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Abstract In vivo and in vitro aggrecanases degrade proteo-
glycan aggrecan in articular cartilage. However, the expression
of aggrecanases in patients in different stages of osteoarthritis
(OA) has not been investigated. This study detected the ex-
pression of a disintegrin and metalloproteinase with thrombo-
spondin motifs 4 (ADAMTS-4) and ADAMTS-5 and their
proteolytic products, ARGxx, in the synovial fluid (SF) of
patients in different stages of OA. This study aimed to evaluate
the expression of aggrecanases and to explore the respective
roles of these enzymes in human cartilage degradation. A total
of 144 patients with knee OA were divided into early-, middle-,
and late-stage OA groups according to the degree of cartilage
degradation using Recht’s MRI grading standard and the mod-
ified Outerbridge classification system. Expression levels of
ADAMTS-4, ADAMTS-5, and ARGxx in the SF from these
patients were measured using enzyme-linked immunosorbent
assay (ELISA) and Western blot analysis. Our findings showed
that ADAMTS-4 and ARGxx expression levels in the early-
stage group were significantly higher than in the other two
groups. ADAMTS-5 in the early-stage group and ADAMTS-
4, ADAMTS-5, and ARGxx in the late-stage group were
significantly higher than those in the middle-stage OA group.
Both ADAMTS-4 and ADAMTS-S levels were correlated
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with ARGxx levels (P<0.05). The correlation coefficients of
ADAMTS-4 and ADAMTS-5 were 0.236 and 0.068, 0.729
and 0.479, and 0.675 and 0.257 in the early-, middle-, and late-
stage groups, respectively, and 0.530 and 0.258 in the total SF
samples. Western blot analysis revealed that the ADAMTS-4
and ADAMTS-S in SF were 50 kDa proteins and that ARGxx
in SF had at least two molecular masses, 55 kDa and 70 kDa.
The expression levels of all three proteins were consistent with
the ELISA results. These results suggested that aggrecanases
were involved in all stages of human OA aggrecan degrada-
tion, especially in the early and late stages. ADAMTS-4 levels
were higher in early- compared with middle- or late-stage OA
and were also more correlated with ARGxx than ADAMTS-5;
thus, ADAMTS-4 might be the principal aggrecanase of aggre-
can degradation in human OA.
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Abbreviations
ADAMTS A disintegrin and metalloproteinase with
thrombospondin motifs

ELISA Enzyme-linked immunosorbent assay
MMP Matrix metalloproteinase

OA Osteoarthritis

SF Synovial fluid

Introduction

Osteoarthritis (OA) is a progressive degenerative disease of
synovial joints characterized by the erosion of articular
cartilage in which depletion of aggrecan is a crucial initial
pathological event [1]. Aggrecanases and matrix metallo-
proteinases (MMPs) are two key families of enzymes that
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degrade aggrecan and type II collagen in the articular carti-
lage matrix [2, 3]. In vivo and in vitro cartilage explant
experiments have revealed that aggrecanases are the principal
proteinases of aggrecan degradation during articular cartilage
destruction rather than MMPs [4—6]. A disintegrin and metal-
loproteinase with thrombospondin motifs 4 (ADAMTS-4)
and ADAMTS-5, also named aggrecanase 1 and aggre-
canase 2, respectively, are two members of the ADAMTS
gene family, and these enzymes play an essential role in
aggrecan degradation [7-10]. Although the comparison of
aggrecanase-generated neoepitopes in the synovial fluid
(SF) in early- and late-stage OA in dogs has been reported
[11], the differential expression of aggrecanases and their
products in the human synovial fluid during different stages
of OA has not been investigated. The relative contribu-
tion of individual ADAMTS-4 and ADAMTS-5 protei-
nases to cartilage destruction during OA has also not been
resolved.

We conducted the present study to investigate the levels
of ADAMTS-4 and ADAMTS-5 and the proteolytic prod-
ucts of aggrecan ARGxx in the SF of patients during differ-
ent stages of OA. We used enzyme-linked immunosorbent
assay (ELISA) and Western blot analysis and examined the
correlation between aggrecanases and ARGxx to evaluate
the respective effects of the two enzymes on human aggrecan
degeneration.

Patients and methods
Synovial fluid samples

In total, 144 SF samples were collected from the knee OA
joints of 144 patients. A routine procedure of suction or
aspiration during arthroscopy or intra-articular injection of
hyaluronate sodium (HA) or steroid anti-inflammatory
drugs was used. Inclusion criteria ensured that the patients
had magnetic resonance imaging (MRI) prior to SF aspira-
tion or arthroscopy. Exclusion criteria included any other
intra-articular treatment within 2 years and any oral medi-
cines within 1 month of OA treatment. A diagnosis of knee
OA was confirmed using radiological and clinical examina-
tions based on the criteria of the American College of
Rheumatology [12]. All patients were divided into early-,
middle-, and late-stage OA groups according to the degree
of cartilage degeneration. Degeneration was assessed using
Recht’s grading standard on MRI [13] and the modified
Outerbridge classification system [14]. MRI is accurate for
cartilage degeneration assessment when using fat-
suppressed spoiled gradient-echo and the T1 and T2 map-
ping sequences [15, 16]. We did not adopt the Kellgreen
Lawrence classification because the joint-space width is
greatly affected by the position of the joint in the X-ray
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beam and because it is very difficult to assess early-stage
OA cartilage degeneration using an X-ray. The MRI was
assessed by one MRI specialist and one orthopedic special-
ist according to Recht’s grading standard. If the two assess-
ments were different, another MRI specialist was asked to
assess. If the patients received arthroscopy, we used the
modified Outerbridge classification as the final grading
because it has a direct view of the cartilage. The details of
the two grade systems are as follows: Recht’s MRI grading
criteria—grade 0, normal articular cartilage; grade 1, hier-
archical structure of cartilage loss, cartilage appears in the
limitations of the low signal area, and cartilage has a smooth
surface; grade 2, cartilage surface contours of mild to mod-
erate irregular cartilage defect depth and less than 50 % loss
of cartilage thickness; grade 3, cartilage surface profile of
moderate to severe irregularities and a depth of cartilage
defects that exceeds 50 % but is not completely off; and
grade 4, full-thickness cartilage defects, stripping, and sub-
chondral bone quality of exposure with or without subchon-
dral bone signal changes. Modified Outerbridge classification
system: grade 0, normal cartilage; grade 1, cartilage softening
and/or swelling; grade 2, mild surface fibrillation and/or
less than 50 % loss of cartilage thickness; grade 3, severe
surface fibrillation and/or loss of more than 50 % of cartilage
thickness but without exposure of subchondral bone; and
grade 4, complete loss of cartilage with subchondral bone
exposure.

The early-stage OA group included patients with Recht’s
and Outerbridge grades of 1 and 2 who demonstrated slight
cartilage erosion. The major treatments for these patients
were oral medicines or intra-articular injections. The
middle-stage OA group included patients of grade 3 who
demonstrated moderate cartilage erosion for which treat-
ments of intra-articular injection or/and arthroscopy may
be needed. The late-stage OA group included patients of
grade 4 who demonstrated extensive cartilage erosion, with
arthroplasty as the major treatment. Descriptive character-
istics and the clinical data of the patients are shown in
Table 1. There were 12 patients under the age of 40 years,
and all were in the early-stage group.

SF samples were centrifuged at 3,000xg to remove cells
and particulate material, and the samples were immediately
stored in Eppendorf tubes at —80 °C until use. The study was
approved by the ethics committee of our faculty. Written
informed consent was obtained from all participants.

Enzyme-linked immunosorbent assay for SF aggrecanases
and the proteolytic products of aggrecan

The expression levels of ADAMTS-4, ADAMTS-5, and
ARGxx in the synovial fluids were measured using the
indirect enzyme-linked immunosorbent assay (ELISA). SF
samples were diluted fivefold in a bicarbonate coating
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Table 1 Patients and knee characteristics. Results are presented as the mean+SD and ranges

Group Number Female Male Age (years) Mean age (years) Body mass index
Early-stage OA group 65 43 22 18-72 50.4+13.7% 26.1+£3.5
Middle-stage OA group 25 20 5 40-86 62.4+11.1 28.0+5.6
Late-stage OA group 54 43 11 51-82 66.5+7.8 26.5+3.7
Total 144 106 38 18-56 58.5+13.6 26.6+£4.0

# P<0.05 compared with middle- and late-stage OA group

buffer (0.05 M, pH9.6), and 100 ul was incubated in 96-
well ELISA plates (Costar, USA) overnight at 4 °C. The
ELISA plate wells were washed with 200 pl of PBS, pH7.4,
containing 0.05 % Tween-20 (Sigma) (PBS-T). Washing
was done thoroughly and uniformly three times for 3 min,
and the plates were then blocked in freshly prepared PBS-T
containing 5 % skim milk (BD, Difco, USA) for 1 h at room
temperature. The wells were thoroughly and uniformly
washed three times with PBS-T. The rabbit polyclonal anti-
bodies against ADAMTS-4 (ab39201) and ADAMTS-5
(ab41037) and mouse monoclonal antibody [BC-3] to
aggrecan ARGxx (ab3773) were purchased from Abcam
(USA). The primary antibodies were diluted with PBS-T
according to the manufacturer’s instructions. The dilutions
of these three antibodies were 1:1,000, 1:500, and 1:300,
respectively. Antibody dilutions were added to the microplates
and incubated for 2 h at 37 °C. The wells were washed three
times with PBS-T and 100 ul of goat anti-rabbit IgG (whole
molecule) or goat anti-mouse IgG (Fab specific) alkaline
phosphatase-conjugated antibody (Sigma). A 2,000-fold dilu-
tion was added to the wells for 1 h at 37 °C. The plate was
developed after a final wash with PBS-T by the addition
of the alkaline phosphatase yellow (pNPP) liquid sub-
strate system for ELISA (Sigma). An ELISA plate reader
(Bio-Tek) was used to measure the reaction absorbance at
405 nm. The ELISA results are presented as optical densities
(OD).

Quantification of SF aggrecanases and the proteolytic
products of aggrecan using Western blot analysis

Twenty four SF samples were chosen randomly from the
three groups, resulting in eight per group, for Western blot
analysis. The SF samples were centrifuged at 3,000xg for
10 min at 4 °C. The supernatant fluids were collected, and
the BCA Protein Assay Kit (Beyotime, Jianshu, China) was
used to measure the total protein concentrations of the
samples. SF samples with equal amounts of protein
(1.6 ng) were treated with sodium dodecyl sulfate loading
buffer (Beyotime, Jianshu, China) and boiled for 5 min at
100 °C. The PageRuler™ Prestained Protein Ladder
(Fermentas) was used as the molecular weight standard.

The samples were analyzed using sodium dodecyl sulfate
polyacrylamide gel electrophoresis on 8—12 % polyacryl-
amide gels, and the separated proteins were transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore,
USA). The PVDF membranes were blocked in freshly pre-
pared Tris-buffered saline (pH7.6) and 5 % skim milk con-
taining 0.05 % Tween-20 for 1 h at room temperature. The
membranes were incubated with primary antibodies against
ADAMTS-4, ADAMTS-5, and ARGxx as described above
and incubated overnight at4 °C. The membranes were washed
three times for 10 min with Tris-buffered saline buffer, pH7.6,
containing 0.05 % Tween-20 (Sigma) (TBST) and incubated
with a 5,000-fold dilution of goat anti-rabbit IgG or goat anti-
mouse IgG linked to alkaline phosphatase (Sigma) as the
secondary antibody for 1 h at 37 °C. The immunosignals were
visualized after a final wash with TBST with a BCIP/NBT
alkaline phosphatase color development kit (Beyotime,
Jianshu, China) according to the manufacturer’s instructions.
A mouse anti-gylceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody (Santa Cruz, USA) at a 1:1,000 dilution
standardized and normalized the loading of SF samples into
each well. Protein expression was quantified using Quantity
One software (BIO-RAD, USA), version 4.6.2.

Statistical analysis

The expression levels of ADAMTS-4, ADAMTS-5, and the
proteolytic products of aggrecan, ARGxx, in SF are pre-
sented as the mean+standard deviation (SD). Data were first
checked for normality. ADAMTS-4 and ADAMTS-5 met
the assumption of normal distribution, but ARGxx did not.
Differences in ADAMTS-4 and ADAMTS-5 among the
three groups were compared by one-way ANOVA. Differ-
ences in the expression levels of ARGxx among the three
groups were compared by the Kruskal-Wallis test. The LSD
test was used to compare the expression differences between
groups. The associations of aggrecanases and the proteolytic
products of aggrecan were analyzed using correlation anal-
ysis. Differences with a two-sided P value of less than 0.05
were considered significant. All statistical analyses were
performed using IBM SPSS software (Chicago, USA) for
Windows, version 19.0.
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Results

Expression levels of ADAMTS-4, ADAMTS-5,
and ARGxx in SF using ELISA

The expression levels of ADAMTS-4 and ARGxx in the SF
in the early-stage OA group were significantly higher than
in the middle- and late-stage OA groups (P<0.01 and P<
0.0001, respectively) (Fig. 1). The expression levels of
ADAMTS-4 and ADAMTS-5 in the early- and late-stage
OA groups were also significantly higher than in the
middle-stage OA group (P<0.01). ARGxx expression in
late-stage OA was higher than in the middle-stage group
(P<0.0001). ADAMTS-5 expression was significantly
higher than ADAMTS-4 in all three groups (P<0.01)
(Table 2). However, ADAMTS-4 expression levels were
positively correlated with ARGxx levels in all three groups.
ADAMTS-5 only positively correlated with ARGxx in the
first two groups. The correlation coefficients of ADAMTS-4
and ADAMTS-5 were 0.236 and 0.068, 0.729 and 0.479, and
0.675 and 0.257 in the early-, middle-, and late-stage groups,
respectively (Fig. 2). The overall SF correlation coefficients of
ADAMTS-4 and ADAMTS-5 were 0.530 and 0.258,
respectively.

These results suggested that aggrecanases were involved
in all stages of human OA aggrecan degradation, especially
in the early and late stages. The ADAMTS-4 level was
higher in the early compared with the middle and late stages;
it was also more correlated with ARGxx than ADAMTS-5,
although the ADAMTS-5 expression levels were higher
than ADAMTS-4 in all three groups. ADAMTS-4 may be
the principal aggrecanase in the human OA pathological
process.

l BADAMTS-4 BADAMTS-5 DARGXX‘
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Fig. 1 Comparison of the expression levels of ADAMTS-4,
ADAMTS-5, and ARGxx in synovial fluid from patients at different
stages of OA using ELISA. ADAMTS-4, ADAMTS-5, and ARGxx
expressions are represented as optical density (OD) values at 405 nm.
A P value of less than 0.05 was considered statistically significant.
Single asterisk (*) P<0.01 compared with the middle- and late-stage
OA groups; double asterisk (¥**) P<0.01 compared with the middle-
stage OA group; white-filled triangle (4) P<0.0001 compared with the
middle- and late-stage OA groups; number sign (#) P<0.0001 com-
pared with the middle-stage OA groups
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Table 2 Expression levels of ADAMTS-4, ADAMTS-5, and ARGxx
in SF from patients at different stages of OA using ELISA. The results
are represented as OD values (X & SD) at 405 nm

Early-stage Middle-stage Late-stage OA

OA group OA group group (n=>54)
(n=65) (n=25)
ADAMTS-4 0.9207+0.3898"  0.6175+0.2979  0.7337+0.2246"

1.1919+0.2863*¢
0.2705+0.0502°

1.1443+0.2240™°  0.8924+0.1843°¢
0.3304+0.1006°  0.2069+0.0604

ADAMTS-5
ARGxx

Protein quantities are represented as optical density (OD) values at
405 nm and expressed as the mean£SD

SF synovial fluid, OA4 osteoarthritis

#P<0.01 compared with the middle-stage OA group

®P<0.01 compared with the middle- and late-stage OA groups

€ P<0.05 compared with ADAMTS-4

4P<0.0001 compared with the middle- and late-stage OA groups
¢P<0.0001 compared with the middle -stage OA groups

Western blot analysis of ADAMTS-4, ADAMTS-5,
and ARGxx in SF

The expression levels of ADAMTS-4, ADAMTS-5, and the
aggrecan products in the three groups were quantified using
Western blotting. The expression of ADAMTS-4 (50 kDa)
in the SF samples of early-stage OA patients was signifi-
cantly elevated compared with the middle- and late-stage
OA groups (P<0.05). ADAMTS-5 (50 kDa) expression
levels were higher in the early- and late-stage OA groups
than in the middle-stage OA group (P<0.05). Full-length
ADAMTS-4 (90 kDa) and ADAMTS-5 (102 kDa) were not
detectable in the synovial fluids. A major protein band
(approximately 70 kDa) and weak protein band (approxi-
mately 55 kDa) were detected with the anti-aggrecan
ARGzxx antibody [BC-3]. ARGxx expression levels were
greater in the early- and late-stage OA groups than the
middle-stage OA group (P<0.05). These results are
expressed as protein levels relative to GAPDH protein levels
in Table 3 and Fig. 3.

These results were consistent with our ELISA results.
They suggest that at least two ARGxx molecular weights
exist in human OA SF but that no full-length aggrecanases
exist in human OA SF.

Discussion

Articular cartilage is a connective tissue composed of chon-
drocytes embedded in the extracellular matrix, which is
composed of two major components: type II collagen and
the proteoglycan aggrecan. The depletion of aggrecan due to
proteolytic cleavage in articular cartilage is the initial event
in OA development, followed by the irreversible breakdown
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Fig. 2 The correlation between the levels of ADAMTS-4, ADAMTS-5, and ARGxx in SF of OA patients. A P value of less than 0.05 was

considered statistically significant

of collagen [17, 18]. It has been reported that aggrecanases
play a crucial role in aggrecan degradation in cartilage,
which occurs in the interglobular domain (IGD) of the
aggrecan core protein [4, 5, 19]. Two major cleavage sites
exist within the IGD of the core protein in the matrix

Table 3 Protein expression levels of ADAMTS-4, ADAMTS-5, and
ARGxx in SF from patients at different stages of OA using Western
blot analysis

Early-stage Middle-stage Late-stage

OA group OA group OA group

(n=38) (n=38) (n=28)
ADAMTS-4/GAPDH 48.07+14.23% 28.58+16.25 28.14+13.84
ADAMTS-5/GAPDH  35.91+7.67°  8.76+2.02  37.70+14.50°
ARGxx/GAPDH 30.27+7.50°  19.19+4.11  22.85+4.98°

Protein levels relative to GAPDH protein levels are expressed as the
mean+SD. Expression levels of ARGxx were measured by quantifi-
cation of the major protein band intensities

SF synovial fluid, OA4 osteoarthritis, GAPDH gylceraldehyde-3-phos-
phate dehydrogenase

# P<0.05 compared with the middle- and late-stage OA groups
® P<0.05 compared with the middle-stage OA group

lane 1 lane 2 lane 3

ADAMTS-4 S s S 50kDa
ADAMTS-5 WS Sl S - 50KkDa

«— 70 kDa
ARGxx <«— 55kDa
GAPDH <«— 37 kDa

Fig. 3 Expression levels of ADAMTS-4, ADAMTS-5, and ARGxx in
synovial fluids from patients at different stages of OA using Western
blotting. Synovial fluid samples with equal amounts of total proteins
from the synovial fluid of OA joints in the early stage (lane 1), middle
stage (lane 2), and late stage (lane 3) were loaded into each well. The
arrows indicate the molecular weights of the proteins. A mouse anti-
GAPDH (37 kDa) antibody normalized the loading of synovial fluid
samples into each well
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depletion from cartilage [20-22]. Aggrecan cleavage be-
tween Glu®”® and Ala®"* in the IGD by aggrecanases gen-
erates two fragments of G1-EGE and ARGxx with most
glycosaminoglycans, which are essential for the binding of
aggrecanase and aggrecan and their escape from articular
cartilage [23]. Therefore, the levels of ARGxx fragments
can represent the effects of aggrecanases in cartilage
degradation.

The effect of aggrecanases on the pathology of cartilage
degradation has been investigated in vivo [24-28] and in
vitro [26, 28-31], but the significance of aggrecanases in
cartilage erosion under pathological environments in
humans is unclear. No comparative studies of aggrecanases
in the synovial joints of patients in different stages of OA
have been reported. Our study showed that ADAMTS-4
levels were higher in early- compared with middle- and
late-stage OA; ADAMTS-4 may be the principal aggreca-
nase in the human OA pathological process. This result
supports the viewpoint that the depletion of aggrecan is
the initial event in OA development [17, 18]. Our results
also demonstrated that ADAMTS-4, ADAMTS-5, and
ARGxx existed in all stages of OA SF, and their levels were
prominently expressed during the early and late stages of
human OA. Therefore, the inhibition of aggrecanases may
not only prevent the pathogenesis of human OA but may
also slow its progression. These results support a theoretical
basis for the development of aggrecanase inhibitors as a
therapeutic intervention in arthritic diseases. The expression
levels of ADAMTS-4, ADAMTS-5, and ARGxx might be
affected by the volume of synovial fluids, age of the patient,
and synovium-generated aggrecanases [24]. The correla-
tions between aggrecanases and ARGxx, however, were
not affected by these factors. The significance of the two
most important and effective aggrecanases in aggrecan deg-
radation remains debatable. The relative contribution of
individual ADAMTS-4 and ADAMTS-5 proteinases to car-
tilage destruction during OA has not been resolved. Previ-
ous results from mouse knockout studies have demonstrated
that ADAMTS-5 but not ADAMTS-4 knockout mice were
protected from aggrecan depletion and cartilage erosion in
OA and cytokine-stimulated articular cartilage [27, 28].
These experiments suggested that ADAMTS-5 is the major
aggrecanase of mouse cartilage degradation in vivo and in
vitro, although a study of ADAMTS-4 and ADAMTS-5
double-knockout mice revealed that novel aggrecan-
degrading activity remained in the cartilage [29]. However,
several in vitro experiments in bovine cartilage [30] and a
porcine chondrocyte culture system [31] have demonstrated
that ADAMTS-4 plays a significant role in aggrecan catab-
olism. Kamm et al investigated and compared the expres-
sion of several cytokines and catabolic enzymes in the
synovial membrane, SF, and articular cartilage from normal
and naturally osteoarthritic joints from horses. They
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concluded that ADAMTS-4 may be the primary aggreca-
nase responsible for degrading cartilage in OA [32]. An in
vitro study of human cartilage using small interfering RNA
demonstrated that both ADAMTS-4 and ADAMTS-5 con-
tribute to the characteristic cartilage damage of human OA
[10]. In this study, we demonstrated that ADAMTS-4 levels
were positively correlated with ARGxx levels in all three
groups and that the correlation coefficients were significant-
ly higher than that of ADAMTS-5, although ADAMTS-5
expression was significantly higher than ADAMTS-4 in all
three groups. This result suggested that ADAMTS-4 plays a
more significant role than ADAMTS-5 in aggrecan degra-
dation in human arthritis. This finding contradicts the results
of some studies in mice [27, 28] and is consistent with some
in vitro studies in bovine [30, 31], horse [32], and human
cartilage [10].

The proteolytic activity of ADAMTS-5 was approxi-
mately 1,000-fold greater than ADAMTS-4 under physio-
logical conditions in vitro, and the ADAMTS-5 with the
highest proteolytic activity was 80 kDa [33]. In our study,
only 50 kDa ADAMTS-4 and ADAMTS-5 were detected in
human OA SF. Therefore, ADAMTS-5 was not fully acti-
vated in human OA SF. Protease activity is affected by a
series of molecular events, including promoter activity, the
regulation of non-coding RNA, transcriptional regulation,
post-translational processing, and alternative splicing.
Whether the aggrecanase mRNA expression levels in OA
cartilage were up-regulated [24] or down-regulated [26]
when compared with “normal” cartilage remains unclear.
Therefore, further research on aggrecanases, especially their
activation mechanisms and inhibitors, is required to fully
elucidate the pathogenic mechanisms of arthritis. ADAMTS-
4 may be a more attractive target for anti-arthritis drugs for
human OA prevention and treatment.
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