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Low ozone concentrations promote in vitro preservation of explanted
articular cartilage: an ultrastructural study
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ABSTRACT

Ozone (O;) is an oxidizing natural gas widely applied as adjunctive therapeutic treatment for a variety of patho-
logical conditions. Currently, O,-based therapies rely on the low-dose concept i.e., the administration of low O,
concentrations able to induce a mild oxidative stress stimulating antioxidant and anti-inflammatory response
without causing cell damage. In addition, low O, concentrations are thought to activate cellular and molecular
mechanisms responsible for analgesic and regenerative effects. Due to these properties, in the last decade inter-
est has arisen in the fields of orthopedics and regenerative medicine on the potential of O; to counteract joint
diseases involving cartilage degeneration. In this pilot study, we have explored the anti-degenerative potential
of O, on knee articular cartilage explanted from a healthy adult rabbit and maintained in vitro. Light and trans-
mission electron microscopy were used to monitor chondrocyte and extracellular matrix features of cartilage
samples undergoing O, treatment every three days for two weeks. Results demonstrated that low O, concentra-
tions act on chondrocytes and the molecular components of the extracellular matrix of articular cartilage
explants, significantly improving their preservation under in vitro conditions, likely by promoting both protec-
tive and pro-regenerative pathways. This opens promising perspectives for further investigations on the thera-
peutic potential of O, for the treatment of cartilage degeneration not only as painkilling and anti-inflammatory
agent but also as a cartilage regenerative agent.
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Introduction

Ozone (O;) is a gas naturally occurring in the Earth atmos-
phere. It is made of three oxygen atoms and is highly instable, rap-
idly decomposing into oxygen (O,). The strong oxidizing power of
0O,, which makes it potentially harmful for animal and human
health, was discovered in the nineteenth century'? and was soon
exploited for medical purposes. In particular, O; is being common-
ly used as a disinfectant agent.>* Thanks to the technological
advancement for the production and management of medical O, in
the last century, O, has become a widely applied adjunctive thera-
peutic treatment -as a gaseous O,- O; mixture or as ozonated oil or
water- for a variety of pathological conditions in different human
and veterinary medical fields (e.g., angiology, dentistry, dermatol-
ogy, neurology, orthopedics).>'® Currently, O,-based therapies rely
on the low-dose concept i.e., the administration of low O; concen-
trations:'? in fact, scientific research has demonstrated that low O,
concentrations (from 10 to 50 pg O;/mL O,) exert therapeutic
effects by inducing a mild oxidative stress 2 (called eustress 2'2?)
which does not cause cell damage but is able to activate protective
molecular pathways through the activation of the transcription
nuclear factor erythroid 2-related factor 2 (Nrf2), the master regu-
lator of cellular redox homeostasis.?3-?” Experimental findings have
demonstrated that low O; concentrations not only stimulate antiox-
idant and anti-inflammatory response but also activate cellular and
molecular mechanisms responsible for analgesic and regenerative
effects (recent review in 2%).

Due to these properties, in the last decade interest has arisen in
the fields of orthopedics and regenerative medicine on the poten-
tial of O; to counteract joint diseases involving cartilage degener-
ation.

Articular cartilage is a highly specialized connective tissue
providing a smooth, lubricated surface to bony ends for articula-
tion of diarthrodial joints. It is composed of an only resident cell
type called chondrocytes, which are surrounded by a dense extra-
cellular matrix distinct into pericellular matrix (thin layer adjacent
to the chondrocyte membrane), territorial matrix (a basketlike net-
work around the chondrocytes, which is hardly distinguishable
from pericellular matrix in adult individuals), and interterritorial
matrix (the major portion of matrix away from the chondrocytes).?
The pericellular matrix is made of a network of granules and fine
fibrils corresponding to proteoglycans (mostly aggrecan) and
hyaluronan, respectively, which, together with collagen (mostly
type VI) and glycoproteins, are connected to the chondrocyte sur-
face regulating matrix assembly and turnover.?>-*? The intercellular
matrix contains a fibrous network made of different collagen mol-
ecules (although more than 90% of the total is type II collagen) and
proteoglycans, while other noncollagenous proteins and glycopro-
teins are present in low amounts; these molecular components are
located in the interfibrillar space and allow high amounts of water
to be retained, thus providing articular cartilage with the biome-
chanical properties necessary to resist compressive loads.’!
Chondrocytes are spatially ordered in the matrix, and are responsi-
ble for the synthesis and degradation of both the fibrillar and the
amorphous components of the extracellular matrix, thus ensuring
its turnover and repair.* However, the intrinsic features of the tis-
sue (i.e., absence of blood vessels, lymphatics, and nerves; scarce
proliferation potential of chondrocytes) limit the self-healing
capacity when damage occurs. For the same reasons, damaged
articular cartilage is very difficult to cure, thus representing a great
medical challenge.

A number of clinical observational studies have reported ben-
eficial effects of the intra-articular administration of O; in limiting
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symptoms of debilitating conditions such as osteoarthritis, gouty
arthritis or facet joint syndrome, characterized by chronic pain and
diminished quality of life (reviews in *3*3%). However, the O, heal-
ing effectiveness is still a matter of debate due to the relatively
recent development of this therapeutic approach as well as to the
great heterogeneity of the protocols used.?*-#!

Actually, the scarce experimental evidence of the effects of O,
on the articular cartilage is the main obstacle for a wide clinical
acceptability and exploitation of O, treatment in joint diseases.*>
This basic knowledge would be crucial to understand if the posi-
tive response to O; treatment reported in patients suffering from
articular cartilage diseases only depends on the analgesic and anti-
inflammatory properties of O or is also due to cartilage tissue
healing.

Based on the previously demonstrated effectiveness of low O,
concentrations to improve the structural preservation of tissue
explants,* in this pilot study we have explored the anti-degenera-
tive potential of O, on knee articular cartilage explanted from a
healthy adult rabbit and maintained in vitro. Light and transmis-
sion electron microscopy were used to monitor chondrocyte and
extracellular matrix features of cartilage samples undergoing treat-
ment with gaseous O,-O, mixture every three days for two weeks.

Materials and Methods

Articular cartilage sampling and treatment

Knee articular cartilage was harvested from a skeletally mature
rabbit (18 months of age) bought in a local butcher for food con-
sumption. Cartilage samples of about 1 mm in thickness were
removed with a scalpel from the underlying subchondral bone of
femoral condyles and tibial plateau within 1 h of slaughter. The
cartilage samples were immediately washed with 0.1 M phosphate
buffered saline (PBS) pH 7.4 and then placed in 35 mm plastic
dishes (8 samples per dish) containing 3 mL of DMEM medium
supplemented with 1 g/L glucose, 10% fetal bovine serum and 2%
penicillin/streptomycin. The explanted samples were put into an
incubator at 37°C in a 5% CO, humidified atmosphere, and
allowed to stabilize overnight in the medium before starting the
experiment. Explants were maintained in culture medium for
increasing times (for up to 12 days), replacing the medium every
third day.

Some explants were treated with O,-O; gas mixtures produced
from medical-grade O, by an Ozonline E80 apparatus (Multisales
Srl, Bergamo, Italy), which allows real-time control of O; concen-
tration and gas flow rate. O; was used at the concentration of 16 pg
O4/mL O,, which is currently administered in the clinical practice
for intra-articular injections and experimentally proved its antioxi-
dant effect 2. Cartilage samples of each experimental condition
were weighted and then suspended in medium (30 mg of cartilage
tissue/mL) in a 20 mL Os-resistant polypropylene syringe (Terumo
Medical Corporation, Somerset, NJ, USA). A volume of gas equal
to medium volume was then collected into the syringe through a
sterile filter to avoid contamination. The sample was gently mixed
with the gas mixture for 10 min according to Larini et al.>° The
samples were then placed in plastic dishes containing fresh medi-
um and put into the incubator.

Gas treatments were applied at the beginning of the experiment
(t0), and at days 3, 6, and 9 (referred to as t3, t6, and t9, respective-
ly). Control samples underwent the same handling at the same
timepoints without exposure to the O,-O, gas mixture. Treated and
control samples were processed for light and transmission electron
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microscopy at t3, t6 and t12. Samples at t0 served as control of the
cartilage native features. A graphical description of the experiment
is reported in Figure 1.

Sample processing for microscopy analyses

Treated and control cartilage samples were fixed for 2 h at 4°C
with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M
phosphate buffer pH 7.4, washed and post-fixed at 4°C for 30 min
with 1% OsO,. The samples were then dehydrated with acetone
and embedded in Epon resin (all reagents were purchased from
Electron Microscopy Sciences, Hatfield, PA, USA). For light
microscopy analysis, sections of 2 um in thickness were cut with a
Reichert Jung 2050 and placed onto glass slides. For transmission
electron microscopy analysis, 70-90 nm-thick ultrathin sections
were cut with a Reichert Jung Ultracut and collected on 200 mesh
copper grids (Electron Microscopy Sciences).

Light microscopy analysis

Toluidine blue is known to stain proteoglycans in the cartilage
extracellular matrix due its high affinity for their sulfate groups,
and the degree of positive staining is commonly used to assess the
amount of these molecules in situ.>'*> Therefore, the sections col-
lected on glass slides were stained with an aqueous solution of
0.1% toluidine blue for 2 min at room temperature. To ensure
homogeneity in staining procedure, all samples were treated in the
same run. Cartilage samples were observed with an Olympus
BX51 microscope equipped with an Olympus Camedia C-5050
digital camera (Olympus Italia Srl, Segrate, M1, Italy). To evaluate
staining intensity, images of a total of 15 randomly selected fields
(20x) were taken in 4 sections of each experimental condition and
analyzed with a MATLAB code (MathWorks, Inc., Natick, MA,
USA) developed to measure the mean RGB values. Two thresholds
were used to exclude the darkest and brightest pixels. An expert
author carried out blind assessment of the measured area by
excluding the pixels with intensity above and below the thresholds.
Staining intensity index was calculated by subtracting the obtained
RGB values from 255 (the higher the value, the higher the extra-
cellular matrix density).

Transmission electron microscopy analysis

Ultrastructural morphological analysis of chondrocytes and
extracellular matrix components of cartilage samples was per-
formed on ultrathin sections stained with Reynolds’ lead citrate
(Electron Microscopy Sciences) for 2 min. Samples were observed
with Philips Morgagni transmission electron microscope (FEI
Company Italia Srl, Milan, Italy) operating at 80 kV, and image
acquisition was made with a Megaview III camera (FEI Company
Italia Srl). In addition, a morphometric analysis of some cellular
and extracellular components was carried out using ImagelJ soft-
ware (NIH). To ensure sampling homogeneity, measurements were
performed in the intermediate zone of the articular cartilage (which
constitutes about 50% of the overall thickness), avoiding the sur-
face layer and the deeper region facing the subchondral bone.? The
areas of cytoplasmic regions and of residual bodies occurring
therein were measured in 10 cells per sample (x 8,900), then the
percentage of residual body (total residual body area/cytoplasmic
area x 100) was calculated. The length of chondrocyte surface was
measured both including (real length of the chondrocyte profile)
and excluding (corresponding linear length) cell protrusions in 30
cells per sample (X 18,000); the ratio between the two values was
then calculated in order to obtain an index of cell surface irregular-
ity (the higher the value, the rougher the cell). In the same images,
the density of granules in the pericellular matrix network (number
of granules/um?) was assessed as an index of the protein lattice
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spacing. In the interterritorial matrix, 100 longitudinally sectioned
collagen fibrils were evaluated for their size and D band length
(periodicity) (x44,000). For each fibril, one measure of size and
two measures of band length were taken.

Statistical analysis

Data for each variable were pooled according to the experi-
mental condition and presented as mean + standard error of the
mean (SE). Statistical significance was assessed by the Kruskal
Wallis test followed, in case of significance, by the Mann Whitney
test for pairwise comparison with Bonferroni correction.
Significance was set at p<0.05.
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Results

Light microscopy analysis

At light microscopy, all samples showed the typical morpho-
logical features of articular cartilage, with a thin superficial zone
containing small flattened chondrocytes oriented parallel to the
articular surface, an intermediate zone containing roundish chon-
drocytes scattered in the matrix, and a deep zone containing
columns of chondrocytes oriented perpendicularly to the articular
surface. The extracellular matrix had an amorphous appearance,
without evident fibrillar structures (Figure 2). No difference in the
histological organization was observed among the experimental
groups. Quantitative evaluation of toluidine blue staining revealed
that in control samples the staining intensity was significantly
higher at t6 and t12 than at t0; O,-treated samples at t3 and t6
showed values similar to t0, but at t12 the staining intensity signif-
icantly increased.

Transmission electron microscopy analysis

At t0, the ultrastructural morphological analysis demonstrated
well preserved chondrocytes characterized by a roundish nucleus
with a few heterochromatin clumps. Abundant rough endoplasmic
reticulum (RER), well-developed Golgi apparatuses and ovoid
mitochondria along with small deposits of glycogen granules
occurred in the cytoplasm (Figure 3 a,b). The pericellular matrix
surrounding the chondrocytes was made of a network of granules
and fine fibrils corresponding to proteoglycans (mostly aggrecan)

and hyaluronan, respectively (Figure 3c). The interterritorial
matrix contained many single collagen fibrils showing the typical
banding and oriented in different directions within an amorphous
environment (Figure 3d).

In control samples, a cytoplasmic accumulation of glycogen
deposits was observed at t3 and t6, and some residual bodies and
multilamellar bodies appeared at t3, becoming much more abun-
dant at t6 (Figures 4 a,b and 5 a,b). At t12, many chondrocytes con-
tained numerous residual bodies and lipid droplets, while other
chondrocytes were necrotic (Figure 6 a,b). In the pericellular
matrix, the fibro-granular network appeared as loosened with
scarce granules in all control samples (Figures 4c, 5c, 6¢). The
interterritorial matrix did not show evident morphological differ-
ences with t0 at all timepoints, but an increase of collagen fibril
thickness was found at t3 and t6 (Figures 4d, 5d, 6d).

In O;-treated samples, chondrocytes were morphologically
similar to t0 at all timepoints, with well-preserved cell organelles
(Figures 7 a,b; 8 a,b; 9 a-c). The only exception was RER at t12,
which sometimes appeared as collapsed and showed scarce ribo-
somes (Figure 9 a-c). In addition, some glycogen accumulation,
and a few residual and multilamellar bodies were present (Figures
7 a,b; 8 a,b; 9 a-c). The pericellular matrix was similar to t0 at t3
and t6 (Figures 7c and &c), but it became loosened at t12 (Figure
9d). The interterritorial matrix appeared similar to t0 at all time-
points (Figures 7d; 8d; 9e).

Morphometric analysis demonstrated that the percentage of
residual bodies occurring in control samples at t3 was similar to t0,
but significantly increased at t6 and t12; in O,-treated samples the
values at t3 and t6 were similar to t0, whereas at t12 the percentage

Figure 3. Transmission electron micrographs of articular cartilage at t0. a) A chondrocyte surrounded by extracellular matrix (EM); N,
nucleus. b) High magnification detail of a chondrocyte; arrowhead, mitochondrion; asterisk, Golgi apparatus; arrows, RER; G, glycogen;
N, nucleus. ¢) Chondrocyte surface surrounded by pericellular matrix (PM). d) Collagen fibrils (arrows) in the interterritorial matrix (IM).

Scale bars: a) 500 nm; b-d) 200 nm.
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Figure 4. Transmission electron micrographs of control articular cartilage at t3. a) A chondrocyte surrounded by extracellular matrix (EM);
note the abundant glycogen deposits (G); N, nucleus. b) High magnification detail of a chondrocyte; arrowheads, mitochondria; asterisk,
Golgi apparatus; arrows, RER; G, glycogen. ¢) Chondrocyte surface surrounded by a loosened pericellular matrix (PM). d) A large colla-
gen fibril (arrows) in the interterritorial matrix (IM). Scale bars: a) 500 nm; b-d) 200 nm.

Figure 5. Transmission electron micrographs of control articular cartilage at t6. a) A chondrocyte surrounded by extracellular matrix (EM);
N, nucleus. b) High magnification detail of a chondrocyte; arrowheads, mitochondria; asterisk, Golgi apparatus; arrows, RER; R, residual
body. ¢) Chondrocyte surface surrounded by a loosened pericellular matrix (PM). d) A large collagen fibril (arrows) in the interterritorial
matrix (IM). Scale bars: a) 500 nm; b-d) 200 nm.
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Figure 6. Transmission electron micrographs of control articular cartilage at t12. a) A chondrocyte surrounded by extracellular matrix
(EM); note the abundant residual bodies (R) and lipid droplets (L); N, nucleus. b) A necrotic chondrocyte (C). ¢) Chondrocyte surface sur-

rounded by a loosened pericellular matrix (PM). d) A collagen fibril (arrows) in the interterritorial matrix (IM). Scale bars: a,b) 500 nm;
c,d) 200 nm.

Figure 7. Transmission electron micrographs of Os-treated articular cartilage at t3. a) A chondrocyte surrounded by extracellular matrix
(EM); N, nucleus. b) High magnification detail of a chondrocyte; arrowheads, mitochondria; asterisks, Golgi apparatus; arrows, RER; N,

nucleus. ¢) Chondrocyte surface surrounded by pericellular matrix (PM). d) Collagen fibrils (arrows) in the interterritorial matrix (IM).
Scale bars: a) 500 nm; b-d) 200 nm.
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Figure 8. Transmission electron micrographs of O;-treated articular cartilage at t6. a) A chondrocyte surrounded by extracellular matrix
(EM); N, nucleus. b) High magnification detail of a chondrocyte; arrowheads, mitochondria; asterisk, Golgi apparatus; arrows, RER; G,
glycogen; R, residual body; N, nucleus. ¢) Chondrocyte surface surrounded by pericellular matrix (PM). d) Collagen fibrils (arrows) in
the interterritorial matrix (IM). Scale bars: a) 500 nm; b-d) 200 nm.

Figure 9. Transmission electron micrographs of Os-treated articular cartilage at t12. a) A chondrocyte surrounded by extracellular matrix
(EM); note the folded RER cisternae (star); N, nucleus. b,¢) High magnification details of chondrocytes; arrowheads, mitochondria; aster-
isk, Golgi apparatus; arrows, RER; G, glycogen; R, residual body; Note the scarce presence of ribosomes on RER. d) Chondrocyte surface
surrounded by a loosened pericellular matrix (PM); the occurrence of various vesicles (open arrows) indicates endocytic activity. e) A col-
lagen fibril (arrows) in the interterritorial matrix (IM). Scale bars: a) 500 nm; b-¢) 200 nm.
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significantly increased (Figure 10a). The index of cell surface
irregularity of control samples at t3 was similar to t0, and signifi-
cantly lower at t6 and t12; the index of O;-treated samples main-
tained values similar to t0 at all timepoints (Figure 10b). The gran-
ule density in the pericellular matrix of control samples was lower
than t0 at all timepoints; in O,-treated samples the density was sim-
ilar to t0 at t3 and t6 but significantly decreased at t12 (Figure 10c¢).
Collagen fibril size of control samples was significantly larger than
t0 at t3 and t6, but at t12 it became similar to t0; in O;-treated sam-
ples the fibril size values were similar to t0 at all timepoints
(Figure 10d). D band length of control samples was significantly
smaller than t0 at all timepoints; in Os-treated samples the values
were similar to t0 at all timepoints (Figure 10e).

Discussion

The morphological and morphometric analyses performed on
healthy rabbit articular cartilage maintained in vitro for 12 days
demonstrated a progressive alteration of both chondrocyte and
extracellular matrix features in control samples, and a limited
degradation in samples treated with 16 pg/mL O, every third day.

In control samples, chondrocytes underwent a progressive
deterioration, as indicated by the accumulation of glycogen, lipid
droplets, and multilamellar and residual bodies, until complete
necrosis after 12 days in culture. It has been demonstrated that
accumulation of glycogen may occur because of impaired ATP
production.® In fact, since articular cartilage is a low-0O, tissue,**
glycolysis (i.e., the anaerobic metabolism of glucose) is an impor-
tant source of ATP for chondrocytes™ and some glycogen deposits
are usually present in their cytoplasm; however, if the glycolytic
activity decreases (as it occurs e.g., in osteoarthritis®®) the con-
sumption of glycogen decreases leading to its intracellular accu-
mulation. As for lipid droplets, recent studies have associated lipid
accumulation in chondrocytes to the stress-related degeneration
process leading to osteoarthritis.*>*° The progressive accumulation
of multilamellar and residual bodies in the cytoplasm of control
chondrocytes (from about 15% of the cytoplasm area at t3 until
over 50% at t12) clearly indicates high autophagic activity.””*® It is
likely that the environmental stress due to the in vitro culture
would induce a progressive failure of chondrocyte metabolism
accompanied by an increase in autophagic activity to limit cell
damage and enable survival. Indeed, this strategy allowed cell sur-
vival until t6, but at t12 the degenerative process became too
advanced and many cells underwent necrosis. The decrease in cell
surface irregularity found in control samples at t6 and t12 suggests
that this deterioration involves also the primary function of chon-
drocyte i.e., the synthesis, deposition and turnover of the extracel-
lular matrix components.®! In fact, membrane folding together with
endo/exocytic invaginations are index of molecular trafficking
through the plasmalemma and their decrease may be interpreted as
a lowered transmembrane transport rate.

O, treatment significantly improved the preservation of chon-
drocyte features. In fact, a significant accumulation of residual
bodies in comparison to t0 was observed only at t12, although the
morphometric value was significantly lower than in control
untreated cells at the same timepoint. Notably, the increase of
residual bodies showed the same upward trend as in control sam-
ples, but the values of Os-treated cells were always lower, indicat-
ing a weaker stress-related autophagic activity. This suggests that
O, is able to significantly slow down -but not to stop- the degrada-
tion process due to the preservation in vitro. Accordingly, no
necrotic Os-treated cells were observed at t12, although degenera-
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tive signs appeared at this timepoint such as RER alteration, which
is suggestive of an impaired synthetic activity. O; prevented also
the decrease of cell surface irregularity during the whole experi-
ment, likely maintaining a high molecular transport rate.

The Os-driven stimulation of many cytoprotective pathways
through Nrf2 activation such as e.g., enhancement of antioxidant
enzyme activity, downregulation of pro-apoptotic factors, pro-
inflammatory cytokines and autophagy, improvement of mito-
chondrial activity (review in ?®) presumably played a key role in
ameliorating the preservation of chondrocyte structure and func-
tion under in vitro conditions. Moreover, it has been reported that
O, stimulates the chondrocyte synthetic activity,* inducing regen-
erative effects in rat models of osteoarthritis.*”*® O, was also found
to enhance the expression of sex-determining region Y box 9
(SOX9), involved in chondrocyte differentiation, and of hypoxia-
inducible factor (HIF)-1, promoting cell survival under hypoxic
conditions.®

In the extracellular matrix, both the pericellular and interterri-
torial regions showed alterations in control cartilage samples. In
detail, the pericellular matrix was characterized at all timepoints by
a marked loosening of the molecular network, which is mostly
formed of aggrecan, hyaluronan and type VI collagen®-3! and con-
stitutes a microenvironment responsible for the transduction of
biomechanical and biochemical signals.?>°%% In the interterritorial
matrix, a significant thickening of collagen fibrils was found from
t3 to t6, but at t12 the fibril size decreased; in parallel, a significant
shortening of the D band was observed at all timepoints.
Distension of the pericellular matrix has been reported in aging
and osteoarthritis, due to alterations (e.g., cleavage, crosslinks,
aggregation) of proteoglycans and collagens composing the molec-
ular network.?'¥? Similarly, increase in size and reduction of D-
band length of the collagen fibrils have been observed at the very
carly stage of osteoarthritis in human articular cartilage® and in a
rabbit model of osteoarthritis.®® It was hypothesized that collagen
fibril thickening and loss of normal D-band periodicity are due to
diminished intermolecular interactions finally reducing the stabili-
ty of collagen fibrils.* Consistently, splitting of thick collagen fib-
rils bundles into thinner fibrils has been reported to occur only with
advancing osteoarthritis.®” All these alterations of proteoglycan and
collagen molecules have been ascribed to the oxidative stress,®®%
which is known to affect protein folding and cleavage.”” When O,
was applied, the loosening of pericellular matrix network was pre-
vented until t6, while fibril size and D band length of interterritor-
ial collagen were maintained at t0 values during the whole experi-
ment, clearly demonstrating the effectiveness of O, treatment in
preserving the molecular complexes responsible for the mechani-
cal properties of the articular cartilage. The antioxidant properties
of O, through Nrf2 activation certainly play a key role in counter-
acting the degradation of extracellular matrix components.
Actually, it has been demonstrated that natural and synthetic com-
pounds regulating Nrf2 are able to stimulate the expression of car-
tilage collagens and proteoglycans in osteoarthritis.”! Moreover,
the anti-inflammatory action of O; is known to downregulate in
chondrocytes the stress-related secretion of interleukin 1 (IL-1),
tumor necrosis factor alpha (TNF-a), IL-6, and matrix metallopro-
teinases,*%72 which are responsible for the extracellular matrix
degradation.” Finally, studies on in vitro and in vivo models of
osteoarthritis have demonstrated that O, treatment increases the
expression of type II collagen and aggrecan, thus limiting cartilage
degeneration. 607!

The increase in proteoglycan density (as indicated by toluidine
blue staining) in the interterritorial matrix of control cartilage sam-
ples at t6 and t12 could be related to the collagen size increase of
about 130%: the fibrillar component of the extracellular matrix
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would reduce the space available to proteoglycans, thus increasing
their local concentration. Moreover, as already mentioned, oxida-
tive stress induces cartilage protein aggregation and crosslinking,
while cleavage and loss of proteoglycans occur only after pro-
longed exposure to oxidative condition.® It is therefore likely that
proteoglycan aggregation contributed to their retention in cartilage
explants during the 12-day in vitro maintenance. Probably, the
antioxidant properties of O, allowed keeping proteoglycan density
at t0 levels until t6. Accordingly, it has been reported that treatment
with various antioxidant agents reduces the alteration of proteogly-
cans and glycosaminoglycans in articular cartilage.®”%

Taken together, our findings demonstrate that low O, doses are
able to influence both chondrocyte and extracellular matrix fea-
tures of healthy articular cartilage explants, significantly improv-
ing their preservation in vitro, likely by promoting both protective
and pro-regenerative pathways.

Clinical practice has demonstrated the effectiveness of O,
administration in limiting the debilitating symptoms of degenera-
tive joint diseases.”3*3® The effectiveness of O; in reducing pain
and restoring physical function has been also compared with other
therapeutic agents. Some clinical trials reported that O treatment
gives results similar as after corticosteroid administration,’ but the
O, effects were found to last longer;”>7 however, other clinical tri-
als reported evidence in favor of corticosteroids.”” Some clinical
trials compared the effect of intra-articular injection of O, and
hyaluronic acid reporting similar painkilling efficacy.”®* When the
effect of intra-articular injection of O; was compared with various
therapeutic agents such as hyaluronic acid, platelet-rich plasma,
and plasma rich in growth factor, O, demonstrated rapid effects but
short-term results, whereas the therapeutic effect of platelet-rich
plasma, plasma rich in growth factor and hyaluronic acid persisted
for longer time.**81-% Some studies demonstrated that O, and
hyaluronic acid provide distinct and complementary benefits for
knee osteoarthritis, O, offering immediate pain relief and
hyaluronic acid giving sustained effects, and that their combined
administration may result in a synergistic effect.’>*¥ On the other
hand, other studies reported that the combination of O; with
hyaluronic acid, platelet-rich plasma or corticosteroids did not
improve the treatment of temporomandibular joint osteoarthritis.®

It is evident that, despite some inconsistencies, the effective-
ness of O; in reducing the painful symptoms of osteoarthritis is
now firmly established by the scientific literature. However, it
remains unclear whether O is also able to limit cartilage deterio-
ration or even to promote its reconstruction in patients affected by
degenerative joint diseases. In this view, the results of our pilot
study open promising perspectives for further investigations on the
therapeutic potential of O, as a cartilage regenerative agent.
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