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Abstract: Many studies have shown that ozone (0O,) can inhibit inflammation in osteoarthritis (OA) and regulate the
metabolic balance of articular cartilage, but the mechanisms of this process are not well understood. Our study
investigated the therapeutic mechanism of O, in OA. OA models were established, and the MWT and PWL were
measured. HE staining and safranin O-fast green staining were used to observe cartilage degeneration. The levels of
MMP-13, collagen-2, LC3ll and P62 were measured by immunohistochemistry, and the levels of TNF-ac and IL-6 were
measured by ELISA. The results showed that intra-articular injection of O, can effectively alleviate pain and inhibit
cartilage degeneration in OA rats. O, can also reduce the concentrations of TNF-a and IL-6, inhibit the expression
of MMP-13 and the degradation of collagen-2, upregulate the autophagy-related protein LC3Il and inhibit P62. This
effect is associated with the upregulation of chondrocyte autophagy in OA.
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Introduction

Osteoarthritis (OA) is the most common type of
arthritis, affecting more than half of people
over the age of 65. Additionally, OA is consid-
ered one of the most common causes of dis-
ability, affecting the knee, spine, hip and hand
joints. The signs and symptoms of OA usually
include pain, joint stiffness, muscle weakness
and swelling of the knee [1, 2]. In general, OA
is strongly associated with overweight or obe-
sity, gender and previous injury. The common
features of knee OA include loss of cartilage,
narrowing of joint spaces, hypertrophic bone
changes and formation of osteophytes [3].
Many studies have identified OA as a complex
disease featuring complicated changes in the
homeostasis of articular cartilage and sub-
chondral bone, but the molecular and cellular
mechanisms of this process are not well
understood.

The main pathological changes in osteoarthri-
tis include a reduction in the number of chon-
drocytes and the degradation of cartilage

matrix. Recent studies have shown that autoph-
agy is a critical part of the role of chondrocytes
in OA. The process by which eukaryotic cells
degrade cytoplasmic proteins and organelles
through the lysosomal pathway to maintain sur-
vival is called autophagy. Autophagy removes
damaged organelles and long-acting macromol-
ecules and is an indispensable mechanism for
maintaining cell homeostasis [4]. Several stud-
ies, including one by Cheng NT [5], have found
that maintaining autophagy in chondrocytes
can prevent cartilage degeneration in OA ani-
mal models. The progression of OA is associat-
ed with a decrease in the level of autophagy in
chondrocytes. Therefore, increasing autophagy
in chondrocytes may be a potential mechanism
for OA treatment.

Intra-articular O, injection therapy has been
widely used in clinical treatment. In an OA
model, intra-articular injection of O, promotes
the repair of the articular cartilage matrix colla-
gen network. Our previous work demonstrated
that O3 could remediate the decreased autoph-
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agy of chondrocytes stimulated with IL-103 in
vitro [6]. Accordingly, we hypothesized that O,
might inhibit OA inflammation by upregulating
cartilage autophagy and regulating the meta-
bolic balance of articular cartilage.

Materials and methods
OA model and ozone treatment

Female Wistar rats (200-220 g) were randomly
divided into 3 groups (n=8 per group), as fol-
lows: in the Sham group 50 uL saline was
injected into the right knee joint; in the MIA
group, an OA model was established by injec-
tion of monoiodoacetate (MIA) 3 mg (50 pL) in
the right knee joint; in the MIA+O3 group, MIA
was injected in the right knee joint, and 0.5 mL
0, (30 pg/mL) was injected in the right knee
joint 7, 14, and 21 days later. All rats were pur-
chased from the Experimental Animal Center
of Shandong University. All procedures involv-
ing the use of animals were conducted in com-
pliance with the guidelines of the National
Institute of Health and were approved by the
Animal Care and Use Committee of the
Shandong Provincial Hospital affiliated with
Shandong University. All possible efforts were
made to minimize animal suffering and the
number of animals used.

Behavior observation

The mechanical withdrawal threshold (MWT)
and paw withdrawal latency (PWL) were mea-
sured 1 day before and 1, 3, 7, 14, 21, and 28
days after MIA injection. The effect of O, on
pain in the OA rat model was observed.

MWT detection

Behavioral experiments were conducted from
8:00to 12:00 in the morning, and the rats were
placed in the observation box for 30 min every
day for the first 3 days of the experiment so
that they could adapt to the environment of the
observation box as soon as possible.

A transparent plexiglass box with a length,
width and height of 30 cm was placed on a 30
cm high metal shelf; the upper part of the
shelf was made of wire mesh with small holes.
After the rats adapted to the surrounding envi-
ronment, the experimenter held the Von Frey
filaments through the wire mesh and vertically
stimulated the hind paws of the rats (avoiding
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the insensitive parts of the pads). The Von Frey
filaments were advanced against the paw until
they slightly bent into an S shape, and they
were held there for approximately 6~8 s. A
positive response (“X”) was noted if the paw
was sharply withdrawn during the stimulation
time. Flinching immediately upon withdrawal
of the hair was also considered a positive
response. Ambulation was considered an
ambiguous response and was not recorded as
a positive reaction.

After a positive reaction, the rats were stimu-
lated with a smaller scale of Von Frey fila-
ments; if a negative response (“O”) was re-
corded, a larger filament was applied. De-
scending stimuli were tested until the mini-
mum stimulus was reached. The intertrial
interval was at least 10 s. The results of 5
consecutive experiments and the velocity val-
ues of the filaments were recorded. The 50%
withdrawal threshold refers to the mechanical
strength at which 50% of mechanical stimuli
cause contraction reactions. The formula is
10"k where X is the velocity value of the fila-
ment used for the last stimulation, k is the coef-
ficient of the specific stimulation mode, and
0=0.224.

PWL detection

The PWL was determined according to the
method of Hargreaves K [7]. A heat source was
focused on part of the hind paw, and radiant
heat stimulation was applied. When the hind
paw of the rat moved rapidly or was lifted up,
the time from the start of irradiation to the
withdrawal of the paw was recorded as PWL. If
the stimulation time extended beyond 20 s
and the paw was still not lifted, the stimulation
was stopped to prevent local tissue damage.
The intertrial interval was 10 min; the measure-
ment was performed 3 times in succession and
averaged.

HE staining and safranin O-fast green staining

Twenty-eight days after MIA injection, rats were
sacrificed and perfused with 4% paraformalde-
hyde for fixation. Then the right knee joint was
removed, fixed, decalcified, embedded in
paraffin, and sliced. HE staining and safranin
O-fast green staining were performed, and the
Mankin’s score was measured to observe the
effect of O, on the degeneration of cartilage in
OA.
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Figure 1. Effects of O, on the mechanical withdrawal threshold (MWT) and paw withdrawal latency (PWL) in osteo-
arthritic rats (n=8). A. O3 increases the MWT in osteoarthritic rats. B. O3 increases the PWL in osteoarthritic rats.

*P<0.05, **P<0.01 vs. Sham; #P<0.05, ##P<0.01 vs. MIA.

The expression of MMP-13, collagen0142 2,
LC3Il and P62 in cartilage was measured by
immunohistochemistry

Twenty-eight days after MIA injection, rats
were sacrificed and perfused with 4% parafor-
maldehyde for fixation. Then, the right knee
joint was removed, fixed, decalcified, embed-
ded in paraffin, and sliced. After dewaxing,
hydration, antigen retrieval, blocking, primary
and secondary antibody incubation, DAB col-
or development, hematoxylin counterstaining
and sealing were performed, the expression of
MMP-13, collagen 2, LC3Il and P62 was
observed to explore the effect of O, on carti-
lage degeneration and cartilage autophagy.

The concentrations of TNF-at and IL-6 in periph-
eral blood were determined by ELISA

Twenty-eight days after MIA injection, 5 mL of
peripheral blood was collected under anesthe-
sia and centrifuged at 3000 rpm for 10 min to
obtain serum for testing. The standard sam-
ples, experimental samples and antibody were
added to the wells of the test plate. After 3
washes, the TMB colorimetric reagent and the
stop solution were added in succession. Finally,
the concentrations of TNF-a and IL-6 were mea-
sured with a microplate reader to explore the
effect of O, on inflammation in OA.

Results

At 14 days, 21 days and 28 days after MIA
injection, the MWT and PWL of the MIA group
were significantly lower than those of the
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Sham group (P<0.01), and the MWT and PWL
of the MIA+0, group were significantly increas-
ed compared with those of the MIA group
(P<0.01) (Figure 1). The results of HE staining
and safranin O-fast green cartilage staining
confirmed that injection of O, delayed cartil-
age degeneration in OA. The Mankin’'s score of
the MIA group was significantly higher than
that of the Sham group (P<0.01), and the
Mankin's score of the MIA+O, group was sig-
nificantly lower than that of the MIA group
(P<0.01) (Figure 2). Compared with the MIA
group, the expression of MMP-13 in cartilage
was decreased, while the expression of colla-
gen-2 was increased, in the MIA+O, group
(P<0.05) (Figure 3). The expression of LC3lII
was significantly higher in the MIA+O, group
than in the MIA group (P<0.01), while the
expression of P62 was lower than that of the
MIA group (P<0.05) (Figure 4). Compared with
the Sham group, the MIA group had a signifi-
cantly increased concentration of IL-6 (P<0.01)
and an increased concentration of TNF-a
(P<0.05). Compared with the MIA group, the
MIA+O, group had decreased concentrations
of IL-6 (P<0.01) and TNF-a (P<0.05) (Figure 5).
The results showed that O, had an inhibitory
effect on OA inflammation.

Discussion

OA is the most common joint disease worldwi-
de. According to epidemiological surveys, 9.6%
of males and 18% of females over the age of 60
have OA. As the population ages, it is expected
that by 2020, OA may become the fourth lead-
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Figure 2. Effects of O, on HE staining and safranin O-fast green staining of knee joints of OA rats (n=8). (1) The car-
tilage surface in the MIA group was rough, with a degenerate shape and a significantly decreased number of chon-
drocytes. Compared with the MIA group, the MIA+0, group had increased cartilage thickness and a smooth cartilage
surface. The MIA+O, group had significantly deeper matrix staining and more uniform coloring than the MIA group.
(2) The structure was disordered in the MIA group, and the tidal line was fuzzy and interrupted. Safranin O staining
markedly decreased or even disappeared in the MIA group. The articular cartilage structure in the MIA+O, group
was still clear, and the tidal line was continuous. Safranin O staining slightly diminished. (3) The Mankin’s score of
the MIA group was significantly higher than that of the Sham group, while the Mankin’s score of the MIA+O, group
was significantly lower than that of the MIA group. *P<0.05, **P<0.01 vs. Sham; #P<0.05, ##P<0.01, vs. MIA.

ing cause of disability [8], which will bring a lar cartilage, hyperplasia of subchondral bone,
heavy social burden. Current research sug- formation of calluses, synovial inflammation,
gests that pathological changes in OA joints degeneration of the ligaments and meniscus,
include destruction and gradual loss of articu- and hypertrophy of the joint capsule [3]. Drugs
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Figure 5. Concentrations of I.-6 and TNF-a in the peripheral blood of rats by ELISA. A. Compared with the MIA
group, the concentration of IL-6 in the MIA+O, group decreased significantly. B. The concentration of TNF-a in
the MIA+O, group decreased significantly compared with that in the MIA group. *P<0.05, **P<0.01 vs. Sham;

#P<0.05, ##P<0.01 vs. MIA.

30% of OA patients have neuropathic pain,
which also provides an idea for effective relief
of OA pain.

O, is a mixture of ozone and oxygen, and its
application in clinical treatment has been near-
ly a hundred years old. O, in a certain concen-
tration range has the effects of killing multiple
pathogenic bacteria, reconstructing redox bal-
ance, regulating immunity and analgesia and
has been widely used in clinical treatment. At
present, intra-articular injection of O, therapy
for OA has been widely used in domestic clini-
cal practice and has achieved good results. In
recent years, the mechanism of intra-articular
injection of O, to treat OA has attracted atten-
tion and has become a research hotspot.
Studies have found that O, can reduce the
release of MMPs, such as collagenase and
gelatinase, and reduce the destruction of
articular cartilage. On the other hand, O, can
increase antioxidant enzymes and oxidative
shock proteins, such as heme oxygenase and
heme oxigenase-1 (HO-1), and inhibit the cyto-
kines IL-4 and IL-10 and transforming growth
factor-B (TGF-B), which ultimately stimulates
chondrocytes to facilitate the synthesis of pro-
teoglycans, glycosaminoglycans and collagen,
which is beneficial for joint repair [11, 12].
However, the mechanism of action of O, on the
therapeutic molecules of OA is not clear.

To explore the specific mechanism of action
of O3 on OA, this study used one of the most
typical rat OA pain models, intra-articular injec-
tion of metabolic inhibitor MIA, inhibited chon-
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drocyte activity, resulting in destruction of
chondrocyte glycolysis, eventually leading to
cell death [13, 14]. The progressive loss of
chondrocytes leads to histomorphological
changes in articular cartilage, which is si-
milar to the joints of OA patients. However, the
study of pain behavior in the MIA-induced OA
model has only recently begun. Clinical obser-
vation found that intra-articular injection of O,
can alleviate OA pain. Therefore, 7 days after
the establishment of the MIA injection-induc-
ed OA model in this study, intra-articular injec-
tion of O, was given 1 day before MIA injection
and 1 day after injection. The general behavior
of the rats was observed on days 4, 7, 14, 21
and 28, and the pain-related behaviors MWT
and PWL were determined. The results showed
that the rats in each group had a normal diet
and flexible activities without sputum and leg
movements. There was no significant differ-
ence in MWT and PWL between the groups. At
1, 4, and 7 days after MIA injection, the MWT
and PWL were significantly lower in the MIA
group and MIA+O, group. Compared with the
Sham group, the difference was statistically
significant (P<0.01), and the activities of the
two groups were decreased. The time of land-
ing on the right hind limb is shortened, and
there is a performance of lameness and an
increased frequency of lameness. This demon-
strates the successful establishment of an
MIA-induced OA pain model. At 14 days after
MIA injection (7 days after O, injection), the
MWT of the MIA+O, group was significantly
increased compared with that of the MIA
group (P<0.01) but slightly decreased com-
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pared with that of the Sham group, and the dif-
ference was not statistically significant. The
PWL of the MIA+O, group was significantly
higher than that of the MIA group (P<0.01)
and significantly decreased compared with
that of the Sham group (P<0.01), indicating
that O, can improve the MWA induced by MIA
and improve the PWL. Fernihough J [15] re-
ported that gabapentin can effectively improve
the mechanical hyperalgesia induced by MIA,
but the effect on the improvement of the ther-
mal pain threshold is not consistent. At 21
days and 28 days after MIA injection (14 days
and 21 days after O, injection), the MWT and
PWL of the MIA+O, group were significantly
increased compared with those of the MIA
group (P<0.01), indicating that O, injection can
effectively alleviate OA. However, the specific
mechanism of O, treatment remains to be fur-
ther studied.

In the development of OA, cartilage degenera-
tion is one of the main pathological changes.
To investigate whether O, can inhibit the de-
generation of OA cartilage, this study observed
the general appearance of the rat knee joint,
HE staining of the joint and red-solid green
staining, and clarified the effect of O, on OA
cartilage. Through the appearance observa-
tion, the Sham group had a smooth articular
surface and no obvious damage. The MIA
group had a rough joint surface and scatter-
ed bleeding points, which were grayish white,
while the joints after O, injection were slightly
rough, indicating that the injection of O, had
no obvious damage to the OA joint. In this
study, HE staining showed that the apoptosis
and necrosis of chondrocytes in the articular
cartilage of the MIA group disappeared, the
cartilage layer was destroyed, and the sub-
chondral bone was hardened. In the MIA+O,
group, the chondrocytes were arranged neatly,
and local chondrocytes appeared hyperplastic.
Through safranin O-fast green staining obser-
vation, it was found that the Sham group had
a clear tidal line, safranin O staining did not
decrease, and the MIA group had obvious
fibroblasts on the surface of the articular carti-
lage. The cartilage layer showed a large nu-
mber of clustered cell clusters, the tidal line
was interrupted, and safranin O staining was
severely decreased or even disappeared,
demonstrating that the MIA-induced OA model
was successful in this study. The structure of
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articular cartilage in the MIA+QO, group was
clear, and the tidal line was continuous, but
there were multiple tidal lines, and safranin O
staining was mildly decreased, indicating that
OA has an inhibitory effect on cartilage degen-
eration. To further investigate the effect of O,
on OA cartilage degeneration, Mankin's score
of joints based on HE staining and safranin
O-fast green staining showed that the Mankin’s
score of the MIA group was significantly higher
than that of the Sham group, while the Mankin’s
score of the MIA+Q, group was higher than that
of the MIA+O, group. The Sham group, which
was significantly lower than the MIA group, also
indicated that the MIA-induced OA model was
successful, and O, injection inhibited cartilage
degeneration of OA.

The pathological changes in OA-affected joints
are mainly stimulated by the cytokines IL-1j,
IL-6, IL-8 and TNFa to stimulate nuclear factor
kB (NF-kB) and MAPK signaling pathways, pro-
moting catabolism and thereby making ar-
ticular cartilage, subchondral bone and slip
change. Membrane metabolism changes [16].
In the development of OA, matrix metallopro-
teinases (MMPs) play an important role in the
decomposition process, and MMP-13 plays
the most important role in the pathology of
OA. MMP-13 cleavage of Collagen 2 is required
for chondrocyte and matrix mineralization [17].
Studies have found that the expression of
collagen-2 in chondrocytes was significantly
lower in OA patients than in normal subjects. In
this study, the effects of O, on the expression
of MMP-13 and collagen-2 in OA cartilage were
observed. The results showed that the ex-
pression of MMP-13 in the MIA group and
MIA+O, group was higher than that in the
Sham group, while the expression of MMP-13 in
the MIA+O, group was lower than that in the
MIA group and collagen-2 was significantly
reduced in the MIA group. The expression of
collagen-2 in the MIA+O, group was upregulat-
ed compared with that in the MIA group, indi-
cating that O, inhibited the expression of MMP-
13 and the degradation of collagen-2 in OA.

With the in-depth study of the pathogenesis of
OA, the mechanism of the occurrence and pro-
gression of OA associated with the decline of
autophagy in articular chondrocytes was dis-
covered [18]. Therefore, increasing autophagy
in chondrocytes is one of the targets for the
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treatment of OA. Autophagy is a cellular pro-
cess in which organelles, proteins and different
macromolecules are transported to lysosomes
for degradation. It is an important means of
maintaining energy balance in cells and is
involved in cell differentiation, apoptosis, and
the immune response [19, 20]. In mammalian
cells, different signal transduction pathways
may affect autophagy, but the two major regu-
lators of autophagy are mTOR and AMPK
kinase. Takayama K [21] reported that intra-
articular injection of rapamycin (@an mTOR in-
hibitor and autophagy activator) can activate
the autophagy-associated protein LC3Il in
articular cartilage, inhibit the expression of
MMP-13, and delay the development of articu-
lar cartilage degeneration in OA. The results
showed that compared with the Sham group,
the expression of LC3Il was decreased in the
MIA group and increased in the MIA+O, group.
In contrast, compared with the Sham group,
the expression of P62 was increased in the MIA
group and decreased in the MIA+O, group. O,
can increase the autophagy of chondrocytes in
OA and inhibit cartilage degeneration. Studies
have confirmed that O, has an anti-inflammato-
ry function. For this reason, the effects of O3
on IL-6 and TNF-a in OA were examined. The
results showed that O, reduced IL-6 and TNF-«
in peripheral blood in OA.
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