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Introduction 
Osteoarthritis (OA) of the knee and hip is ranked as the 11th 

leading raison of disability and its prevalence keeps going up over 
the last past decades [1]. In the United States, over 9 million people 
suffer from symptomatic knee OA [2]. One third of adults over the 
age of 60 have radiographic evidence of this condition and 12.1% 
experience pain and/or disability [3]. Despite the high prevalence 
of knee OA and the high level of disability related to the disease 
progression, only few patients undergo joint replacement with a 
mean time from symptoms onset to Total Knee Replacement (TKR) 
of about 19 years [3,4]. Such a long evolution explains the huge need 
of new non-surgical therapies, which can alleviate pain and improve 
the quality of life with a better effectiveness than the current 
therapeutic modalities. The therapeutic approach of knee OA is based 
on the combination of non-pharmacological and pharmacological 
modalities, widely described in multiple guidelines [5-7]. Among 
the pharmacological modalities, Intra-Articular (IA) injections 
of hyaluronic acid (HA), also named Viscosupplementation (VS), 
have been ranked as the most effective treatment for alleviating 
knee OA pain [8], despite some controversies remain regarding 
the interpretation of the meta-analyses [9-12]. Hyaluronic acid is 
a non sulfated High Molecular Weight (HMW) glycosaminoglycan 
naturally present in ECM and synovial fluid that plays a major role  

 
in cartilage lubrication [13,14]. The HA lubricating properties 
explain that HA injections for treatment of OA are classified by the 
majority of health agencies worldwide, as a medical device but 
not as a drug. However, it has been now well evidenced that IA HA 
has also multiple pharmacological effects on molecular signaling 
pathways and contributes to the joint homeostasis. The multiple 
mechanisms by which HA may act as an anti-inflammatory and a 
structure-modifying drug for OA have been developed in a recent 
review [15].

Inflammation plays a central role in the development and 
progression of OA. Multiple pro-inflammatory cytokines are 
involved in the pathogenesis of the disease, especially interleukin 
(IL)-1β, IL-6, and tumor necrosis factor (TNF)-α, which play key 
roles in the extra cellular matrix (ECM) breakdown. IL-1β and 
TNF-α, produced by chondrocytes, synoviocytes, mononuclear cells 
and even osteoblasts, stimulate matrix metalloproteinases (MMPs) 
and a disintegrin and metalloproteinase with thrombospondin 
motifs (ADAMTS) [16] synthesis and activity. Furthermore IL-1β 
stimulates Nitric Oxide (NO) synthesis and oxygen free radicals 
production that increases the damaging effects on cartilage 
[17]. The ECM degradation and particularly that of its two major 
components, aggrecan and type 2 collagen, is mainly due to MMP-1, 
-3, -9, and -13, and ADAMTs 4 and 5. Hyaluronidase and Reactive 
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Oxygen Species (ROS) degrade HA macromolecules, leading to 
increased levels of HA fragments of low molecular weight with 
pro-inflammatory properties that worsen again the inflammatory 
cascade [15]. The important role of oxidative stress resulting from 
chronic overproduction of ROS is often underestimated. Oxygen 
free radicals damage DNA, increase cell apoptosis, contribute to 
degradation of the ECM and inhibit proteoglycans synthesis [18]. 
The NADPH oxidase enzymes constitute a large enzyme family 
which function is dedicated to the production of reactive oxygen 
species (ROS). One of our recent work showed that the NADPPH 
oxidase 4 (Nox4) is the major source of ROS production in human 
chondrocytes and in the C-20/A4 human chondrocyte cell line 
[19,20] in which Nox4-derived ROS regulate collagenase 1 (MMP-1) 
expression and chondrocyte death consecutive to IL-1β stimulation. 
Interestingly a number of hydroxyl rich polysaccharides, such as 
HA, have also antioxidant properties and are themselves inhibitors 
of oxygen free radical −O2* , underlining the importance of HA 
concentration [21]. However HA is also very sensitive to oxidative 
stress [22]. HA macromolecules, containing many OH groups, react 
with ROS, resulting in the rupture of the macromolecular chains 
and accelerated degradation of the highly viscous solution. The 
rapid depolymerisation of HA is a major reason for the short intra-
articular half-life of viscosupplements made of non-cross-linked 
HA, cross-linking being another way to protect HA from degradation 
by ROS [21]. Several studies have shown that the addition of 
a polyol with ROS scavenging properties, such as mannitol or 
sorbitol, protect HA from ROS degradation [21-24]. Safety and 
efficacy of a mannitol-modified HA viscosupplement, HANOX-M, 
has been assessed in a large scale multicenter, prospective double-
blind controlled trial [25] in patients with knee OA. The study 
demonstrated that HANOX-M was as safe and effective than a high 
molecular weight HA viscosupplément not containing mannitol, but 
with a more rapid onset of action than that of the latter [26]. Due to 
the antioxidant effect of mannitol we hypothesized that, besides its 
better resistance to degradation, the mannitol-modified HA might 
have a more pronounced effect than HA alone on inflammation 
and MMPs related ECM degradation. The aim of the study was to 
compare in vitro the effect of the addition of mannitol to HA versus 
HA alone on the level of ROS production and the NOX-4 and MMPs 
expression upon IL-1β stimulation.

Materiel and Methods
Material

Human C-20/A4 chondrocyte cell line immortalized by SV40 
is a generous gift from Dr M.B. Goldring (Harvard Institute of 
Medicine, Boston, MA, USA). HEK293 Nox4 T-Rex™ cells were kindly 
provided by PATIM laboratory, Pr KH. Krause (Geneva University, 
Switzerland). Dulbecco’s modified Eagle’s medium (DMEM), fetal 
bovine serum (FBS) and geneticin (G418) were purchased from life 
technologies (Saint Aubin, France); blasticidin was from Funakoshi 

Co (Tokyo, Japan); complete mini EDTA-free protease inhibitor 
EASYpack, Na4P2O7, Na3VO4, PMSF, luminol, Horseradish Peroxidase 
(HRPO), Triton X-100, were purchased from SIGMA (Saint Quentin 
Fallavier, France) ; leupeptin, pepstatin, trypsin inhibitor, TLCK 
and human interleukin-1β were purchased from Roche (Meylan, 
France) ; Diisopropylfluoro-phosphate (DFP) was purchased from 
Acros Organics (Halluin, France); Pro-MMP1 monoclonal antibody 
was obtained from R&D Systems (Lille, France); rabbit polyclonal 
antibodies directed against ADAMTS5 (RP1-ADAMTS5) were 
respectively from Biovalley (Illkirch, France) and Abcam (Paris, 
France).

Hyaluronic Acid Products

The viscosupplement to be studied was HAnox-M (HAppyVisc®, 
LABRHA SAS, Lyon, France), a solution made of an intermediate 
MW (1-1.5MDa) HA of non-animal origin, in a concentration of 1.55 
mg/ml, combined with mannitol, concentrated at 35 mg/ml. The 
comparator was HA1% (Go On ®, Meda Pharma, Solna,Sweden), 
solution of an intermediate MW (1-1.5 MDa) of non-animal origin, 
in a 10 mg/ml concentration. 

Cell culture

C-20/A4 chondrocytes and HEK293 T-Rex™ were cultured in 
DMEM containing 4.5 g/L glucose and 0.11 g/L sodium pyruvate, 
supplemented with 10% (v/v) fetal bovine serum, 100 units/ml 
penicillin, 100 mg/ml streptomycin and 2 mM glutamine at 37°C 
in atmosphere containing 5% CO2. Selecting antibiotics, blasticidin 
(5µg/ml) and geneticine (400µg/ml) were used for HEK293 Nox4 
T-Rex™ cells. Expression of Nox4 by HEK293 Nox4 T-Rex™ cells 
were induced by the addition of 1 µg/ml tetracycline in the culture 
media [26]. All experiments were performed within cell passages 
3 to 10 at 60-90% confluence. Cells were incubated in presence 
of HANOX-M or HA 1%e with a final concentration of 1.25 mg/ml 
hyaluronic acid. Cells were stimulated or not with 2ng/ml IL-1β 
during 48h for RT-PCR or 24h for ROS production evaluation.

Evaluation of ROS Production 

Expression of Nox4 by HEK293 Nox4 T-Rex™ cells were induced 
by the addition of 1 µg/ml tetracycline in the culture media for 24 
hours. Cells were then detached with 0.25 % (w/v) trypsin, washed 
twice with PBS and collected after 8 min centrifugation at 400 g at 
room temperature. The viability of the suspended cells was over 
95%, as determined by the trypan blue exclusion method. In a 96-
well plate, 5x105 living cells resuspended in 20 µl PBS were added 
per well. Before the start of the assay, 100 µl of a PBS solution 
containing 5 µM Amplex Red and 10 mUnits/ml horseradish 
peroxidase was added in each well. Results are expressed as the 
sum of Relative Fluorescent Units (RFU) recorded every two 
minutes during 60 min on a fluostar omega spectrofluorimeter 
(BMG labtech).
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RNA Extraction and RT-q-PCR 

Total RNA extraction was performed with NucleoSpin® RNA 
(Macherey Nagel, Hoerd, France) following recommendations. 
cDNA was reverse transcribed from 1 µg of total RNA with the 
SuperScriptIII First-Strand Synthesis (Life Technologies, Carlsbad, 
CA). As recommended an RNase H treatment was added. Real time 
RT-qPCR was conducted using the QuantiTect SYBR Green RT-PCR 
kit (Qiagen) and a Stratagene Mx3005P (La Jolla, CA). Briefly, the 
transcript expression levels of human IL-1β, CYBA, NOX4, HMOX1, 
MMP-1, MMP-13, ADAMTS4 and housekeeping genes GAPDH, 
RPL27 and RPL32 were determined using specific primers chosen 
to include intron spanning. Gene expression was quantified using 
the comparative threshold cycle (Ct) method. The amount of target 
gene, normalized to three endogenous reference genes (RPL27, 
RPL32 and GAPDH) was expressed relative to the control cells. The 
specificity of the PCR products was confirmed by gel electrophoresis 
migration and a by melting curve analysis. 

Statistical Analysis

Data are presented as means +/- SD, significance levels were 
assessed using Student’s paired t test. A p-value of 0.05 or less 
between groups was considered to indicate a statistically significant 
difference.

All quantitative data were generated using biological replicates 
in triplicate unless stated otherwise and are expressed as the mean 
plus 95% confidence interval. Data normality was tested by a 
Shapiro-Wilk test. For each experiment, p-values were determined 
using a paired Student test. All analyses were conducted using 
StatView (SAS institute, US). 

Results
Differential Impact Of HANOX-M And HA 1% On NADPH 
Oxidase Activity In HEK293 T-REX™ Cells

When HANOX-M or HA 1%, at a final concentration of 1.25 mg/
ml of HA, were added to the cells right before the ROS production 
measurement, or 24 hours before ROS measurement, no significant 
impact on Nox4 activity was noticeable, showing that the two 
viscosupplement compounds do not exert direct antioxidant 
properties.(Data not shown) 

Effect Of HANOX-M And HA 1% On Nox4 Expression In 
Human Chondrocyte Cell Line C20/A4

As expected, IL-1β-stimulated C-20/A4 chondrocyte cell line 
increase Nox4 expression, determined by quantitative PCR. Despite 
a non-statistically significant difference, HANOX-M tended to better 
inhibit Nox4 expression than HA 1% (Figure 1).

Figure 1: NOX-4 expression in non-stimulated (NS) and IL-1β-stimulated HEK 293 Nox4™ cells, after incubation with 
HANOX-M or HA1%.

Effect of HANOX-M and HA 1% on MMPs expression in 
human chondrocyte cell line C20/A4

Figures 2, 3, 4 Quantitative RT-PCR showed that treatment with 
HANOX-M inhibits the effect of stimulation by IL1β on the increase 
in expression of MMP13 and ADAMTs4. Treatment with HA1%, on 

the other hand, cannot prevent the increase in transcripts encoding 
the two metalloproteases MMP13 and ADAMTs4. 

The effect of stimulation by IL1β on the increase in expression of 
MMP1 was completely inhibited by the two treatments, HANOX-M 
and HA1% (Figure 4).
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Figure 2: Collagenase MMP13 expression in non-stimulated (NS) and IL-1β-stimulated C20/A4 chondrocytes, after incubation 
with HANOX-M or HA1%.

Figure 3: Aggrecanase ADAMTS-4 expression in non-stimulated (NS) and IL-1β-stimulated C20/A4 chondrocytes, after 
incubation with HANOX-M or HA1%.

Figure 4: Collagenase MMP1 expression in non-stimulated (NS) and IL-1β-stimulated C20/A4 chondrocytes, after incubation 
with HANOX-M or HA1%.
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Discussion
It has become increasingly apparent that HA has the 

capacity not only to alleviate pain but also to protect and restore 
the chondral matrix via multiple molecular pathways [15]. 
Therefore it is legitimate to consider HA not only as a pain-killer 
but as a background therapy for OA with structure-modifying 
properties. The development of novel HA viscosupplements with 
chondroprotective effects, especially for treating early OA, is a 
exciting challenge. Henrotin et al. (27) reported the results of a 
randomized double-blind placebo controlled trial showing that 
a single IA injection of HANOX-M-XL, a crosslinked HA combined 
with mannitol, can reduce the serum levels of Coll2-1, a marker 
specific of type II collagen degradation, in patients with knee OA. 
This finding suggests that HANOX-M-XL may have a beneficial effect 
on cartilage degradation.The present study compared the effects 
of HANOX-M, a non-crosslinked 2nd generation viscosupplement 
[28], containing 35 mg/ml of mannitol, to a regular HA 1% 
viscosupplement. It suggested that HANOX-M might have a positive 
therapeutic effect on the expression of the transcripts coding 
for the metalloproteinases MMP1, MMP13 and ADAMTs4, while 
HA1% exhibited a positive effect only on the expression of MMP1. 
HANOX-M also tended to better inhibit Nox4 expression than HA 
1%, despite a non-statistically significant between-treatment 
difference. The mechanisms by which mannitol exerts its beneficial 
effect on OA are not fully understood. It has been published [29] that 
a combination of HA and sorbitol, a mannitol isomer, prevented IL-
1β-induced oxidative stress, p47-NADPH oxidase phosphorylation, 
4-hydroxynonenal (HNE) production and HNE-metabolizing 
glutathione-S-transferase A4-4 expression. Furthermore, HA + 
sorbitol  inhibited IL-1β-induced MMP-13, nitric oxide (NO) and 
prostaglandin E2 release and NO synthase expression, by acting 
on the nuclear factor-kappa B (NFKB) pathway. Obviously, our 
data do not allow us to extrapolate these in vitro results to claim a 
chondroprotective effect of HANOX-M, in vivo.

Conclusion
This in vitro study suggests that combining high concentration 

of mannitol with HA may have a positive therapeutic effect on the 
expression of the transcripts coding for the metalloproteases MMP1, 
MMP13 and ADAMTs4. Treatment with HA alone has a potentially 
therapeutic effect only on the expression of MMP1. HANOX-M might 
be useful as a first line treatment to treat chondropathy and early 
OA, thanks to its potential structure-modifying effect. 
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