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Upregulation of Urokinase-type Plasminogen Activator
and Inhibitor and Gelatinase Expression via 3 Mitogen-
Activated Protein Kinases and PI3K Pathways During
the Early Development of Osteoarthritis
YIH-SHOU HSIEH, SHUN-FA YANG, KO-HUANG LUE, SHU-CHEN CHU, TZUNG-JE LI, and KO-HSIU LU

ABSTRACT. Objective. To examine whether upregulation of urokinase-type plasminogen activator (u-PA), PA
inhibitor-1 (PAI-1), and gelatinases [matrix metalloproteinase (MMP)-2 and MMP-9] in early knee
osteoarthritis (OA) of humans occurs through 3 major mitogen-activated protein kinases (MAPK):
extracellular signal-regulated protein kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 kinase sig-
naling pathways, and the phosphatidylinositol 3-kinase (PI3K) signaling pathway.
Methods. Enzyme linked immunosorbent assay and gelatin zymography were used to investigate the
effects of ERK 1/2 inhibitor U0126, JNK and p38 inhibitor SB203580, and PI3K inhibitor LY294002
on the secretion of u-PA, PAI-1, MMP-2, and MMP-9 in early osteoarthritic tissue cultures, with or
without interleukin 1α (IL-1α) and lipopolysaccharide (LPS) induction.
Results. Our findings were: (1) latent and active forms of MMP-9 secretion in synovial and some
meniscal cultures were inhibited significantly by U0126, SB203580, and LY294002; (2) latent and
active forms of MMP-2 secretion were also inhibited significantly by U0126 and LY294002, but not by
SB203580, except for active MMP-2 in synovial cultures; (3) a similar observation was seen in IL-1α-
and LPS-treated cultures; and (4) U0126, SB203580, and LY294002 significantly decreased u-PA and
PAI-1 levels in all cultures in the presence or absence of IL-1α and LPS.
Conclusion. MAPK ERK, JNK, and p38 signaling pathways and the PI3K signaling pathway are
involved in upregulation of u-PA, PAI-1, and gelatinase expression during early development of knee
OA. Thus, blocking PA/plasmin and gelatinase expression by novel physiologic and pharmacological
inhibitors could be an important therapeutic or preventive approach for early OA. (First Release Feb 1
2007; J Rheumatol 2007;34:785–93)
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In osteoarthritis (OA), alterations of chondrocyte metabolism
by inappropriate mechanical loading and/or with increased
levels of soluble mediators may result in extracellular matrix
(ECM) degradation and remodeling and contribute to the pro-
gression of degenerative changes. These changes in cartilage

are mediated by the ECM-degrading enzymes including ser-
ine proteases, matrix metalloproteinases (MMP), and cathep-
sins (cysteine proteinases)1. MMP are probably created in
response to the stimulation of cytokines such as interleukin 1
(IL-1) and tumor necrosis factor-α (TNF-α)2-4. Although col-
lagenase 3 (MMP-13) is thought to be mainly responsible for
cartilage collagen degradation5-7, MMP-9 is also likely to be
involved in degradation of joint collagen8,9.

Strong circumstantial evidence shows that MMP-2 partici-
pates in the turnover of normal cartilage matrix, whereas
MMP-9 and some MMP-2 facilitate the progressive destruc-
tion of the cartilage matrix in OA10. In addition, increased
MMP-9 levels have been seen in effusion samples from
patients with inflammatory arthritis, such as rheumatoid
arthritis (RA)11,12 and gouty arthritis13. Also, more gelatinas-
es appear in effusions of septic arthritis than in aseptic arthri-
tis14. In an acute attack of gouty arthritis, there is a correlation
between the plasminogen activator (PA)/plasmin system and
MMP-915. Higher PA/plasmin activity appears in effusions of
septic arthritis than in aseptic arthritis16.

Tissue cultures more closely approximate in vivo develop-
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ment. We have previously demonstrated that proinflammatory
cytokines (IL-1α and TNF-α) and endotoxin lipopolysaccha-
ride (LPS) upregulate MMP-2 and MMP-9 expression, and
the regulation of MMP-2 and MMP-9 is mediated via a pro-
tein kinase C signaling pathway in human osteoarthritic
knees2. However, the involvement of other pathways such as
3 major mitogen-activated protein kinases (MAPK) signaling
pathways remains unclear, and the mechanisms through
which IL-1α and LPS increase MMP-2 and MMP-9 expres-
sion have not been fully deciphered. To obtain further infor-
mation on signal transduction pathways of urokinase-type PA
(u-PA), PA inhibitor-1 (PAI-1), MMP-2, and MMP-9, we test-
ed the hypothesis that upregulation of u-PA, PAI-1, MMP-2,
and MMP-9 during early development of the human
osteoarthritic knee occurs through 3 major MAPK extracellu-
lar signal-regulated protein kinase (ERK), c-Jun N-terminal
kinase (JNK), p38 pathways, and the phosphatidylinositol 3-
kinase (PI3K) pathway.

MATERIALS AND METHODS
Chemicals and reagents. IL-1α and LPS were purchased from Sigma
Chemical (St. Louis, MO, USA). U0126 (ERK 1/2 inhibitor), SB203580
(JNK and p38 inhibitor, which at 10 to 25 µM concentrations can inhibit both
p38 and JNK pathways17,18), and LY294002 (PI3K inhibitor) were purchased
from Promega Corp. (Madison, WI, USA). All culture materials were
obtained from Gibco (Grand Island, NY, USA). According to in vitro studies
of other laboratories17-20, the final concentrations used in this study were
U0126, 10 µM; SB203580, 25 µM; LY294002, 10 µM; IL-1α, 10 ng/ml; and
LPS, 1 µg/ml.

Sampling and chondral, meniscal, and synovial cultures. Diseased cartilage,
torn menisci, and hypertrophic synovia were obtained from patients with pri-
mary knee OA undergoing arthroscopic debridement at our hospital by the
same author10. All patients fulfilled the American College of Rheumatology
criteria for knee OA21 and gave informed consent for their surgical specimens
to be studied. This study was conducted in accord with the principles of the
Declaration of Helsinki and was approved by the Institutional Review Board
of the Chung Shan Medical University Hospital of Taichung, Taiwan. The
knees all showed grade II or III OA in anteroposterior weight-bearing and lat-
eral radiographs, according to the Kellgren and Lawrence grading scale for
the medial, lateral, and patellofemoral compartments22. The specimens were
divided and weighted equally 50 mg, transferred into 24-well plates, respec-
tively, and then incubated23. The remainders of the specimen were subjected
to pathological examination to confirm the diagnosis.

Cytokine, endotoxin, and pharmacological agent treatment. The chondral,
meniscal, and synovial tissues were cultured for 3 h, and then the medium was
changed to a medium containing pharmacological agents (U0126, SB203580,
and LY294002) for 30 min pretreatment. Without changing the medium, the
cultured media were collected at 24 and 48 h after treatment with or without
appropriate concentrations of IL-1α and LPS, and then subjected to gelatin
zymography and ELISA for the measurement of u-PA and PAI-1 antigens2.

Gelatin zymography. Gelatinolytic activity was assayed by gelatin zymogra-
phy24,25. Each conditioned medium containing 10 µg of total protein was
loaded onto a precast sodium dodecyl sulfate-polyacrylamide gel containing
0.1% gelatin. After electrophoresis, gels were processed10,12. Nonstaining
bands representing the activities of MMP-2 and MMP-9 were quantitatively
measured by spot density measurement using a digital imaging analysis sys-
tem (Alpha Innotech, Mt. Prospect, IL, USA). Then the levels of MMP-2 and
MMP-9 from treated groups were expressed as optical density (percentage of
control) in comparison with the corresponding control group.

Measurement of u-PA and PAI-1 levels. u-PA and PAI-1 levels in conditioned

media were measured by u-PA and PAI-1 ELISA kits from Biopool, Umea,
Sweden. From each conditioned sample, 200 µl of the sample were directly
transferred to the microtest strip wells of the ELISA plate. All further proce-
dures were performed following the manufacturer’s instructions. The
absorbance at 495 nm was measured in a microtest plate spectrophotometer
and u-PA and PAI-1 levels were quantitated with a calibration curve using
human u-PA and PAI-1 as a standard15,16.

Measurement of lactate dehydrogenase activity. As an indicator of cell viabil-
ity, cytoplasmic enzyme lactate dehydrogenase (LDH) was measured in the
culture medium. For the cell viability experiment, an optimized LDH test
(Promega) was used to quantify LDH activity in the conditioned medium of
chondral, meniscal, and synovial cultures after treatment with or without var-
ious inhibitors (U0126, SB203580, and LY294002) and higher concentrations
of SB203580 (50 µM) for 3, 24, 48, and 96 h. Like extraction of RNA from
the tissue block in our previous study10, each tissue of cartilage, menisci, and
synovia was homogenized in 1 ml of phosphate-buffered saline to determine
total LDH activity as positive control.

Statistical analysis. Statistical calculations of the levels of MMP-2 and MMP-
9 and the activity of LDH between control and various inhibitor-treated
groups were performed using analysis of variance (ANOVA). Student’s t test
was used for the analysis of data concerning MMP-2 and MMP-9 in IL-1α-
and LPS-induced groups as well as u-PA and PAI-1 between control and treat-
ed groups. Statistical significance was set at p < 0.05.

RESULTS
In zymograms, the main gelatinase secreted in all chondral,
meniscal, and synovial cultures migrated at 72 kDa and repre-
sented the latent form of MMP-2 (proMMP-2; Figure 1). In all
synovial and some meniscal cultures, minor gelatinolytic
bands were also observed at 92 kDa regions that correspond to
proMMP-9. The activated forms of MMP-2 and MMP-9
showed a loss of the propeptide of roughly 10 kDa. As expect-
ed2, the levels of MMP-2 and MMP-9 increased in IL-1α- and
LPS-treated cultures.

Effect of various inhibitors on MMP-2 and MMP-9 levels.
Generally, both ERK 1/2 inhibitor U0126 and PI3K inhibitor
LY294002 significantly suppressed the levels of latent and
activated forms of MMP-2 in all tissue cultures at 24 and 48 h
(p < 0.05; Tables 1-3). However, these suppressive effects
could not be found in JNK and p38 inhibitor SB203580-treat-
ed cultures (p = 0.068), except for the activated form of MMP-
2 levels in synovial cultures at 48 h (p < 0.05). In all groups
treated with ERK 1/2 inhibitor U0126, JNK and p38 inhibitor
SB203580, and PI3K inhibitor LY294002, proMMP-9 levels
significantly decreased at 24 and 48 h (p < 0.05). The activat-
ed form of MMP-9 only appeared in synovial cultures and
also significantly repressed its levels in all U0126-,
SB203580-, and LY294002-treated groups at 24 and 48 h (p <
0.05).

Effect of various inhibitors on IL-1α- and LPS-induced MMP-
2 and MMP-9 levels. The increases in IL-1α-induced latent
and activated forms of MMP-2 levels were abrogated signifi-
cantly in ERK 1/2 inhibitor U0126- and PI3K inhibitor
LY294002-treated cultures (p < 0.05), but these suppressive
effects were not observed in JNK and p38 inhibitor
SB203580-treated cultures except for the levels of proMMP-
2 at 48 h (p < 0.01) and activated MMP-2 at 24 (p < 0.05) and
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48 h (p < 0.05) in synovial cultures (Figure 2). However, all
inhibitors U0126, SB203580, and LY294002 significantly
cancelled out the increases in IL-1α-induced MMP-9 levels 
(p < 0.05). Similarly, the responses to various inhibitors
U0126, SB203580, and LY294002 were observed in cultures
with LPS induction (p < 0.05), except that SB203580 was
found to reduce activated MMP-2 levels at 48 h (p < 0.01), but
not the levels of proMMP-2 at 24 and 48 h and activated
MMP-2 at 24 h in synovial cultures (Figure 3).

Effect of IL-1α, LPS, and various inhibitors on u-PA and PAI-
1 levels. As illustrated in Figure 4, u-PA levels varied among
individual conditioned media at 48 h and were significantly
induced by IL-1α and LPS (p < 0.05), while the levels were
significantly reduced by ERK 1/2 inhibitor U0126, JNK and
p38 inhibitor SB203580, and PI3K inhibitor LY294002 (p <
0.05). All inhibitors U0126, SB203580, and LY294002 signifi-
cantly abrogated the increases in u-PA levels in response to IL-
1α and LPS at 48 h (p < 0.05). As u-PA did in the presence or
absence of IL-1α and LPS at 48 h, PAI-1 levels showed similar
changes, which increased significantly in IL-1α- and LPS-treat-
ed cultures and decreased significantly in U0126-, SB203580-
and LY294002-treated cultures (p < 0.05; Figure 5).

Effect of various inhibitors on the cell viability of chondral,
meniscal, and synovial cultures. We examined whether the 3
inhibitors affected cell viability in chondral, meniscal, and
synovial cultures. We were unable to detect any significant
increase of LDH activity in the conditioned medium of tissue
cultures treated with various inhibitors, including higher con-
centrations of SB203580 (50 µM). Therefore, this indicates
that neither the 3 inhibitors in this study nor higher concen-
trations of SB203580 (50 µM) have cytotoxic effects on chon-

dral, meniscal, and synovial tissues during 3, 24, 48, or 96 h
of culture (data not shown).

DISCUSSION
OA is classically defined as a progressively degenerative dis-
ease rather than an inflammatory disease, but the key role of
inflammation in OA has been pointed out recently26-28.
Synovial fibroblasts have been implicated in tissue destruc-
tion of inflammatory synovitis and modulating the local cel-
lular and cytokine microenvironment then conditioning the
inflammatory infiltrate29,30. Moreover, proinflammatory
cytokines mediate autocrine, paracrine, and endocrine effects
on cells of the synovial membrane, then activate different sig-
nal transduction pathways at different sites of the synovial
membrane31. Although, somewhat unexpectedly, JNK and
p38 inhibitor SB203580 could not decrease the levels of latent
and activated forms of MMP-2 in chondral and meniscal cul-
tures and proMMP-2 in synovial cultures, SB203580 did sup-
press activated MMP-2 levels in synovial cultures at 48 h
(Figure 6). Intriguingly, IL-1α- and LPS-induced groups also
showed similar changes implicating JNK and p38 pathways in
MMP-2 secretion in synovial cultures. However, the differ-
ences of signaling pathways in MMP-2 production and acti-
vation between chondral, meniscal, and synovial tissues
deserves to be pursued further.

Previous research demonstrated that both gelatinases
exhibit a broad substrate specificity towards denatured colla-
gens and other ECM macromolecules, and thereby contribute
to the degradation of collagen fibrils, basement membranes,
and other suprastructures of the ECM8,32. Indeed, articular
chondrocytes that fail to produce MMP-910,33 are not innocent
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Figure 1. Gelatinolytic activity in osteoarthritic (A) chondral, (B) meniscal, and (C) synovial cultures co-treated with or
without various inhibitors for 24 h were assessed by gelatin zymography.
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bystanders in OA34. They not only produce destructive
enzymes guided by environmental cues but also instruct
inflammatory cells or cells from surrounding tissues to trigger
2 alternative activation pathways, which mainly involve
MMP-9, MMP-13, and MMP-14 as well as, marginally, serine
or cysteine proteinases. Consistent with previous studies10, we
show here that u-PA, PAI-1, MMP-2, and MMP-9 are likely to
play a part in the degradation of the collagenous network of
early osteoarthritic tissues.

MAPK are a unique family of serine/threonine kinases that
are activated via reversible phosphorylation and mediate sig-
nal transduction for multiple extracellular stimuli, then regu-
late a number of transcription factors, with subsequent activa-
tion of MMP and cytokine gene expression. The specific IL-
1- and TNF-induced MMP expression requires unique combi-
nations of cell type-specific signaling pathways such as ERK,
JNK, and p3831,35-37. Protein kinases that regulate signal

transduction pathways induced by IL-1 and TNF-α have been
proposed as therapeutic targets38. Indeed, the mechanisms of
signal transduction pathways involved in the PA/plasmin sys-
tem and gelatinase expression in human osteoarthritic tissues
and the role of each pathway in IL-1- and LPS-mediated
induction of u-PA, PAI-1, MMP-2, and MMP-9 are still not
completely understood. However, our observations showed
that 3 MAPK pathways are involved in the inhibition of u-PA,
PAI-1, MMP-2, and MMP-9 expression in early osteoarthritic
chondral, meniscal, and synovial tissues, and this also hap-
pens with IL-1α and LPS induction.

Recently, the PI3K signal transduction pathway has
emerged as one of the main signal routes that coordinate com-
plex events leading to changes in cell metabolism, cell
growth, cell movement, and cell survival39. The signaling
pathway in gouty arthritis and RA has been well document-
ed19,20,40,41, whereas no data have been available on how it
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Figure 2. Levels of (A) MMP-2 in chondral cultures, (B) MMP-2 and MMP-
9 in meniscal cultures, and (C) MMP-2 and MMP-9 in synovial cultures after
treatment with or without various inhibitors (U0126, SB203580, and
LY294002) with IL-1α induction for 24 and 48 h. Values are mean ± SE (n ≥
3). Statistical significance different from IL-1α induction levels: *p < 0.05,
**p < 0.01, ***p < 0.001.
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can regulate MMP expression in OA. Here, the PI3K pathway
inhibitor LY294002 not only suppressed u-PA, PAI-1, MMP-
2, and MMP-9 secretion, but also decreased IL-1- and LPS-
mediated induction of them, indicating that the signal trans-
duction pathway dependent on PI3K is preferentially involved
in upregulation of u-PA, PAI-1, MMP-2, and MMP-9 expres-
sion in early osteoarthritic tissues.

This short-term ex vivo model suggests upregulation of u-
PA, PAI-1, and gelatinase expression in the early stage of
human knee OA via 3 MAPK and PI3K signaling pathways
may occur in vivo. Better understanding of IL-1α and LPS
signaling and regulatory mechanisms during the early devel-
opment of OA may lead to novel strategies for inhibiting the
catabolic activities in cartilage. However, our study is an indi-
rect method and only indicates that 3 MAPK signaling path-

ways and the PI3K signaling pathway are involved in upregu-
lation of u-PA, PAI-1, and gelatinase expression during the
early development of knee OA. It does not exclude the possi-
bility that other signaling pathways may be involved in this
process. Further research into the regulation of IL-1α/LPS —
MAPK/PI3K — u-PA/PAI-1—gelatinase signaling pathways
will elucidate the mechanisms underlying cartilage destruc-
tion in early OA, generating methods to control disease pro-
gression at the molecular level by inhibiting the enzymes or
their gene expression responsible for cartilage degradation
while enhancing tissue repair.
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Figure 5. Levels of PAI-1 in (A) chondral, (B) meniscal, and (C) synovial
cultures after treatment with or without various inhibitors (U0126,
SB203580, and LY294002) in the presence or absence of IL-1α and LPS for
48 h. Values are mean ± SE (n ≥ 3). Statistical significance different from the
values of without induction, IL-1α induction, and LPS induction, respective-
ly: *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6. Three MAPK and PI3K signaling pathways involved in u-PA, PAI-1, MMP-2, and MMP-9 expression during the
early development of OA. JNK and p38 inhibitor SB203580 could not decrease the levels of latent and activated forms of
MMP-2 in chondral and meniscal cultures and proMMP-2 in synovial cultures, whereas SB203580 did suppress the level of
activated MMP-2 in synovial cultures. IL-1α- and LPS-induced groups showed similar changes.

Table 1. MMP-2 levels in chondral cultures after treatment with or without
various inhibitors for 24 and 48 hours. Values are mean ± SD; n ≥ 3.

ProMMP-2 Activated MMP-2
(% of control) (% of control)

U0126
24 h 74.59 ± 5.02a 83.96 ± 5.51a

48 h 64.35 ± 8.51a 68.97 ± 5.04a,b

F value 31.057** 38.876***
SB203580

24 h 94.09 ± 3.94 105.42 ± 11.05
48 h 99.89 ± 6.48 103.31 ± 10.49
F value 1.790 0.290

LY294002
24 h 69.65 ± 3.85a 80.09 ± 4.57a

48 h 58.80 ± 4.26a,b 70.27 ± 4.89a

F value 124.522*** 46.087***

ANOVA with Scheffe posteriori comparison was used. ** p < 0.01, 
*** p < 0.001. a Significantly different, p < 0.05, compared to control (con-
trol = 100%). b Significantly different, p < 0.05, compared to 24 hours.

Table 2. MMP-2 and MMP-9 levels in meniscal cultures after treatment
with or without various inhibitors for 24 and 48 hours. Values are mean ±
SD; n ≥ 3.

ProMMP-2 Activated MMP-2 ProMMP-9
(% of control) (% of control) (% of control)

U0126
24 h 84.74 ± 12.38 71.55 ± 13.13a 65.55 ± 10.41a

48 h 69.52 ± 10.06a 61.90 ± 7.55a 54.86 ± 18.10a

F value 8.218* 15.405** 11.489**
SB203580

24 h 95.26 ± 6.05 104.84 ± 9.07 57.27 ± 6.69a

48 h 95.63 ± 21.04 97.99 ± 18.65 52.64 ± 9.26a

F value 0.131 0.259 46.975***
LY294002

24 h 73.72 ± 11.76a 61.92 ± 10.53a 63.46 ± 16.26a

48 h 65.79 ± 6.95a 56.67 ± 4.30a 54.37 ± 17.63a

F value 15.469** 38.915*** 9.127*
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trol (control = 100%).
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Table 3. MMP-2 and MMP-9 levels in synovial cultures after treatment with or without various inhibitors for 24
and 48 hours. Values are mean ± SD; n ≥ 3.

ProMMP-2 Activated MMP-2 ProMMP-9 Activated MMP-9
(% of control) (% of control) (% of control) (% of control)

U0126
24 h 84.77 ± 5.01a 81.77 ± 4.04a 61.02 ± 8.04a 83.97 ± 4.28a

48 h 77.90 ± 4.81a 74.17 ± 5.16a 50.92 ± 1.51a 76.64 ± 6.54a

F value 23.882** 36.936*** 90.380*** 21.017**
SB203580

24 h 90.88 ± 5.05 93.89 ± 3.80 60.63 ± 1.83a 77.79 ± 4.66a

48 h 87.98 ± 7.47 88.69 ± 2.59a 66.92 ± 9.09a 76.25 ± 6.44a

F value 4.351 13.609** 46.860*** 25.177**
LY294002

24 h 81.48 ± 6.82a 71.66 ± 1.76a 68.14 ± 8.94a 79.64 ± 3.85a

48 h 81.96 ± 2.58a 68.75 ± 3.69a 63.54 ± 8.02a 74.27 ± 5.41a

F value 18.881** 160.822*** 24.619** 37.564***

ANOVA with Scheffe posteriori comparison was used. ** p < 0.01, *** p < 0.001. a Significantly different, p <
0.05, compared to control (control = 100%).
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