneration (Karsdal et al., 2008; Vincenti and 
Brinckerhoff, 2002), was dramatically induced at the 
protein level in ACs and not MSCs. The larger finding 
of the study was that the distinct expression profiles of 
degradative enzymes and aggrecan catabolites in TNF-α-
exposed AC and MSC-derived neocartilages indicate that 
the observed matrix degradation likely occurs through cell 
type-specific mechanisms. We have previously found that 
under long-term 3D culture expression of ADAMTS4 and 
ADAMTS5 as well as MMP1, MMP2, MMP3 and MMP13 
in ACs were significantly decreased by hypoxic culture 
(Markway et al., 2013). Here we found that when similarly 
cultured ACs were challenged with an inflammatory 
stimulus, a hypoxic environment was insufficient to 
mitigate increases in any of these same genes except 
MMP1. In contrast, maintaining a hypoxic environment 
significantly mitigated TNF-α induced expression of 
ADAMTS4, ADAMTS5, MMP2 and MMP13 in neocartilage 
generated from MSCs.
	 Cytokine-induced expression of aggrecanase mRNA 
in cartilage varies by age and species (Caterson et al., 
2000). In human ACs, we found that ADAMTS4 was 
more responsive to TNF-α induction than ADAMTS5, 
as previously reported (Song et al., 2007). In contrast, 
ADAMTS5 was significantly increased by TNF-α in 
MSCs compared with both day 14 and day 21 controls. 
ADAMTS4 expression in MSCs, however, was maintained 
at higher levels with TNF-α compared with non-treated 
controls but only increased from day 14 levels when 
TNF-α was combined with reoxygenation. While we have 
previously found both ADAMTS4 and ADAMTS5 to be 
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decreased in healthy chondrocytes following long-term 
low oxygen culture (Markway et al., 2013), here we found 
no significant oxygen-dependent effect on TNF-α-induced 
expression for either gene in ACs. This differed from MSCs 
that showed oxygen-dependent effects on TNF-α-induced 
expression for both genes, with reoxygenation enhancing 
TNF-α-induced aggrecanase expression.
	 Boeuf et al. (2012) reported that ADAMTS5 gene 
expression decreased and ADAMTS4 expression increased 
over the course of MSC chondrogenesis; however, 
aggrecan cleavage was not seen unless IL-1β was added, 
in which case mRNA levels of both ADAMTS4 and 
ADAMTS5 increased and the aggrecanase-generated 
neoepitope, NITEGE, was detected. It was also noted 
in that study that the inducibility of ADAMTS5 by IL-1β 
in MSCs differs from chondrocytes in that chondrocytes 
do not respond to IL-1β with an increase in ADAMTS5 
expression (Boeuf et al., 2012). We found that TNF-α was 
also a potent inducer of ADAMTS5 in chondrogenically 
differentiated MSCs under either oxygen level investigated. 
Our results, combined with their observations, suggest 
that ADAMTS5 is not constitutively expressed in MSC-
derived chondrocytes, in contrast with chondrocytes, but 
is highly sensitive to inflammatory stimuli. However, it 
should be noted that the different expression patterns and 
apparently different sensitivities to TNF-α and oxygen 
in these cells is not necessarily indicative of divergent 
mechanisms for aggrecan loss. Although the combination 
of TNF-α and oncostatin M was previously shown to 
upregulate ADAMTS4 to a much greater degree than 
ADAMTS5 in both human chondrocytes and cartilage 
explants, siRNA targeting ADAMTS5 mitigated TNF-α/
oncostatin M-induced loss of GAGs to a similar degree as 
that targeting ADAMTS4 (Song et al., 2007). Delineating 
differences in the relative contribution of these enzymes 
to aggrecan loss from neocartilage constructs of different 
origins will require more thorough investigation.
	 Analysis of aggrecanase-generated aggrecan fragments 
suggests that there is a mechanistic difference in the 
catabolic response of neocartilage derived from MSCs 
and ACs to oxygenation and TNF-α. We found that in 
neocartilage derived from MSCs, TNF-α appeared to 
increase aggrecanolysis by ADAMTS, as previously 
shown with IL-1β (Boeuf et al., 2012) and that this is 
more pronounced with reoxygenation. We were unable to 
detect increased ADAMTS aggrecanolysis in AC-derived 
neocartilage, consistent with less upregulation of ADAMTS 
mRNA by TNF-α in ACs. There was also evidence of 
substantial aggrecan G1 loss from reoxygenated TNF-α-
stimulated pellets. Previous studies have shown that loss of 
aggrecan in response to specific cytokine stimulation may 
result not only from proteolysis but also depolymerisation 
of hyaluronan (Durigova et al., 2008; Sztrolovics et al., 
2002a). Furthermore, reoxygenation can generate reactive 
oxygen species, which are well known to depolymerise 
hyaluronic acid (Bates et al., 1984; Mapp et al., 1995; 
McCord, 1974). Our data showing the most profound loss 
of G1 with TNF-α in combination with reoxygenation, 
suggests a role for reactive oxygen species in hyaluronan 
degradation and proteoglycan loss here.

	 MMPs can also cleave aggrecan; however, in native 
cartilage these enzymes are thought to contribute little 
directly to inflammatory factor-mediated aggrecan loss, 
at least in the short-term (Durigova et al., 2011; Little et 
al., 1999; Madsen et al., 2010; Struglics and Hansson, 
2012). There are six known MMP cleavage sites in human 
aggrecan (Struglics and Hansson, 2012) with the major 
site between Asn341 and Phe342 resulting in fragments 
terminating with the sequences DIPEN341 (DIPES341 
in bovine) and 342FFGVG. Little et al. (1999) found 
that cleavage of aggrecan at this site inconsequentially 
contributed to TNF-α-induced loss of proteoglycans. 
Similarly, Fosang et al. (2000) estimated that MMPs 
account for less than 1  % of aggrecan released upon 
catabolic stimulation. However, the contribution of MMPs 
to aggrecan degradation in neocartilage has not been 
extensively studied. Aggrecanolysis by MMPs varies by 
species and tissue type as well as by catabolic stimuli 
(Fuller et al., 2012; Hughes et al., 1998; Little et al., 1999; 
Sztrolovics et al., 2002b). Little et al. (1999) reported an 
absence of 342FFGVG fragments in culture supernatants 
from bovine, porcine and human articular cartilage 
explants treated for four days with catabolic stimuli and 
little evidence of increased DIPEN/S accumulation in the 
matrix. Subsequently, they reported that in the third week 
of IL-1 treatment, both FFGVG fragments and DIPEN/S 
accumulated in the medium of bovine nasal cartilage (Little 
et al., 2002). In ovine outer meniscus explant cultures 
TNF-α increased the generation of DIPEN fragments 
but not NITEGE (Fuller et al., 2012). This is of interest 
because the inner meniscus responded similarly to articular 
cartilage with an increase in NITEGE but not DIPEN 
fragments. Thus, the differences in the phenotype and 
matrix created by MSC-derived chondrocytes compared 
with articular chondrocytes may also include different 
matrix-degrading proenzymes leading to a distinct cascade 
of degradative events. However, Boeuf et al. (2012) 
found that the response of MSC-derived neocartilage 
to IL-1β was similar to that of articular chondrocytes: 
a dramatic increase in NITEGE fragments with little 
effect on generation of DIPEN. Apart from this study, 
we are not aware of any published studies investigating 
the inflammatory-induced aggrecanolytic response of 
neocartilage, and none that examine the effects of oxygen 
tension in aggrecanolysis. Therefore, in addition to analysis 
of the major aggrecanases, we evaluated the generation of 
MMP-derived neoepitopes and the expression of MMPs 
that could be involved in this process.
	 Unlike previous studies with IL-1β (Boeuf et al., 
2012) our immunohistochemical data also demonstrated 
increased aggrecanolysis by MMPs in response to TNF-α 
in both MSC- and AC-derived neocartilage. However, 
that our data suggests increased DIPEN generation but 
not an accompanying release of FFGV-bearing C-terminal 
aggrecan catabolites in the culture medium suggests that 
MMP-mediated cleavage may be occurring secondary to 
primary interglobular domain proteolysis by ADAMTS, 
with the resultant 32-amino acid peptide being lost during 
dialysis of samples prior to Western blotting. The reduced 
size of ARGS-bearing aggrecan fragments with TNF-α in 
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the presence of reoxygenation may indicate C-terminal 
proteolysis of aggrecan by MMPs (Jackson et al., 2014; 
Little et al., 2002), and was consistent with greater type II 
collagen loss in these same pellets.
	 In ACs, there was no significant effect on MMP2 
expression and no noticeable effect on generation of active 
MMP-2 upon TNF-α exposure, a result in agreement with 
previous studies of articular cartilage and chondrocytes 
(Fuller et al., 2012; Lefebvre et al., 1991). Additionally, 
oxygen did not modulate the effects of TNF-α on MMP-
2. In contrast, MMP2 was increased by TNF-α in MSCs 
and this was enhanced by reoxygenation. TNF-α-induced 
generation of active MMP-2 also appeared enhanced by 
reoxygenation of these cells. Since TNF-α had little effect 
on the generation of active MMP-2 in articular cartilage 
and inner meniscus but did increase levels of active MMP-
2 in outer meniscus (Fuller et al., 2012), the differences 
we find may reflect a more fibrocartilage phenotype of 
MSC-derived chondrocytes: akin to outer meniscal cells 
with higher COL1A1 and lower COL2A1 expression 
(Fuller et al., 2012; Ochi et al., 2003). It is relevant that 
MMP-2 has been shown to be activated by collagen I 
in several experimental systems (Guo and Piacentini, 
2003; Henderson et al., 2007; Wang et al., 2003) and its 
abundance in MSC-derived neocartilage may potentiate the 
TNF-α induced activation of MMP-2. The lower level of 
active MMP-2 induced by TNF-α in MSCs maintained in 
hypoxia corresponds with the significantly lower COL1A1 
in the day 14 MSC pellets differentiated in hypoxia 
compared with normoxia (data not shown). The role of 
collagen I in inflammatory factor-mediated activation of 
MMP-2 deserves more thorough investigation.
	 The response of the other gelatinase, MMP-9, was 
also distinctly different between MSC- and AC-derived 
neocartilage. While MMP9 mRNA was only ever 
detectable following TNF-α treatment for both cell 
types, in MSCs it rarely increased to a level such that the 
protein could be detected by zymography. In contrast, in 
supernatant from ACs, MMP-9 was always present in 
detectable amounts and this was reflected in the different 
levels of MMP9 between the two cell types. Very little 
to no MMP-9 was reported in the supernatant from any 
meniscal or cartilage explants (Fuller et al., 2012). The 
fact that we found substantial MMP-9 in the supernatants 
from articular chondrocytes may be due to species 
differences and/or differences in the culture system, i.e. 
explants of native cartilage compared with neocartilage 
from redifferentiated chondrocytes. MSCs have a low 
level of MMP9 expression even following chondrogenesis 
and respond to TNF-α with less elevated levels of MMP9 
than ACs. Since MMP-9 is a gelatinase that only cleaves 
collagen after the chains of the triple helix have been 
cleaved by collagenases (such as MMP-1), it may be 
more involved in late-stage degeneration (Vincenti and 
Brinckerhoff, 2002). Karsdal et al. (2008) noted that in 
bovine cartilage explants elevated levels of MMP-2 and 
MMP-9 in the medium corresponded with a late stage 
of degradation marked as a point of severely impaired 
capacity for reversing the damage. Our results show most 
dramatically that after one week of TNF-α, proMMP-9 
is substantially elevated in AC pellets compared to MSC 

pellets. This may indicate that the AC-derived neocartilage 
reaches the severe stage of degeneration quicker than MSC-
derived neocartilage under these inflammatory conditions. 
Future studies should investigate this potential advantage 
of MSCs by examining the degradation of collagen and 
the reversibility of damage in MSC-derived neocartilage 
compared to AC-based neocartilage.
	 MMP-1 and MMP-3 are increased by TNF-α at both 
the mRNA and protein level in cultured chondrocytes 
(Fuller et al., 2012; Tetlow et al., 2001). Here we found 
that MMP-3, considered to be the major aggrecan-
degrading MMP of cartilage (Durigova et al., 2011), 
was significantly increased by TNF-α in AC-derived 
neocartilage with no modulation by oxygen. While MMP3 
expression was induced by TNF-α in MSCs, it remained 
at much lower levels than in ACs both with and without 
TNF-α. As with MMP9, induction of MMP3 appears to 
be a minor part of the TNF-α response of MSC-derived 
neocartilage in comparison to AC-derived neocartilage. 
MMP1, on the other hand, was expressed at a similar level 
in ACs and MSCs following TNF-α stimulation, although 
reoxygenation only significantly enhanced the effect in 
ACs.
	 Only MSCs demonstrate a significant upregulation of 
MMP13 expression in response to TNF-α exposure, and this 
gene was further upregulated in response to reoxygenation. 
MMP13 is a marker of the hypertrophic phenotype as 
the MMP-13 enzyme preferentially degrades type II 
collagen to facilitate endochondral ossification. MSCs 
progress toward a hypertrophic phenotype in chondrogenic 
differentiation as compared with ACs (Fischer et al., 2010; 
Markway et al., 2015). In addition to its physiologic role 
in chondrocyte hypertrophy, MMP-13 is implicated in 
the pathogenesis of inflammatory arthritis through the 
recruitment of inflammatory cells and cytokines to articular 
cartilage (Joronen et al., 2004; Singh et al., 2013), and 
the enzyme may participate in positive feedback by both 
stimulating and responding to inflammation, including 
TNF-α exposure. As noted for MMP-2 above, TNF-α 
was previously reported to have no effect on MMP13 at 
the gene or protein level in articular cartilage and inner 
meniscus but increased levels of MMP13 in lateral outer 
meniscus (Fuller et al., 2012; Tetlow et al., 2001); again 
the differences we find may reflect a more fibrocartilage 
phenotype of MSC-derived chondrocytes.
	 We have not yet elucidated mechanisms for the 
observed protective effect of hypoxia and the additive 
effect of reoxygenation on TNF-α-mediated damage. 
However, studies in which cells were cultured for two 
weeks in high oxygen and then moved to hypoxia (data 
not shown) revealed largely reciprocal and confirmatory 
results to the reoxygenation results presented here. That the 
effects were similarly inverse across several genes when 
cells were reoxygenated compared with when they were 
introduced to hypoxia is interesting with respect to hypoxic 
feedback mechanisms and our previous observations on 
the dynamics of HIF expression during long-term culture. 
It has been shown that hypoxia leads to increased prolyl 
hydroxylase expression and this can act to rapidly degrade 
HIFs upon reoxygenation (D’Angelo et al., 2003). We 
have previously seen that over two weeks of culture 
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in hypoxia, both HIF-1α and HIF-2α protein levels in 
chondrocytes decrease dramatically over time (Markway 
et al., 2013) and we have observed that MSCs exhibit a 
similar decrease in HIF-1α and HIF-2α expression during 
long-term hypoxic chondrogenesis (unpublished results). 
Therefore, while reoxygenation can have dramatic effects 
on tissue integrity as shown here and by Strobel et al. 
(2010), changes in HIF-1α and HIF-2α protein levels 
would be expected to be small compared with the opposite 
condition of a first-time hypoxic exposure. It may be that 
there is a low level of stabilised HIF proteins following 
chronic hypoxia of chondrogenic cells but a level that is 
critical to the protective effects of hypoxia during TNF-α 
stimulation. How exactly hypoxic signalling counteracts 
the effects of TNF-α and the roles of the individual HIFs 
remains to be determined.
	 Modulation of nitric oxide (NO) synthesis is another 
intriguing possibility to explain our results. NO production 
is often elevated in the diseased joint and it is suggested 
to be an important catabolic factor contributing to OA 
progression (Abramson, 2008). In bovine cartilage 
explants cultures, a nitric oxide synthase (NOS) inhibitor 
was found to significantly attenuate the TNF-α-mediated 
loss of sGAGs and to decrease generation of the NITEGE 
fragment but did not affect expression of ADAMTS4 or 
ADAMTS5 (Stevens et al., 2008). This suggested that 
NO contributes to TNF-α-mediated aggrecanolysis at a 
post-transcriptional level. Hypoxia was found to decrease 
TNF-α-induced NO production in porcine explant 
cultures but reoxygenation enhanced TNF-α-induced NO 
production (Cernanec et al., 2002). Hypoxia/reoxygenation 
events have also been shown to increase TNF-α-induced 
expression of inducible NOS (iNOS) in synoviocytes from 
OA patients (Chenevier-Gobeaux et al., 2013). It has been 
shown that following chondrogenic differentiation, in 
contrast to undifferentiated and osteogenic and adipogenic 
cultures, MSCs express iNOS and produce NO upon IL-
1β stimulation (Mais et al., 2006). In that study, MSCs 
produced lower levels of NO than chondrocytes following 
IL-1β stimulation, but these were not in comparable culture 
systems (alginate vs. pellets) and the chondrocytes were 
derived from diseased joints. It would be interesting to 
compare the NO production of chondrogenically induced 
MSCs to that of healthy chondrocytes in parallel culture 
systems and to evaluate how oxygen tension modulates 
inflammatory-mediated NO synthesis in these two cell 
types.

Conclusions

Relatively little is known about how the hypoxic 
environment and disease-associated changes in oxygen 
tension affect joint degeneration. The majority of in vitro 
hypoxia studies focus on the anabolic effects, often with 
an eye towards increasing matrix production for tissue 
engineering applications. Our results provide further 
evidence of the need to consider oxygen an essential 
parameter for studying the degradative axis. Specifically, 
we show that oxygen can modulate cytokine-mediated 
expression of degradative enzymes and that this effect 

differs depending on the cell type. Furthermore, despite 
the purported anti-inflammatory properties of naïve 
MSCs, we found no definitive advantage of MSC-derived 
neocartilage as it relates to expression of the enzymes 
typically associated with loss of cartilage matrix. These 
results have important implications when considering 
implantation into diseased joint environments and for the 
selection of appropriate biological agents, such as enzyme 
inhibitors, to protect the new tissue and augment repair.
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Discussion with Reviewers

Reviewer III: How do the authors envisage the use of 
predifferentiated MSCs in vivo?
Authors: While MSCs have been evaluated for their ability 
to aid in cartilage repair in a clinical setting using a variety 
of therapeutic approaches, the use of pre-differentiated 
MSCs has to-date been limited. In fact, preclinical studies 
in animals have suggested that pre-differentiation may be 
either beneficial (Zscharnack et al., 2010) or detrimental 
(Chang et al., 2011) compared with undifferentiated 
MSCs in MACI-type applications. With the tendency 
of MSCs to express high levels of matrix proteins not 
typically associated with hyaline cartilage (e.g. collagen 
types I and X), prospects for their use in such applications 
will most likely be limited unless the phenotype of the 
tissue produced can be better controlled. If pathways that 
direct these cells towards a hyaline cartilage chondrocyte 
phenotype can be defined, they could become a valuable 
cellular resource for in vivo applications, perhaps guided 
by innovative gene delivery technologies and supported 
by next-generation scaffolds. Breakthroughs in such 
technologies may one day allow for robust hyaline-like 
tissues to be synthesised from MSCs in a laboratory setting 
or, alternatively, to allow for improved control of in situ 
tissue development by these cells. Presently, their value as 
a precursor cell for cartilage repair is unclear.
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