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ABSTRACT
Objective  Low-grade inflammation plays a pivotal role 
in osteoarthritis (OA) through exposure to reactive oxygen 
species (ROS). In chondrocytes, NADPH oxidase 4 (NOX4) 
is one of the major ROS producers. In this study, we 
evaluated the role of NOX4 on joint homoeostasis after 
destabilisation of the medial meniscus (DMM) in mice.
Methods  Experimental OA was simulated on cartilage 
explants using interleukin-1β (IL-1β) and induced by 
DMM in wild-type (WT) and NOX4 knockout (NOX4-/-) mice. 
We evaluated NOX4 expression, inflammation, cartilage 
metabolism and oxidative stress by immunohistochemistry. 
Bone phenotype was also determined by micro-CT and 
histomorphometry.
Results  Whole body NOX4 deletion attenuated 
experimental OA in mice, with a significant reduction of the 
OARSI score at 8 weeks. DMM increased total subchondral 
bone plate (SB.Th), epiphysial trabecular thicknesses (Tb.
Th) and bone volume fraction (BV/TV) in both NOX4-/- and 
wild-type (WT) mice. Interestingly, DDM decreased total 
connectivity density (Conn.Dens) and increased medial BV/
TV and Tb.Th only in WT mice. Ex vivo, NOX4 deficiency 
increased aggrecan (AGG) expression and decreased 
matrix metalloproteinase 13 (MMP13) and collagen type I 
(COL1) expression. IL-1β increased NOX4 and 8-hydroxy-
2'-deoxyguanosine (8-OHdG) expression in WT cartilage 
explants but not in NOX4-/-. In vivo, absence of NOX4 
increased anabolism and decreased catabolism after 
DMM. Finally, NOX4 deletion decreased synovitis score, 
8-OHdG and F4/80 staining following DMM.
Conclusion  NOX4 deficiency restores cartilage 
homoeostasis, inhibits oxidative stress, inflammation 
and delays OA progression after DMM in mice. These 
findings suggest that NOX4 represent a potential target to 
counteract for OA treatment.

INTRODUCTION
Articular cartilage is a non-vascularised and 
non-innervated tissue that exhibits a limited 
capacity of self-regeneration.1 In healthy carti-
lage, extracellular matrix (ECM) turnover 
is slow, while in osteoarthritis (OA),2 3 carti-
lage degradation predominates over carti-
lage repair, leading to cartilage fibrillation, 
thinning and calcification in patients. In 
response to abnormal mechanical loading 

or joint injury, chondrocytes contribute to 
the synthesis of proinflammatory cytokines 
and the release of catabolic enzymes such 
as A disintegrin And metalloproteinase 
with thrombospondin motifs (ADAMTS), 
cathepsin K, aggrecanases (Agg) and 
matrix metalloproteases (MMP) which alter 
ECM.4 5 The decreased synthesis of collagen 
type II (COL2) and proteoglycans during 
OA is accompanied by an upregulation of 
MMP, ADAMTS as well as expression of type 
X collagen (COL10), a marker of hyper-
trophic chondrocytes.5 Although the exact 
mechanism driving these processes is not fully 
understood, it is likely that chronic inflam-
mation plays a crucial role in hypertrophic 
differentiation of chondrocytes through the 
release of inflammatory cytokines such as 
interleukin (IL)-1β, TNF-α or IL-6.6

Accumulating evidence points to the role 
of reactive oxygen species (ROS) in the regu-
lation and progression of OA.7 8 ROS act as 
signalling intermediates in the activation of 
different pathways in osteoarthritic chondro-
cytes, disrupting their normal structure and 
function, and leading to cytotoxicity. Among 
the different ROS, H2O2 appears to be a key 
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regulatory molecule as it exerts similar effects on chon-
drocytes in vitro as IL-1β.9 ROS inhibit anabolic activities 
of chondrocytes, upregulate the production of MMP10 11 
and promote articular cartilage degeneration in OA.11 12 
Moreover, mechanical stress leads to oxidation of carti-
lage glutathione diminishing its capacity to protect carti-
lage from oxidative stress.13 It has been demonstrated that 
oral administration of the antioxidant N-acetyl cysteine in 
rats inhibits cartilage degradation, and reduces MMP13 
and TNF-α expression.14 Altogether, ROS inhibition 
seems to be a promising therapeutic target in OA.15

Sources of ROS consist of different cellular organ-
elles such as peroxisomes, endoplasmic reticulum and 
mitochondria. Another important source of ROS are 
plasma membrane-associated oxidases, the NADPH 
oxidases (NOX), which are present in a variety of cells 
with a primary function of ROS generation.16 NOX are 
a family of transmembrane proteins comprising of seven 
members (namely NOX1, NOX2, NOX3, NOX4, NOX5, 
DUOX1 and DUOX2).17 First identified in the kidney,18 
NOX4 is expressed in a wide variety of cells including 
macrophages19 and chondrocytes.20 Unlike other NOX 
isoforms, NOX4 is constitutively active and can produce 
large quantities of ROS (mainly H2O2) when expressed.21 
Moreover, NOX4, which expression is inducible by well-
known proinflammatory cytokines such as IL-1β,22 has 
been identified as a major source of ROS production in 
chondrocytes.20 23 24 Interestingly, injection of advanced 
oxidation protein products (AOPPs) after anterior 
cruciate ligament transection (ACLT) in mice increased 
cartilage damage. Treatment with apocynin, a pan-NOX 
inhibitor, slowed OA progression. Moreover, after either 
ACLT or ACLT with AOPPs injection, the expression 
of NOX4 but not NOX2 or NOX1 was increased.10 In 
human chondrocyte cell line, NOX4 regulates MMP-1 
expression through ROS generation in response to IL-1β 
stimulation.20 Altogether, these results suggest that NOX 
enzymes, and NOX4 in particular, play a major role in 
the redox imbalance in OA cartilage.24

The purpose of this study was to determine whether 
NOX4 contributes to cartilage degradation in a mouse 
experimental OA model. Using NOX4 KO mice, we 
observed that NOX4 deficiency protects from cartilage 
degradation and osteophytes formation after destabilisa-
tion of the medial meniscus (DMM). Moreover, NOX4 
deletion decreases anabolism and increases catabolism in 
OA knee cartilage. We also noticed less synovial inflam-
mation, a decrease of ROS production and macrophage 
recruitment in NOX4 KO mice after DMM. These results 
suggest that NOX4 could be an interesting therapeutic 
target to delay cartilage damage in early-stage OA.

MATERIALS AND METHODS
Animals
Mice were bred and housed at the University Medical 
Center of the University of Geneva. NOX4 knock-out 
mice (B6.129-Nox4tm1Kkr/J, NOX4-/-) and their wild-type 

littermates (WT) were generated as described previ-
ously,25 maintained in the C57BL6/J background and 
used at the age of 10–12 weeks. Only male mice were used 
to be consistent with previously reported studies on OA 
research models.26 On day 0, the mice were scanned and 
underwent DMM. On day 56, the mice were scanned and 
sacrificed.

Surgery
OA was induced by DMM at day 0 in WT (n=13) and 
NOX4-/- mice (n=11). DMM was performed on the right 
knee as previously described,27 while the left contralat-
eral joint underwent a sham surgery. Briefly, mice were 
anaesthetised using 2% isoflurane, and then maintained 
under 1% isoflurane during the whole procedure. A 
3 cm longitudinal incision was performed over the distal 
patella to proximal tibial plateau, and the joint was 
incised and opened with microscissors. Dissection of the 
fat pad over the intercondylar area was then performed 
to expose and section the meniscotibial ligament. 
Buprenorphine (0.05 mg/kg) was provided perioper-
atively (20 min before surgery) and 4–6 hours after the 
surgery. Meloxicam (1 mg/kg/day) was administered in 
drinking water for 3 days. Mice were kept under standard 
pathogen-free conditions at a constant temperature of 
22°C±1°C with a 12-hour light/dark cycle.

Cartilage explant culture
Cartilage explants were obtained from the femoral heads 
of 10-week-old WT and NOX4-/- mice as described previ-
ously.28 The explants were cultured in fetal calf serum 
(FCS)-free DMEM (Gibco) for 24 hours, then stimulated 
once with 10 ng/mL of IL-1β (Preprotech) for 72 hours 
(n=4 explants per condition). Explants were prepared 
for cryosectioning followed by immunohistochemistry 
analysis.

Histological analysis
Mice were sacrificed at day 56. Excised knee joints were 
fixed in 10% paraformaldehyde, decalcified in EDTA 
solution for 6 weeks, dehydrated in increasing concen-
trations of ethanol, and embedded in paraffin. 10 µm 
sections from both legs were stained using safranin-O/
fast green and examined by light microscopy. The severity 
of OA was assessed and scored in a blinded manner by 
three observers. All four quadrants (medial, lateral, tibial 
and femoral condyles) of the knees were assessed for 
the final scoring of OA-associated degenerative changes, 
according to the OA Research Society International 
(OARSI) system. Cartilage lesions in all four quadrants 
were scored for OA on a scale from 0 to 6. The average 
of the worst total score observed by each researcher was 
used as the OA score for each mouse.27 28

Osteophyte formation was evaluated semi-quantitatively 
according to a previously described classification system 
taking into account osteophyte size and maturity29: (0) no 
formation, (1) cells in the synovial lining stimulated to 
proliferate, (2) cells inside the developing osteophyte 
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undergo chondrogenesis and deposit matrix molecules 
such as aggrecan, (3) the most central chondrocytes 
further differentiate and hypertrophy, (4) endochondral 
ossification and formation of marrow cavities and (5) a 
fully developed osteophyte is integrated with the orig-
inal subchondral bone and the top of the osteophyte is 
covered with cartilage expanding the original cartilage 
surface of the joint.

Synovial inflammation was evaluated using H&E 
staining. The degree of synovitis was scored as previously 
reported.28 The thickness of the synovial lining cell layer 
was evaluated on a scale of 0–3 (0 = 1–2 cells, 1 = 2–4 cells, 
2 = 4–9 cells and 3 = 10 or more cells) and cellular density 
in the synovial stroma on a scale of 0–3 (0 = normal cellu-
larity, 1 = slightly increased cellularity, 2 = moderately 
increased cellularity and 3 = greatly increased cellularity).

Immunohistochemistry
Immunostaining for COL2 (Abcam), MMP13 (Abcam), 
8-hydroxy-2'-deoxyguanosine (8-OHdG, Bioss), type 
1 collagen/COL1 (Abcam), NOX4 (Abcam) (Rabbit, 
1:100 for each antibody), AGG (Bioss) (Rabbit, 1:50) and 
F4/80 (Abcam) (Rat, 1:200) was performed on decalci-
fied paraffin-embedded sections of the operated knees. 
Heat-induced antigen retrieval involved incubation with 
citrate buffer (pH 6.0) at 80°C for 20 min. Sections were 
then blocked with peroxidase blocking solution (Dako) 
for 5 min. Non-specific binding sites were blocked with 
5% normal goat serum in 0.3% Triton X100 (Sigma-
Aldrich) for 60 min. Primary antibodies were incubated 
at 4°C overnight. Rabbit (Dako) or rat HRP-conjugated 
secondary antibodies were incubated for 30 min at room 
temperature and revealed with the DAB Substrate Kit 
(Abcam).

To investigate the role of NOX4 and the effect of 
inflammation on cartilage, untreated and IL-1β-treated 
(72 hours) cartilage explants of WT and NOX4-/- mice 
were fixed with paraformaldehyde, embedded in OCT, 
and stained with safranin-O or analysed by immunohis-
tochemistry. Cryosectioned slides were subject to immu-
nostaining with the antibodies against COL2, COL1, 
8-OHdG, NOX4, AGG and MMP13 (1:200 for each anti-
body) using the protocol described above. Quantifica-
tion was performed by manually counting the number of 
positive staining cells using the FIJI software.

Ex vivo subchondral bone microarchitecture evaluation by 
micro-CT and histomorphometry
Mice were scanned immediately after sacrifice, at day 56. 
Right and left lower limbs (for DMM effect assessment) 
were removed, fixed in paraformaldehyde and dehy-
drated in ethanol. The tibiae were radiographed using a 
Quantum Gx micro-CT (Perkin Elmer, voxel 72 µm3, 360° 
rotation, rotation step 0.2, scanning time: 15 min (in vivo) 
or 57 min (ex vivo)), available at the PIPPA (https://www.​
unige.ch/medecine/pippa/small-animal-preclinical-​
imaging-platform/) facility in Geneva. For analyses, raw 
data files were imported in another micro-CT (VivaCT40, 

Scanco Medical, Bassersdorf, Switzerland) available at 
the Division of Bone diseases at Geneva Medical Univer-
sity. Three-dimensional reconstructions were generated 
at the 10.5 µm cubic resolution and analysed as described 
previously.30 Three-dimensional structural parameters 
were obtained from a mean of 21 sections (220.5 µm) 
with the following parameters: Sigma: 0.8, Support: 5, 
Threshold: 131. The area of interest included the region 
between the articular cartilage and the growth plate. 
Epiphysial tibia trabecular bone was manually defined by 
the same operator using Scanco software as illustrated in 
figure 2B. The following structural parameters of trabec-
ular bone: bone volume fraction (BV/TV, %), trabec-
ular thickness (Tb.Th, μm), trabecular number (Tb.N, 
1 /mm), trabecular separation (Tb.Sp, µm), structure 
model index (SMI), connectivity density (Conn.D.) were 
generated. Also, the maximum thickness of the subchon-
dral bone plate (Sb.Th, µm) was measured on the weight-
bearing region at the medial and lateral tibial plateaus.

Bone histomorphometry was performed on histolog-
ical slides using Bioquant Osteo 19.2.6 software (2018), 
assessing the following two-dimensional parameters 
within medial epiphyseal (Ep.) trabecular bone: bone 
volume fraction (Ep.BV/TV, %), trabecular thickness 
(Ep.Tb.Th, μm), trabecular number (Ep.Tb.N, 1 /mm), 
trabecular separation (Ep.Tb.Sp, µm).

Statistics
Data are reported as mean±SE of the mean in the figures. 
95% CI, difference in means and eta-square were reported 
in the text. After verification of Gaussian distribution 
and homogenous variance of each group, two-way anal-
ysis of variance (ANOVA) test or multiple t-test, followed 
by false discovery rate correction were used to compare 
experimental conditions. When variance homogeneity 
was not obtained, the data were transformed using the 
log function. If variance homogeneity was obtained, we 
performed a two-way ANOVA test or a multiple t-test 
followed by false discovery rate correction to compare 
experimental conditions. Otherwise, a Kruskal-Wallis test 
with false discovery rate correction was chosen. For in vivo 
experiments, as sham and DMM surgery were performed 
on the same mice, we used the RM-two ways ANOVA. The 
significance level was set at p<0.05. GraphPad Prism V.8.0 
(San Diego, Californis, USA) was used for analysis.

RESULTS
Whole body NOX4 deletion reduces cartilage degradation 
after DMM
We induced experimental OA by DMM in WT and 
NOX4-/- mice and we evaluated OA at day 56 post 
injury. We observed large areas of cartilage erosion 
(around 50% of the cartilage width) indicating mild 
to severe OA developed after 8 weeks in WT mice. In 
NOX4-/- mice, cartilage damage was less extensive with 
only small fibrillations and occasional loss of cartilage 
staining (figure  1A). Using the OARSI scoring system, 

https://www.unige.ch/medecine/pippa/small-animal-preclinical-imaging-platform/
https://www.unige.ch/medecine/pippa/small-animal-preclinical-imaging-platform/
https://www.unige.ch/medecine/pippa/small-animal-preclinical-imaging-platform/
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Figure 1  Deletion of NOX4 reduces cartilage degradation. (A) Knee sections stained with safranin-O from NOX4-/- (n=13 mice) 
and WT (n=11 mice). Cartilage lesions are shown with a black arrow. Scale bars: 250 µm. (B) OA lesions were assessed by 
OARSI score. RM-Two ways ANOVA on log transformed data test with FDR correction between WT and NOX4-/- (#) or between 
Sham and DMM (*). *p<0.05, **p<0.01, ***p<0.001. (C) Representative images of the minimum cartilage thickness and (D) its 
quantification using the Zen software (n=10). RM-Two ways ANOVA test with FDR correction between WT and NOX4-/- (#) or 
between Sham and DMM (*). *p<0.05, **p<0.01, ***p<0.001. Scale bars: 200 µm. (E) Representative images of osteophytes 
formation after DMM (M: meniscus, S: synovial membrane, C: cartilage and GP: growth plate). Osteophytes are showed with 
a black arrow. Scale bars: 200 µm. (F) Osteophytes formation were quantified with the osteophyte score (n=9). Kruskal-Wallis 
test with FDR correction between WT and NOX4-/- (#) or between sham and DMM (*). *p<0.05, **p<0.01, ***p<0.001. ANOVA, 
analysis of variance; FDR, false discovery rate; DMM, destabilisation of the medial meniscus; OARSI, OA Research Society 
International.
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we assessed the OA grade as 2.467±0.473 in WT mice vs 
1.103±0.266 (p=0.0139, 95% CI 0.28 to 0.76, difference in 
means=1.48 and η2=10.24) in NOX4-/- mice (figure 1B). 
We also measured cartilage thickness on safranin-O-
stained sections (figure  1C). After DMM, we observed 
a minimum cartilage thickness of 25.417 µm±2.12 in 
WT mice vs 39.414 µm±2.965 (p<0.0001, 95% CI 8.52 
to 16.86, difference in means=12.69 and η2=15.44) in 
NOX4-/- mice (figure  1D). Lastly, we evaluated, on 
safranin-O-stained sections, the formation of osteo-
phytes at the medial part of the joints (figure 1E). We 
observed that the osteophyte score was of 1.33±0.41 in 
WT vs 0.4±0.16 (p=0.07, 95% CI 0.63 to 1.00, difference 
in means=0.47) in NOX4-/- (figure 1F).

These results indicate that whole body deletion of 
NOX4 protects from OA severity and cartilage degrada-
tion after DMM.

Ex vivo subchondral bone microarchitecture evaluation by 
micro-CT and histomorphometry
Progression and severity of OA is associated with modifi-
cations of the subchondral bone. We therefore measured 
the thickness of the subchondral bone and total epiphy-
sial bone parameters by three-dimensional micro-CT. 
DMM induced pronounced sclerosis of the subchondral 
bone at the medial plateau in both WT and NOX4-/- mice 
(figure  2A,B). At the lateral tibial plateau, neither WT 
nor NOX4-/- mice showed an increase of subchondral 
bone thickness after DMM, which was also comparable 
to that of unoperated knees (figure  2B). As compared 
with sham knees, DMM slightly increased total epiphysial 
BV/TV and Tb.Th in WT mice (+13% and +2.9%, respec-
tively; table  1), as well as in NOX4-/- mice (+2.3% and 
+3.80%, respectively) but these increases did not reach 
significance. Interestingly, whereas trabecular Conn.D 
was significantly reduced in WT mice (−30% vs sham; 
p=0.001; table 1), it was not significantly altered in NOX4-

/- mice (−9.5% vs sham; p=0.296; table 1).
We also analysed bone architecture using bone histo-

morphometry. Qualitative observations of safranin-O-
stained sections revealed that densification was more 
important in the medial than in the lateral part of the 
subchondral bone (figure  2C). As the surgery was 
performed on the medial meniscus, we decided to 
measure the subchondral bone parameters specifically 
in the medial area. As observed using micro-CT anal-
ysis, DMM increased BV/TV and Tb.Th in the medial 
part of the epiphysis in WT mice, as compared with 
sham knees (+37% and +102%, p=0.003, 95% CI –15.71 
to −5.53, difference in means=−10.62 and η2=16.05; 
and p=0.0187, 95% CI –137.7 to −18.83, difference in 
means=−78.28 and η2=14.89). Of note, DMM failed to 
significantly increase these parameters in NOX4-/- mice 
(+21% and +46%, p=0.0961, 95% CI –8.90 to 9.38, differ-
ence in means=0.24 and η2=0.01; and p=0.0951, 95% CI 
–44.27 to 70.15, difference in means=12.94 and η2=0.44) 
(figure 2D).

Overall, these data suggested that DMM induced signif-
icant alterations in WT subchondral bone whereas these 
modifications were less pronounced in NOX4-/- mice.

Deletion of NOX4 rescues the anabolic/catabolic balance
To investigate the effect of NOX4 on the anabolic and 
catabolic activity of the cartilage, we studied the expres-
sion of anabolic markers (COL2 and AGG) and catabolic 
markers (COL1 and MMP13) in WT and NOX4-/- knee 
joints following DMM.

We observed a significant decrease of COL2 and 
AGG staining in DMM knee joints (respectively, 
37.1%±4.4% and 28.2%±3.3%) of WT mice as compared 
with sham knee joints (respectively, 92.6%±0.6% and 
80.7%±4.3%) of WT mice (COL2: 95% CI 30.27 to 41.361, 
difference in means=35.81 and η2=59.23 and AGG: 
95% CI 22.87 to 34.93, difference in means=28.90 and 
η2=34.90). Interestingly, we noticed that immuno-
staining for COL2 and AGG in DMM knee joints of 
NOX4-/- (respectively, 76.2%±1.9% and 80.5%±1.6%) 
mice was higher than in DMM knee joints (respectively, 
37.1%±4.4% and 28.2%±3.3%) of WT mice (COL2: 95% 
CI –24.78 to −13.87, difference in means=−19.32 and 
η2=17.24 and AGG: 95% CI –35.93 to −21.31, difference 
in means=−28.62 and η2=34.22) (figure 3A,B).

We also evaluated COL1 expression, a marker of chon-
drocytes dedifferentiation, in WT and NOX4-/- mice after 
DMM. In WT mice, we observed that DMM induced 
a strong increase of COL1 expression (58.9%±6.3% 
vs 15.7%±2.3%, 95% CI –40.44 to −20.87, difference 
in means=−30.66 and η2=58.10). In comparison, we 
observed very few COL1-positive cells in the NOX4-/- 
DMM mice (33.6%±4.2%, 95% CI 3.77 to 21.84, differ-
ence in means=12.81 and η2=10.14) (figure 3A,B).

Finally, we assessed cartilage catabolism through 
MMP13 immunostaining. We observed that MMP13 
expression was significantly upregulated in DMM knee 
joints of WT mice as compared with sham knee joints 
(67.1%±4.6% vs 41.9%±2.7%, 95% CI −39.83 to −32.37, 
difference in means=−36.10 and η2=69.72). Interestingly, 
the number of MMP13 positive cells was lower in NOX4-

/- DMM knee joints as compared with WT (41.9%±2.7% 
vs 67.1%±4.6%, 95% CI 4.19 to 24.75, difference in 
means=14.47 and η2=11.20) (figure 3A,B).

These results indicate that NOX4 deletion restores the 
metabolic balance by upregulating anabolism and down-
regulating catabolism.

Deletion of NOX4 protects cartilage from degradation in an 
IL-1β-induced OA model
We collected femoral heads from WT and NOX4-/- mice 
and induced an OA-like phenotype by stimulating carti-
lage explants with IL-1β (10 ng/mL) for 72 hours.

In WT explants, IL-1β induced loss of proteoglycans 
from the superficial zone of the cartilage in safranin-O-
stained sections (figure 4A). We also observed a decrease 
of AGG expression and an increase of MMP13 and 
COL1 expression, but no changes in COL2 expression. 
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Figure 2  Ex vivo subchondral bone microarchitecture evaluation by micro-CT and histomorphometry. (A) Micro-CT images of 
a WT sham and DMM knee 8 weeks after DMM (SP: subchondral plate, GP: growth plate and O: osteophyte). (B) Quantification 
of the maximum Sb.Th of the lateral and medial part of the knee (WT: N=11 and NOX4-/-: N=13). (C) Representative images of 
the safranin-safranin-O stained sections used for histomorphometry. Black arrow shows the medial part of the joint. Scale bars: 
250 µm. (D) Quantification of the different subchondral bone parameters on the medial part of the epiphysis: BV/TV, Tb.Th and 
Tb.Sp (WT: N=11 and NOX4-/-: N=13). RM-two-way ANOVA test on log transformed data with FDR correction between WT and 
NOX4-/- (#) or between sham and DMM (*). *p<0.05, **p<0.01, ***p<0.001. ANOVA, analysis of variance; DMM, destabilisation of 
the medial meniscus; FDR, false discovery rate; WT, wild type.
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In comparison to WT, the IL-1β-treated NOX4-/- carti-
lage had higher expression of AGG (85.6%±1.4% vs 
40.7%±5.3%, 95% CI –29.69 to −15.00, difference 
in means=−22.34 and η2=31.90), lower expression of 
MMP13 (40.8%±3.5% vs 86%±0.8%, 95% CI 17.22 to 
30.51, difference in means=23.87 and η2=23.31) and 
COL1 (28.8%±2.8% vs 69.9%±5.2%, 95% CI –35.45 to 
−17.04, difference in means=20.82 and η2=39.44) and a 
higher proteoglycan content in the superficial zone of 
the cartilage (figure 4A,C).

Many studies have suggested that increased oxidative 
stress could be the cause of metabolism perturbations 
in chondrocytes.31 As the main function of NOX4 is to 
produce H2O2, we performed immunohistochemistry 
experiments with an antibody against NOX4 or against 
8-OHdG (marker of ROS) antibodies (figure  4B). We 
observed increased expression of NOX4 in WT explants 
treated with IL-1β (59.6%±7.5% vs 21.8%±5.2%, 95% 
CI –28.84 to −8.96, difference in means=−18.90 and 
η2=13.62). In addition, IL-1β stimulation increased 
cartilage expression of 8-OHdG in WT but not in NOX4-

/- explants (65%±3.2% vs 25.2%±1.5%, 95% CI 18.34 
to 30.60, difference in means=24.47 and η2=39.36) 
(figure 4C).

These data demonstrate that the treatment with IL-1β 
disrupted the anabolic–catabolic balance in the cartilage, 
upregulated NOX4 expression and induced oxidative 
stress. NOX4 deletion restored the metabolic balance 
and prevented ROS production.

Deletion of NOX4 protects from cartilage degradation and 
inflammation via inhibition of oxidative stress
One of the main factors associated with the progression 
of OA is low-grade inflammation,6 and oxidative stress is 
known to induce inflammation. We, therefore, assessed 
the impact of NOX4 deletion on inflammation and 
oxidative stress.

First, using H&E staining, we demonstrated that DMM 
induces synovial inflammation (increased cellularity and 
thickness) in WT but not in NOX4-/- mice (figure 5A). 
WT mice had higher synovitis score than NOX4-/- mice 
(2.5±0.5 vs 0.9±0.4, respectively; p=0.006, 95% CI 0.001 to 
1.60, difference in means=0.80 and η2=12.08) (figure 5B). 
In line with these results, we observed a strong decrease 
of F4/80 expression, a well-known macrophage marker, 
in the synovial membranes of NOX4-/- mice as compared 
with WT mice (figure 5C).

We evaluated the expression of NOX4 by immuno-
histochemistry. We observed that DMM induced NOX4 
expression in the cartilage (52.9%±5.5% vs 13.5%±1.8%, 
95% CI 24.70 to 54.16, difference in means=39.43) but not 
in the synovial membrane or the meniscus (figure 5D,E).

Finally, we assessed the effect of NOX4 deletion on 
oxidative stress. We observed less 8-OHdG staining in 
the cartilage of NOX4-/- mice after DMM as compared 
with the WT mice (12.9%±2.3% vs 67.5%±2.6%, 95% CI 
26.48 to 34.23, difference in means=30.36 and η2=39.70) 
(figure 5C,E).Ta
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Taken together, these results prove that NOX4 is neces-
sary for oxidative stress and inflammation during OA.

DISCUSSION
NOX family is suspected to be a major contributor of 
oxidative stress in the osteoarthritic joints through the 
production of ROS.15 32 Using a model of joint instability, 
we demonstrated that NOX4 deficiency reduces OA 
severity and that NOX4 plays a major role in joint inflam-
mation, cartilage metabolism and oxidative stress.

The DMM model that has been used in the present 
study induces in 6–8 weeks moderate to severe OA which 
resembles human OA.25 32 Importantly, surgically induced 
changes following DMM are comparable to those occur-
ring naturally in mice with ageing, and are most severe 
in the medial compartment.26 We performed DMM in 
male mice to be consistent with the vast majority of previ-
ously published studies, although similar progression of 
disease has been reported in male and female mice using 
this model.33

Figure 3  Deletion of NOX4 rescues the anabolic/catabolic balance. A) Representative IHC images of knee cartilage sections 
stained with COL2, AGG, COL1 and MMP13 antibody (N=6). Please note that DMM decreased AGG and COL2 expression 
and increase MMP13 and COL1 expression in the cartilage of WT mice but not in NOX4-/-. Scale bars: 40 µm. (B) Quantification 
of the proportions of positive cells for COL2, AGG, COL1 and MMP13 staining in the superficial cartilage. RM-two-way 
ANOVA test with FDR correction between WT and NOX4-/- (#) or between sham and DMM (*). *p<0.05, **p<0.01, ***p<0.001. 
ANOVA, analysis of variance; DMM, destabilisation of the medial meniscus; FDR, false discovery rate; WT, wild type. IHC: 
Immunohistochemistry.
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OA is primarily driven by enhanced catabolic activity, 
accelerated dedifferentiation of chondrocytes, high 
ROS production, and low anabolic activity in response 

to biomechanical and inflammatory stimuli. In this 
study, we demonstrated for the first time that NOX4 
deletion reduces OA severity in an in vivo model. As 

Figure 4  Deletion of NOX4 protects cartilage in an IL-1β-induced osteoarthritis (OA) model. (A) Representative images of 
femoral heads explants, safranin-O staining and IHC of anabolism (COL2 and AGG) and catabolism (MMP13 and COL1). 
(B) NOX4 and 8-OHdG IHC. Please note that IL-1β treatment decreased AGG expression and increased MMP13 and COL1 
expression in the cartilage of WT explants but not in NOX4-/-. Scale bars: 40 µm. (C) Quantification of the proportions of positive 
cells for COL2, AGG, COL1, MMP13 NOX4 and 8-OHdG staining in the superficial cartilage. RM-two-way ANOVA test with 
FDR correction between WT and NOX4-/- (#) or between sham and DMM (*). *p<0.05, **p<0.01, ***p<0.001. ANOVA, analysis of 
variance; WT, wild type. IHC: Immunohistochemistry.
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Figure 5  Deletion of NOX4 protects from cartilage degradation and inflammation via inhibition of oxidative stress. (A) Knee 
sections focus on synovial membrane stained with H&E from NOX4-/- and WT (n=5 mice). Scale bars: 20 µm. (B) Quantification 
of the synovial Inflammation using the synovitis score. RM-two-way ANOVA test with FDR correction between WT and NOX4-

/- (#) or between sham and DMM (*). (C) Representative IHC images of knee sections stained with NOX4, 8-OHdG and F4/80 
antibody (N=6). Please note that DMM increased NOX4, 8OHdG and F4/80 expression in WT mice. There was no expression 
of 8OHdG and F4/80 in the NOX4-/- mice. Scale bars: 40 µm. (D) Representative IHC image of the whole Knee stained with 
NOX4 antibody (scale bar: 200 µm) and a focus on the synovial membrane (blue rectangle, scale bar: 40 µm) and the cartilage 
(red rectangle, scale bar: 40 µm). We observed an expression of NOX4 in the cartilage (red rectangle) and not the synovial 
membrane (blue rectangle) of the joints. (E) Quantification of the proportions of positive cells for NOX4 and 8-OHdG staining 
in the superficial cartilage. RM-two ways ANOVA test with FDR correction between WT and NOX4-/- (#) or between Sham and 
DMM (*). *p<0.05, **p<0.01, ***p<0.001. ANOVA, analysis of variance; DMM, destabilisation of the medial meniscus; FDR, false 
discovery rate; WT, wild type. IHC: Immunohistochemistry.
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compared with WT knees, our data show that NOX4 
deletion significantly reduces cartilage degradation, 
osteophyte formation and synovial inflammation. In a 
non-invasive OA model resulting from ACL rupture, 
Wegner et al34 observed a sustained low level of increased 
NOX4 expression during the first 2–7 days after injury, 
and demonstrated that inhibition of NOX4 activity was 
protective against early structural changes evaluated in 
the subchondral bone at 7 days. In line with preceding 
studies using in vitro cultures of chondrocytes,20 22 23 
we observed that NOX4 is a major component for the 
expression of MMP and ROS production in mouse carti-
lage. In OA, it is well known that low-grade inflammation 
in the synovium plays a major role in the progression 
of the disease.1 6 In WT but not in the NOX4-/- mice, 
increased cellularity and thickness of the synovium was 
observed, together with an increased expression of the 
macrophage marker F4/80. Taken together, our results 
demonstrate that NOX4 is a major player involved in the 
perturbation of joint homoeostasis in OA. Another NOX 
isoform has been also reported to play an important 
role in cartilage homoeostasis. In a collagenase-induced 
OA model in mice, NOX2 deficiency reduced cartilage 
damage, synovium thickness and ectopic bone forma-
tion at day 21.35 In the mice synovium, NOX2 is mainly 
expressed by M2-like macrophages, and could play an 
important role in subtypes of OA characterised by syno-
vial inflammation.

Subchondral bone plate modifications occur early in 
the development of OA, prior to trabeculae modifica-
tions, and ahead of microscopic cartilage degeneration.36 
In line with previously reported studies,26 sclerosis of the 
subchondral bone plate was found at 8 weeks following 
DMM at the medial side of the tibial plateau. These find-
ings were observed in both WT and NOX4-/- mice and 
were located where the amount of cartilage damage was 
most important in the load-bearing area. No changes 
were observed at the lateral side of the epiphysis with a 
subchondral plate thickness that was comparable to that 
of non-operated knees. Interestingly, the DMM procedure 
also affected the trabecular subchondral bone structure in 
the medial epiphysis with an increase of both the BV/TV 
and Tb.Th in WT mice, while these parameters were not 
significantly increased in NOX4-/- mice when analysed by 
histomorphometry. Also, the connectivity density, which 
characterises the redundancy of trabecular connections 
was significantly reduced in WT mice, but not in NOX4-/- 
mice. Increased number and thickness of trabeculae and 
decreased connectivity density are indicative of advanced 
OA, as reported in several studies.37 38 To our knowledge, 
only one study has evaluated the effect of NOX4 dele-
tion on the underlying bone in a post-traumatic model of 
OA,34 but this was performed at an early stage after OA 
induction. At 7 days, WT and NOX4-/- mice had a statis-
tically significant decrease in subchondral bone density, 
while injured knees from WT mice treated with NOX4 
inhibitor did not. Recently, a growing number of studies 
have pointed out the role of the subchondral bone in OA 

pathogenesis. Among the different metabolic pathways 
involved, PI3K/AKT/mTOR signalling pathway has been 
shown to play a key role, as it increases bony sclerosis 
and cartilage degradation following DMM, through the 
activation of NF-κB pathway a potent inducer of MMP-13 
expression.39 As reported in cancer research studies,40 41 
NOX4 could also exacerbate OA through inhibition of 
AMPK and activation of PI3K/AKT/mTOR signalling, 
but this was not tested in our study.

Oxidative stress induces inflammation in numerous cell 
types including chondrocytes and macrophages.8 10 42–44 
AOPPs induce IL-1β and TNF-α secretion in chondro-
cytes. Moreover, AOPPs injection in mice knee induces 
cartilage degradation and inflammatory cytokines 
production.10 In patients, OA severity correlates with 
AOPPs concentration in the synovial fluid.10 In our study, 
we report an increase of oxidative stress (8-OHdG) in 
cartilage and synovial membrane 8 weeks after DMM 
in WT mice, a phenomenon which was significantly 
reduced in NOX4-/- mice. Oxidative stress inhibition in 
NOX4-/- knee is also associated with an attenuation of 
the inflammatory response (macrophages) after DMM. 
These results support the predominant role of ROS 
observed in other OA models14 45–47 and suggest that 
the excess production of H2O2 by NOX4 following joint 
destabilisation could determine the progression of OA. It 
is possible that the mechanical stress caused by destabili-
sation of the joints increases NOX4 activity inducing ROS 
production and oxidative stress, which, in turn, leads to 
macrophages recruitment. Other in vitro studies have 
shown that shear stress induces NOX4-dependent ROS 
production in several cell types.48 49 However, the link 
between mechanical stress and NOX4 in OA requires 
further investigation.

Our data demonstrated that in mice the deletion of 
NOX4 could delay the progression of OA. Still, the rele-
vance of our data in the clinical setting is unclear. Few 
previous studies have evaluated the impact of NOX4 in 
human joints and bone diseases. In vitro, it was demon-
strated that treatment of human chondrocytes with IL-1β 
increases the expression NOX4 and of the catabolic 
markers MMP1, MMP13 and ADAMTS4. Moreover, the 
treatment of human chondrocytes with different NOX 
inhibitors strongly inhibits ROS production and MMP1 
and MMP13 expression.22 On sections of human cartilage 
extracted from patients undergoing knee replacement 
surgery, it was shown that NOX4 staining was higher in 
the damaged sections as compared with the healthy areas. 
Interestingly, in osteoporosis, it was demonstrated that 
patients with the NOX4 SNP rs11018628 had a higher 
NOX4 gene expression. Also, osteoclast activity and bone 
turnover were increased and women with this SNP had 
a lower bone density.50 Densification of the subchondral 
bone is known to play a role in OA. It would be inter-
esting to see if patients with the NOX4 rs11018628 SNP 
developed more severe OA. Moreover, NOX4 has been 
demonstrated to be necessary for human osteoclast 
differentiation.50 The precursors of the osteoclast lineage 
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are the macrophages, which suggests that NOX4 could 
directly impact the macrophages, one of the cell type 
responsible for the inflammatory response in OA.

Overall, our results provide evidence that NOX4 play a 
central role in the pathogenesis of OA. Whole body dele-
tion of NOX4 restores cartilage homoeostasis, inhibits 
oxidative stress and inflammation and delays OA progres-
sion after DMM in mice. These findings can help identify 
new targets for OA treatment.
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