
INTRODUCTION

IN RECENT YEARS it has become evident that reactive oxygen
species (ROS), such as superoxide and hydrogen peroxide,

act as important regulators of redox-sensitive cell signaling
pathways. ROS are involved in diverse cellular processes, such
as host defense, oxygen sensing, proliferation, apoptosis, and
response to mechanical strain. However, in a pathological sense,
overproduction of ROS has been associated with inflammation,
vascular atherosclerosis, diabetes, hypertension, tumorigene-
sis, and osteoarthritis (OA) (26). Osteoarthritis represents one
of the most frequent musculoskeletal diseases, affecting over
60% of the elderly population. The pathogenesis of primary os-
teoarthritis involves an intrinsic and progressive erosion of ar-
ticular cartilage, leading to incapacity of movement and chronic
pain. An imbalance between anabolic and catabolic pathways
by chondrocytes occurs in OA (2). These catabolic pathways
are characterized by an excessive production of proteolytic en-
zymes, the matrix metalloproteinases (MMPs), which are di-
rectly involved in cartilage resorption.

Articular chondrocytes actively produce ROS, released in
response to interleukin-1� (26–42). It has been suggested that
ROS act as secondary messengers in bovine chondrocytes and
are involved in mitogen-activated protein kinase (MAPK) stim-
ulation, and c-jun and NF-kappaB activation required for tran-
scription of cytokine-induced MMP-1 (collagenase-1) and
MMP-13 (collagenase-3) metalloproteinases (22, 25, 28, 48).

Recent studies indicate that NAD(P)H oxidases play a major
role in ROS production in many nonphagocytic cells (14, 15). It
has been proposed that NAD(P)H oxidase Nox2 (gp91phox)
could produce superoxide anions in the immortalized chondro-
cyte cell line C-20/A4, similar to those found in phagocyte cells
(15, 30, 31). However, the involvement of Nox2 in superoxide
production in osteoarthritis has not been proven. In porcine
chondrocytes, no production of ROS was seen after addition of
phorbol ester (PMA), a Nox2 activator (15). Indeed, p47phox and
gp91phox-deficient mice have the same tissue damage as wild
type mice in experimental arthritis models (another joint dis-
ease) (45). Recent efforts to identify oxidases responsible for
ROS generation in nonphagocytic cells led to the discovery of
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ABSTRACT

Reactive oxygen species (ROS) are regulators of redox-sensitive cell signaling pathways. In osteoarthritis,
human interleukin-1� is implicated in cartilage destruction through an ROS-dependent matrix metallopro-
teinase production. To determine the molecular source of ROS production in the human IL-1� (hIL-1�)-sen-
sitive chondrocyte immortalized cell line C-20/A4, transfected cells were constructed that overexpress
NAD(P)H oxidases. First, RT–PCR analysis showed that the C-20/A4 cell line expressed Nox2, Nox4, p22phox,
and p67phox, but not p47phox. It was found that ROS production by C-20/A4 chondrocytes does not depend on
PMA and ionomycin activation. This indicates that Nox2 was not involved in the production of ROS. In C-
20/A4 cells that overexpress Nox4, hIL-1� stimulated ROS production three times more than the normal pro-
duction of C-20/A4 cells. Moreover, there was a fourfold increase in the production of collagenase (MMP-1)
by chondrocytes that overexpress Nox4. Interestingly, MMP-1 production in cells that overexpress Nox2 was
not sensitive to hIL-1�. These data suggest that under hIL-1� stimulation, C-20/A4 chondrocytes produce
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gp91phox isoforms. To date, the Nox family consists of five
members, all of which are structurally similar to the Nox2 pro-
tein (20). One member of this family, Nox4, is the major source
of ROS in kidneys (9, 11) and is also abundant in the vascular
system and in many others tissues (19). In osteoclast cells,
Nox4 has been identified and shown to produce superoxide that
directly contributes to bone resorption (49). Strong evidence in-
dicates that superoxide production in chondrocytes could be re-
sponsible for the overexpression of metalloproteinases.

To address these questions, we studied the effect of the ex-
pression of the Nox family and its partners in chondrocyte im-
mortalized cell lines. We focused our study on Nox4 and Nox2,
and used the C-20/A4 chondrocyte cell line, which provides a
stable expression of both protein types to compare their roles
under cytokinic stress and their impact on MMP-1 expression.
In this study, we report that Nox4 is the main NAD(P)H oxi-
dase involved in ROS production under human interleukin-
1beta (hIL-1�) stimulation in the C-20/A4 chondrocyte cell
line, and that ROS are directly related to MMP-1 production.

MATERIALS AND METHODS

Materials and cells

Human chondrocyte cell lines immortalized by SV40,
C-20/A4, T/C-28a2, or C-28/I2, are a gift from M.B. Goldring
(Harvard Institutes of Medicine, Boston, MA). Monoclonal
antibodies anti-p22phox 44.1 and monoclonal antibodies anti-
Nox2 (54.1 & NL7) were from A.J. Jesaïtis (Montana State Uni-
versity, Bozeman, MT) monoclonal antibodies anti-Nox2 7D5
were purchased at MBL Medical & Biological Laboratories Co.,
Ltd (NaKa-ku Nagoya, Japan) and monoclonal antibodies antihis-
tidine from Qiagen (Courtaboeuf, France). Irrelevant monoclonal
IgG1 was obtained from Immunotech (Marseille, France) and
phycoerythrine-conjugated secondary antibodies from Dianova
(Hamburg, Germany). Penicillin, streptomycin, L-glutamine,
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), trypsin, EBSS, geneticin, and TRIzol® were
obtained from Invitrogen (Cergy Pontoise, France). Human
IL-1beta (hIL-1�) and LightCycler FastStart DNA Master plus
SYBR Green I kit were purchased from Roche Applied Science
(Meylan, France), blasticidin from Funakoshi Co (Japan), and
AMV reverse transcriptase from QBiogene (Illkirch, France).
ProMMP-1 ELISA kits were obtained from R&D Systems
(Lille, France) and Effectene Transfection reagent from Qiagen.
Luminol, ionomycin, phorbol 12-myristate 13-acetate (PMA),
horseradish peroxidase, and dihydroethidium were from Sigma
(Saint Quentin Fallavier, France).

Chondrocyte cell line culture

C-20/A4, T/C-28a2, and C-28/I2 chondrocyte cell lines were
maintained in DMEM supplemented with 10% (v/v) FBS, 100
units/ml penicillin, 100 µg/ml streptomycin, 2 mM L-glutamine
at 37°C in a humidified 5% CO2 atmosphere. Blasticidin, 10
µg/ml, was added to the culture medium of cells transfected
with the mammalian expression plasmid pEFb (Invitrogen,
Cergy Pontoise, France) and 1 µg/ml geneticin was added to the
culture medium of Nox2 transfected cells. All experiments were
performed within cell passages 3 to 10 at 60–90% confluency.

Generation of plasmid constructs for the
expression of Nox4 isoforms and Nox2 

Human Nox4 and Nox2 were cloned: two Nox4 cDNA
ESTs were characterized by PCR using UNI-ZAP human kid-
ney lambda cDNA library (Stratagene, La Jolla, CA) as a tem-
plate. Nox4A corresponds to the full-length Nox4 usually de-
scribed in Genbank No.AF254621, and Nox4B is an exon 14
spliced isoform (Genbank No.AJ704726). N-terminal V5-His-
tagged Nox4A and Nox4B were produced with the forward
primer Nox4 F4��� (5�-GTTTGGTACCATGGCTGTGTC-
CTGGAGG-3�) including a Kpn I site (shown in bold type)
and the reverse primer Nox4 R4’ (5�-GTTTACTAGTGCT-
GAAAGACTCTTTATTGTATTC-3�) comprising a Spe I re-
striction site (shown in bold type) instead of the stop codon.
Both purified PCR products were subcloned into the pCR
Blunt II-TOPO vector according to the manufacturing proto-
col (Zero Blunt TOPO PCR cloning kit, Invitrogen). pCR-
BluntII-TOPO plasmid containing Nox4A or Nox4B was di-
gested by Kpn I and Spe I, and the insert was ligated into a
linearized pEF6V5/HisB vector (Invitrogen). Dominant-
negative pCDNA 3.1 Nox4 �FAD/NADPH plasmid was con-
structed using the forward primer Nox4 F4 and the reverse
primer Nox4 R4�� (5�-GTTTGCGGCCGCTCAAATGATG-
GTGACTGGCTTATTGC-3�) containing a Not I restriction
site (shown in bold type). This purified PCR product was di-
gested by Kpn I and Not I and ligated into linearizd pCDNA
3.1 V5/HisB vector (Invitrogen). The construction that ex-
pressed Nox2 in pEF-PGK neo plasmid was obtained from
Stasia et al. (39). All inserts were verified by sequencing
(Genome Express, Grenoble, France) on an Abi Prism auto-
matic sequencer (Perkin Elmer, France Office).

Transfection of mammalian expression plasmids

Stable transfection. C-20/A4 chondrocyte cells were
trypsinized and counted. 4 � 105 C-20A/4 cells were seeded in
6-well plates and allowed to grow for 24 h to reach a 60% con-
fluency in a 2 ml DMEM culture medium. Cells were trans-
fected with 0.4 µg of pEF6V5HisB vectors, which encoded the
Nox4A-V5/His, or the Nox4B-V5/His, or with pEF-PGK neo,
which encoded Nox2 according to the manufacturing protocol
(Effectene Transfection reagent, Quiagen, Courtaboeuf, France).
After 24 h, stable transfected cells were selected with either
10 µg/ml blasticidin for Nox4A-V5/His, Nox4B-V5/His, and
luciferase, or 1 mg/ml geneticin for Nox2 for 3 weeks (37).

Transient transfection. C-20/A4 chondrocyte cells
were seeded in a 25 cm2 flask to obtain 50% confluency on the
day of transfection. Five µg of plasmid of pCDNA 3.1 V5/His
empty vector (Invitrogen) or pCDNA 3.1 Nox4 �FAD/NADPH
were diluted in 200 µl of CaCl2 (250 mM) buffer and 200 µl of
HEPES-phosphate buffer (140 mM NaCl, 50 mM HEPES, 1.4
mM NaH2PO4, pH 7.05) was added. After 60 sec of incubation
at room temperature, the transfection solution was added to
cells immersed in 1.8 ml of complete DMEM culture medium.
Four hours after transfection, the medium was replaced. Forty-
eight hours after transfection, the quantity of MMP-1 was mea-
sured as described below.
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RNA and RT–PCR 

Chondrocytes were harvested and resuspended in TRIzol® at
approximately 108 cells/ml, as described in the manufacturer’s
instructions. RNA concentrations were determined spectroscop-
ically at 260 nm. Reverse transcription reactions were performed
from 5 µg of RNA with 20 U of AMV reverse transcriptase, as
described in Trocme et al. (44). All PCRs were processed during
35 cycles from 2.5 µl cDNA with 2.5 U of Taq polymerase and
primer sets spanning intron/exon boundaries to avoid genomic
DNA amplification (Table 1). Two primer sets were used to char-
acterize Nox4, the first—F4/R4—amplifying a 500 bp sequence
in the 5’ part of the transcript (40) and the second—F4�/R4�—
differentiating the two Nox4 isoforms at 1317 bp for Nox4A and
1197 bp for Nox4B. cDNA integrity and quantity were checked
by amplification of a housekeeping gene G3PDH using com-
mercial primers (BD Bioscience, Le Pont de Claix, France).

Quantitative real-time RT–PCR analysis 

Total RNA was extracted from C-20/A4 cells using Trizol
reagent (Invitrogen), according to the manufacturer’s instructions.
Two µg of RNA were converted to cDNA by reverse transcription
with 40 U of AMV reverse transcriptase (Roche). Expression lev-
els of human Nox-4 and housekeeping G3PDH mRNAs were de-
termined using the specific primers as follows: forward Nox-4
F4��� (5�-CTGAATGCAGCAAGATACCGAGAT-3�) and reverse
Nox-4 R4��� (5�-CTGGCTTATTGCTCCGGA-3�), and forward
G3PDH F9 (5�-GTGGTGGACCTGACCTGC-3�) and reverse
G3PDH R9 (5�-CCCTGTTGCTGTAGCCAAATTCG-3�). Real-
time quantitative Nox4 and G3PDH PCRs of each reverse-
transcribed cDNA sample were made on the Light Cycler 1.5 ap-
paratus using the LightCycler FastStart DNA Master plus SYBR
Green I kit (Roche). The incubation conditions were as follows:
95°C for 10 min, followed by 45 cycles of denaturation at 95°C for
15 sec, annealing at 66°C for 10 sec for Nox4 or G3PDH, and ex-
tension at 72°C for 21 sec for Nox4, or 10 sec for G3PDH. PCRs
of each sample were done in duplicate. Nox4 mRNA expression
was quantified by relating the PCR cycle obtained from samples
to a standard curve and was then normalized to the G3PDH
mRNA expression level. Product specificity was confirmed for
each fragment by a melting curve analysis and gel electrophoresis.

FACS analysis

Protein expression of p22phox, Nox2 (gp91phox), Nox4A-
V5/His, and Nox4B-V5/His in the human C-20/A4 chondrocyte
cell line was assessed by flow cytometry analysis, according to
Stasia et al. (38) and Paclet et al. (34), and was modified as fol-
lows: 5 � 105 cells were fixed with 1% (w/v) paraformaldehyde
for 15 min at 0°C and labeled with antibodies immediately or
after membrane permeabilization by saponin 0.01% (w/v) for 10
min at 0°C. Nox2 expression was evaluated with monoclonal an-
tibodies 7D5 (5 µg/5 � 105cells), NL7 (5 µg/5 � 105cells), 54.1
(5 µg/5 � 105cells) (32), and p22phox expression was character-
ized with monoclonal antibodies 44.1 (5 µg/5 � 105cells) (6).

Nox4A-V5/His and Nox4B-V5/His expression were as-
sessed by two polyclonal antibodies, the former raised against
the polyhistidine tail (5 µg/5 � 105cells), and the latter against
the Nox4 peptide 88KVPSRRTRRLLDKSR102, synthesized by
Neosystem (Strasbourg, France) (5 µg/5 � 105cells) (35).

Monoclonal IgG1 (5 µg/5 � 105cells) was used as a con-
trol. The antibody-labeled cells were stained with phycoery-
thrine-conjugated secondary antibodies (dilution 1:200), and
the fluorescence emission was measured at 578 nm after exci-
tation at 488 nm on a FACS Calibur apparatus (BD Bio-
science). All experiments were performed in triplicate.

Cytochrome b spectroscopy

The cytochrome b absorption spectra were performed with
the C-20/A4 chondrocyte cell line WT, or transfected with the
Nox4 gene resuspended in a PBS buffer containing 1% of tri-
ton �100. They were recorded at room temperature with a
DU 640 spectrophotometer (Beckman Coulter, Roissy,
France). Reduction was achieved in the cuvette by addition of

TABLE 1. PRIMER SEQUENCES USED IN THIS STUDY
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a few grains of sodium dithionite, and reduced minus oxi-
dized difference spectra were recorded. The amount of re-
duced cytochrome b558 was determined by absorbancy at 426
nm using an �426 nm value of 106 mM�1cm�1, or at 558 nm
(�558 nm = 21.3 mM�1cm-1). A positive control was performed
on cytochrome b558 purified from human neutrophils (33).

Measurement of NADPH oxidase activity 
in intact cells by luminescence assay

Hydrogen peroxide production was measured as described
in Bionda et al. (3). Briefly, cells were washed twice with PBS,
detached with trypsin and collected by centrifuge. The viability
of the suspended cells was over 90%, as determined by the try-
pan blue exclusion method. In a 96-well plate, 5 � 105 live
chondrocytes per well were resuspended in 250 µl of PBS con-
taining 0.9 mM CaCl2, 0.5 mM MgCl2, 16 mM glucose, 16 µM
luminol, and 8 units/ml horseradish peroxidase. In some exper-
iments, a final concentration of 80 ng/ml phorbol myristate ac-
etate (PMA) or 2.5 µM ionomycin was added to initiate the
reaction. Relative luminescence unit (RLU) counts were re-
corded every 30 sec for a total of 90 min at 37°C, using a Lu-
minoscan® luminometer (Labsystems, Helsinki, Finland).

Measurement of superoxide production 
in intact cells by fluorescence microscopy

Cell cultures were made in a 6-well plate until 80% conflu-
ency. Cells were rinsed twice with EBSS and incubated in 1 ml
of the complete culture medium (DMEM-10% FBS) contain-
ing 5 µM final dihydroethidium (DHE) with or without hIL-1�
(500 pg/ml) for 20 min at 37°C in a 5% CO2 atmosphere pro-
tected from light. In some experiments, N-acetylcysteine 30
nM (NAC) final was added. Fluorescence was recorded with a
Nikon digital sight DS-1QM (Nikon, Rollay, France), mounted
on a Nikon eclipse TE2000-E fluorescence microscope (Nikon).
Dihydroethidium fluorescence was analyzed using a filter with
an excitation wavelength of 488 nm and an emission wave-
length of 580 nm. Images were acquired 20 min after DHE ad-
dition using identical exposure times, and analyzed with the
Lucia software (Lucia Imaging systems, Laboratory Imaging
Ltd, Prague, Czech Republic). Relative superoxide levels be-
tween cells were quantified by determining the integral gray
values using Lucia Imaging systems. The integral gray value is
defined as the sum of intensity in every pixel of the object. A
minimum of 50 cells were analyzed per experiment. Results
were expressed in arbitrary units.

MMP-1 assays

Cells cultured at 90% confluency in a 75 cm2 flask were
washed three times in EBSS and incubated for 23 h in 15 ml of
FBS-free DMEM with or without 500 pg/ml hIL-1�, in the
presence or not of 5 mM Tiron. For inhibition experiments using
the dominant-negative construct pCDNA Nox4 deltaFAD/
NADPH, cells cultured at 50% confluency in a 25 cm2 flask for
48 h after transient transfection were washed three times in
EBSS and incubated for 23 h in 2 ml of FBS-free DMEM, with
or without 500 pg/ml hIL-1�. At the end of the incubation,
proMMP-1 (the precursory form of MMP-1) concentration
was measured in the supernatant culture by a commercial
ELISA assay. The detection limit was 0.021 ng/ml. Results are
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expressed as ng proMMP-1/g of supernatant protein, measured
by the Bradford technique (4).

Statistical methods

The variations are expressed as mean ± S.E.; p values
were calculated by Student’s paired t test. 

RESULTS

Superoxide production is involved in 
hIL-1� stimulation of MMP-1 expression

Treatment of the C-20/A4 chondrocyte cell line with hIL-1�
for 23 h significantly increased the secretion of collagenase
MMP-1 in the culture medium from 136.28 ng/g of supernatant
protein ± 63.54 to 913.36 ng/g of supernatant protein ± 64.54,
suggesting an effect of hIL-1� on metalloproteinase expression
(Fig. 1). Since it has been proposed that ROS may act as sec-
ondary messengers in cytokine signaling (23, 27), antioxidants
that can inactivate ROS would be expected to prevent MMP-1 in-
duction by hIL-1�. We therefore examined whether Tiron, a su-
peroxide scavenger, can inhibit hIL-1�-induced MMP-1 expres-
sion. Indeed, the release of MMP-1 was considerably decreased
by Tiron to 13.75 times in cells activated by hIL-1� and even by
6.97 times in control cells. We verified that neither Tiron nor
hIL-1� affected cell integrity through the LDH measurement in
the cell culture medium at the end of each experiment (data not
shown).

Expression of Nox and partners 
in chondrocyte cell lines 

In most cell types, the Nox family is the main system
involved in superoxide production. There are five human
NADPH oxidases, namely Nox1 to Nox5. To determine if C-
20/A4, C-28/I2, and T/C-28a2 chondrocyte cell lines express
genes encoding components of NADPH oxidases, the presence
of the relevant mRNA was estimated by RT–PCR. cDNA in-
tegrity was checked simultaneously by amplification of the
housekeeping gene G3PDH (results not shown). The cDNAs
corresponding to Nox4, Nox2, p22-phox, and p67-phox were high-
lighted in the three chondrocyte cell lines (Fig. 2A). Data
showed that Nox5 mRNA was also present in C-28/I2 and T/C-
28a2, but not in the C-20/A4 cell line. None of the chondrocyte
types expressed Nox1, Nox3, or p47phox mRNA (Fig. 2A).

For the remaining experiments, the C-20/A4 cell line, which
expresses only two Nox isoforms, was used. To assess the pres-
ence of Nox2 and p22phox proteins, FACS experiments were
carried out in both intact and permeabilized C-20A/4 chondro-
cytes with monoclonal antibodies directed against Nox2 (7D5)
or p22phox (44.1) (Fig. 2B) (5). There was no binding of either
antibody 7D5 (Nox2) or 44.1 (p22phox) on intact C-20/A4 cells,
suggesting that the epitopes are not accessible. On the contrary,
following permeabilization of chondrocytes with 0.01% (w/v)
saponin, the mAb44.1 binding was significantly increased in
comparison with results obtained with mAb7D5. The labeling
on permeabilized but not on intact chondrocytes by mAb44.1
suggested a cytosolic accessible epitope for 44.1(p22phox) in
chondrocytes, as is reported in neutrophils (43). Finally, as
shown with mAb7D5, there was a slight expression of gp91phox

(Nox2) in chondrocytes (Fig. 2B).
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Overexpression of Nox4 isoforms 
(Nox4A and Nox4B) and Nox2

p22phox and Nox2 are present in the C-20/A4 chondrocyte
cell line. To ascertain if the protein Nox4 was also present in
these cells and to investigate functions of both Nox2 and
Nox4, we generated a C-20/A4 chondrocyte cell line that pro-
vided a stable expression of Nox2 (Genbank No.NM000397),
Nox4A (Nox4A-V5/His) (Genbank No.AF254621), or Nox4B
(Nox4B-V5/His) (Genbank No. AY288918), in which the
splicing of the exon 14 led to the lack of the first NAD(P)H
binding site in the protein. Indeed, a previous study has
shown that Nox4B was not able to produce ROS, and acted as
a dominant-negative molecule for Nox4 (12).

Plasmid expression was checked in the C-20/A4 cell line by
RT–PCR and results are shown in Fig. 3A. The data showed a
slight mRNA expression of Nox2 and Nox4 in nontransfected
C-20/A4 that was markedly increased in Nox2, Nox4A, and
Nox4B overexpressing cell lines. PCR Nox4 mRNA expres-
sion in these cells was investigated in real time using primers
that amplify a region commonly shared by Nox4A and Nox4B
(Fig. 3B). This experiment revealed that Nox4 mRNA in C-
20/A4 Nox4A-V5/His and C-20/A4 Nox4B-V5/His increased
22-fold and 5-fold, respectively. We confirmed that the amount
of Nox4 mRNA remained unchanged in C-20/A4 cells express-
ing Nox2 or luciferase as a negative control (Fig. 3B).

Protein expression was assessed by FACS analysis in permeabi-
lized cell lines. Nox2 expression is documented by two different
types of monoclonal antibodies NL7 and 54.1 (Fig. 4A). The over-
expressing cell line seems to have a weak, but significant, expres-
sion of Nox2 compared to baseline. Nox4A-V5His and Nox4B-
V5His protein expression was checked by FACS analysis with two
different antihistidine and anti-Nox4 polyclonal antibodies. The
results show an increased expression of Nox4A and Nox4B in the
two different cell lines (Fig. 4B). Absorption spectra confirmed
the expression of Nox4A in C-20/A4 cell lines. Reduced minus
oxidized differential spectra show the presence of a specific band
at 426 nm in chondrocytes (Fig. 4B). The concentration of Nox4A
increased significantly with overexpression (Fig. 3B).
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Superoxide production

Since NAD(P)H oxidases are ROS-generating enzymes, it
was of interest to investigate the effects of Nox2 and Nox4 vari-
ants on ROS generation. Because of its sensitivity, the chemilu-
minescence agent, luminol, was used to quantify hydrogen perox-
ide production in cells (for review, cf. Miller and Griendling, Ref.
29). Oxygen derivatives were quantified in experiments in which
PMA and ionomycin stimulated C-20/A4 chondrocytes. Results
illustrated in Fig. 5 showed a significant hydrogen peroxide syn-
thesis in Nox4A-V5His transfected cells (14.87 RLU ± 0.44)
compared with the control C-20/A4 (0.17 RLU ± 0.011) and with
cells that express Nox4B (0.17 RLU ± 0.024). Moreover, no sig-
nificant difference was observed after PMA and/or ionomycin
stimulation, suggesting that neither Nox2 nor calcium is impli-
cated in this H2O2 production. This reflects a constitutive genera-
tion of ROS mediated by Nox4 in C-20/A4 chondrocytes.

Intracellular levels of superoxide production were investi-
gated in C-20/A4 cells with the DHE dye by fluorescence mi-
croscopy (Fig. 6). Nox4A overexpressing cells stimulated by
500 pg/ml hIL-1� produced significantly more superoxide
(71,824 arbitrary units) than stimulated control C-20/A4 cells
(7,993). Nox4A overexpressing cells that were not stimulated
showed approximately a twofold reduction in fluorescence (35,
54). Moreover, the Nox4-mediated superoxide production was
significantly reduced by the ROS scavenger N-acetylcysteine
(NAC) (Fig. 6). Interestingly, Nox4B overexpressing cells pro-
duced less superoxide than control C-20/A4 cells after stimula-
tion with hIL-1�. Indeed, in this case, the integral gray quan-
tification was not possible as it appeared below the detection
threshold of the software. These results confirm the dominant
negative effect of Nox4B, as previously described (12, 17, 24).

MMP-1 production by hIL-1�
stimulated C-20/A4 through Nox4

We and others have shown that hIL-1� increases MMP-1
production and excretion in C-20/A4 cell line (Fig. 1). To deter-
mine whether Nox4 or Nox2 have a role in this pathway, we

FIG. 1. Effect of cytokinic stress on MMP-1 ex-
pression in the C-20/A4 chondrocyte cell line.
Monolayer-cultivated cells at 90% confluency were
incubated with 500 pg/ml hIL-1� in the presence
(or not) of 5 mM Tiron. After 23 h incubation, the
supernatant was recovered for MMP-1 quantifica-
tion by ELISA. Results are expressed as ng MMP-
1/g of supernatant protein (measured by the Brad-
ford technique). In addition, cell viability was
verified by measurement of the LDH in the super-
natant culture by an automated method (Hitachi au-
tomat). Values represent the mean ± S.E. of four ex-
periments. *p < 0.05 versus nonstimulated cells;
**p < 0.05 versus Tiron-free hIL-1� stimulated
cells.
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measured MMP-1 secretion under cytokinic stress in C-20/A4
cells that express both NAD(P)H oxidases. MMP-1 production
by chondrocytes expressing Nox4A-V5His was increased by
3.6 (3,296.55 ng/g protein ± 1,789.11) compared with MMP-1
synthesis by control C-20/A4 cells (913.36 ng/g protein ±
64.54) (Fig. 7). However, there was no significant rise in MMP-
1 secretion by cells expressing Nox2 or the Nox4B-V5His iso-
form. To demonstrate the specificity of MMP-1 production in-
duced by Nox4, we used a truncated Nox4�FAD/NADPH
protein described as a dominant-negative by Mahadev (17, 24).
C-20/A4 cells expressing Nox4A-V5/His were transfected
by an empty vector pCDNA 3.1 or by a pCDNA 3.1
Nox4�FAD/NADPH and exposed (or not) with hIL-1� (500
ng/ml) 48 h after transfection. The amount of MMP-1 was as-
sessed in the cultured medium 23 h later. MMP-1 production by
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cells transfected by Nox4 dominant-negative (74 µg/g protein)
was reduced by 66% compared to cells that had been trans-
fected by the empty vector (215 µg/g protein) but not exposed to
hIL-1�. The range of MMP-1 inhibition was the same between
cells expressing Nox4A�FAD/ NADPH (102 µg/g protein) and
cells containing the empty vector (305 µg/g protein) incubated
with hIL-1�. We verified that the construct gave raise to the
functional protein Nox2 in PLB cells (data not shown).

DISCUSSION

In this study, we have described the presence of Nox4, one
of the members of the NAD(P) H oxidase family, in chondro-
cytes. Moreover, we have demonstrated that Nox4 is directly

FIG. 2. mRNA and protein expression analysis of Nox and partners. (A) mRNA transcription analysis by RT–PCR. RNA was
extracted from C-20/A4, T/C-28a2, and C-28/12 chondrocyte cell lines, and reverse transcripted to cDNA as described in the Ma-
terials and Methods section. Specific primer sets (in parentheses) were used to study the expression of Nox2 (F2/R2) p22phox

(F6/R6), p40phox (F9/R9), p47phox (F8/R8), p67phox (F7/R7), Nox1 (F1/R1), Nox3 (F3/R3), Nox4 (F4/R4), and Nox5 (F5/R5). Pos-
itive controls (+) assess the efficiency of PCR experiments. They were performed on PLB8985, EBV-8 lymphocytes, or on plas-
mids that were encoded with Nox3 or Nox5. (B) Protein expression analysis by FACS, 5 � 105 C-20/A4 chondrocytes were fixed
with 1% (w/v) paraformaldehyde and labeled with p22phox and gp91phox antibodies either immediately (b, d) or after saponin per-
meabilization (a, c), as described in the text. The antibodies used were: nonimmune immunoglobulin (black solid line; 5 µg/5 �
105 cells), anti-gp91phox7D5, or anti-p22phox 44.1 (black dotted line, 5 � 105 cells), and phycoerythrine-conjugated secondary an-
tibodies (dilution 1:200), no AB (gray area).

FIG. 3. Efficiency of plasmidic
expression in transfected cells.
(A) Total RNA was extracted from
nontransfected C-20/A4 chondro-
cytes or Nox4A-V5/His, Nox4B-
V5/His, or Nox2 transfected cells.
PCRs for each plasmid were per-
formed as previously described,
using the primer sets F4’/R4’ for
Nox4 (characterizing both Nox4
isoforms), F2/R2 for Nox2, and
commercial primers for G3PDH.
(B) Nox4 mRNA expression by
real-time RT–PCR. Total RNA
was extracted from nontransfected
C-20/A4 chondrocytes, Nox4A-
V5/His, Nox4B-V5/His, lu-
ciferase, or Nox2 transfected cells.
qRT–PCRs for each sample were
performed as previously de-
scribed, using the primer sets
F4���/R4��� (characterizing both
Nox4 isoforms). Bars indicate the
relative expression of Nox4 versus
G3PDH mRNA levels.
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involved in the expression of collagenase MMP-1, through the
generation of ROS in response to the cytokinic stress, hIL-1�.

Human articular chondrocyte cell lines (C-20/A4, T/C-28a2,
or C-28/I2) were developed to obtain reproducible cellular
models, and used to study differentiated chondrocyte functions,
and in particular, the cartilage-specific modulation induced by
hIL-1� (7, 10, 36). All our experiments were carried out in the
C-20/A4 cell line that expresses only Nox2 and Nox4 isoforms.

Oxidative stress was reported to increase the risk of os-
teoarthritis, but the precise mechanism remains unclear. It has
been shown that it may lead to chondrocyte and cartilage senes-
cence (50), and that cartilage degeneration can be mediated by
locally produced matrix metalloproteinases (13). Finally, it was
found that NAD(P)H oxidase-driven ROS production deter-
mines chondrocyte death and aggravates MMP-mediated carti-
lage destruction during osteoarthritis (46). There is now clear
evidence that hIL-1� initiates inflammation (13, 18, 21), but it
is necessary to investigate the specific pathway between the
stimulus (hIL-1�) and the downstream inflammatory gene in-
duction. The active phagocyte NADPH oxidase is a multi-
protein complex in which the membrane-integrated protein
gp91phox (Nox2) closely associates with p22phox. Its activation
requires assembly with p47phox, p67phox, and Rac.
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p47phox, which is a regulatory adaptor protein, is not present in
the chondrocyte cell line C-20/A4: there is no possibility of oxi-
dase activation, even if Nox2 is slightly expressed, as the complex
does not assemble in the absence of p47phox (not shown) (47).

The close association of the Nox2 isoform with p22phox has re-
cently been reported to be necessary for their enzymatic activity
(1, 41). Our results demonstrate a significant coexpression of
Nox4 and p22phox, suggesting the presence of a functional Nox4
in chondrocytes. In all cell types where Nox4 has been identi-
fied, oxidase activity was shown to be constitutive. In this study,
we have demonstrated that C-20/A4 chondrocyte oxidase activ-
ity of Nox4 was inducible. As expected, there was no significant
increase in ROS production in Nox4B-V5/His overexpressing C-
20/A4 cells. In fact, the truncated isoform Nox4 B has been re-
ported to act as a dominant negative for Nox4 activity (12).

We have found that hIL-1� increases ROS production within
20 min after stimulation, which does not support a Nox neosyn-
thesis. This suggests that Nox4 not only functions in a constitu-
tive manner, but can also be activated by hIL-1�. The fact that
the culture medium of hIL-1� stimulated C-20/A4 chondro-
cytes and the increase in MMP-1 argues in favor of a direct in-
volvement of ROS as a secondary messenger leading to gene
transcription of metalloproteinases. Further investigation into

FIG. 4. Nox2 and Nox4 expression analysis by FACS and cytochrome b spectroscopy. (A) gp91phox FACS analysis. 5 � 105 C-
20/A4 WT or C-20/A4 Nox2 chondrocytes were fixed with 1% (w/v) paraformaldehyde and labeled with gp91phox (NL7 or 54.1) anti-
bodies after saponin permeabilization, as described in the text. The following antibodies were used: nonimmune immunoglobulin (black
solid line; 5 µg/5 � 105 cells), no Ab (gray area), and phycoerythrine-conjugated secondary antibodies (dilution 1:200). The C-20/A4
WT and C-20/A4 Nox2 were represented, respectively, by black dotted line and black bold solid line. (B) Nox4 FACS analysis. 5 � 105

C-20/A4WT, C-20/A4 Nox4A-V5/His, or C-20/A4 Nox 4B-V5/His chondrocytes were fixed with 1% (w/v) paraformaldehyde and la-
beled with antihistidine or anti-Nox4 antibodies after saponin permeabilization, as described in the text. The antibodies used were as in
(A). The C-20/A4 WT were represented by a black dotted line; C-20/A4 Nox4A-V5/His and C-20/A4 Nox4B-V5/His, respectively, by
gray solid line and black bold solid line. (C) The reduced minus oxidized difference spectra of C-20/A4 chrondrocyte cell line WT (line
b in gray), transfected with Nox4 gene (line c in gray) were performed as described in the text, (positive conrol: cytochrome b558 puri-
fied from human neutrophils, absorbance at 426 nm using an � 426 nm value of 106 mM�1.cm�1 or at 558 nm (� 558 nm = 21.3
mM�1cm�1). The absorbance of the cytochrome b558 purified from human neutrophils (line A) was read at the left side of the figure, and
the absorbance of the C-20/A4 chrondocyte cell line WT or transfected with Nox4 gene were read at the right side of the figure.

FIG. 5. Measurement of reactive oxygen
species generation. ROS production was
measured by chemiluminescence method
from 5 � 105 intact C-20/A4 cells, Nox4A-
V5/His, or Nox4B-V5/His transfected
chondrocytes. Cells were stimulated or not
with 80 ng/ml PMA and/or 2.5 µM iono-
mycin. Results expressed the sum of all
RLU measurements for 90 min for each
condition. Values represent the mean ± S.E.
of triplicate determinations obtained the
same day.
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the specificity and modality of the signal transduction pathway
is needed and this research opens a new area for therapeutic ex-
ploration.

Furthermore, we know that excessive and continuous cyclic
mechanical stress and high magnitude cyclic tensile induce a
production of IL-1�, MMP-1, and other MMPs, causing a
quantitative imbalance between catabolic and anabolic path-
ways, ultimately resulting in cartilage degradation (8, 16).

What, then, is the role of ROS? Mechanical stress may in-
crease a Nox4-mediated ROS production and activate matrix
metalloproteinase expression: this question is currently being
investigated.
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FIG. 7. Modulation of MMP-1 expression by Nox4 in C-20/A4 chrondrocytes, Nox4A-V5/His, Nox4B-V5/His, and Nox2
transfected cells. C-20/A4 cells were incubated for 23 h with or without 500 pg/ml hIL-1�. The culture medium was then re-
covered for MMP-1 quantification by ELISA. Results are expressed as ng MMP-1/g of supernatant protein (determined by the
Bradford technique). In addition, cell viability was checked by measurement of the LDH in the supernatant culture. Values repre-
sent the mean ± S.E. of four determinations. *p < 0.05 versus nonstimulated cells; **p < 0.05 versus nontransfected hIL-1� stim-
ulated cells; and ***p < 0.05 versus Nox4A-V5/His transfected hIL-1� stimulated cells.

FIG. 6. Measurement of superoxide generation. Nontransfected chondrocytes C-20/A4, Nox4A-V5/His, or Nox4B-V5/His, or
Nox2 transfected C-20/A4 were incubated with or without 500 pg/ml hIL-1� in the complete DMEM medium containing 5 µM dihy-
droethidium (DHE) for 20 min in 6-well plates with or without 30 nM final NAC. Fluorometric measurements of the DHE oxidation
in cell layers were carried out using a fluorescence microscope. Three replicates per treatment group were run for each experiment.
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ABBREVIATIONS

DHE, dihydroethidium; DMEM, Dulbecco’s modified
Eagle’s medium; EBSS, Earle’s balanced salts; FBS, fetal
bovine serum; hIL-1�, human interleukin-1 beta; IgG1, im-
munoglobulin G1; LDH, lactate dehydrogenase; mAb, mono-
clonal antibody; MAPK, mitogen-activated protein kinase;
NAC, N-acetylcysteine; OA, osteoarthitis; PBS, phosphate
buffer saline; PMA, phorbol 12-myristate 13-acetate; MMP-1,
metalloproteinase 1; ROS, reactive oxygen species; RT–PCR,
reverse transcription– polymerase chain reaction.
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