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Abstract. In a screening program aimed at discovering anti-osteoarthritis (OA) drugs, we
identified an imidazo[5,1-c][1,4]thiazine derivative, ITZ-1, that suppressed both interleukin-1/
(IL-1p)-induced proteoglycan and collagen release from bovine nasal cartilage in vitro and
suppressed intra-articular infusion of IL-1p—induced cartilage proteoglycan degradation in rat
knee joints. ITZ-1 did not inhibit enzyme activities of various matrix metalloproteinases
(MMPs), which have pivotal roles in cartilage degradation, while it selectively inhibited I1L-15-
induced production of MMP-13 in human articular chondrocytes (HAC). IL-15-induced MMP
production has been shown to be mediated by extracellular signal-regulated protein kinase
(ERK), p38 kinase, and c-Jun N-terminal kinase (JNK) of the mitogen-activated protein kinase
(MAPK) family signal transduction molecules. An ERK-MAPK pathway inhibitor (U0126), but
not a p38 kinase inhibitor (SB203580) or a JNK inhibitor (SP600125), also selectively inhibited
IL-1p—induced MMP-13 production in HAC. Furthermore, ITZ-1 selectively inhibited IL-1/5—
induced ERK activation without affecting p38 kinase and JNK activation, which may account
for its selective inhibition of MMP-13 production. Inhibition of nitric oxide (NO)-induced
chondrocyte apoptosis has been another area of interest as a therapeutic strategy for OA, and
ITZ-1 also suppressed NO-induced death in HAC. These results suggest that [TZ-1 is a promis-
ing lead compound for a disease modifying anti-OA drug program.
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cell death

Introduction

deleterious proteinases released from articular chondro-
cytes; RA is characterized by a chronic proliferative

There are two major arthritides in humans, that is,
osteoarthritis (OA) and rhumatoid arthritis (RA). OA
is a primary disease of the cartilage characterized by
deterioration of the articular cartilage caused by
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synovitis, which is caused by abnormal immunological
reactions and exhibits hyperplasia of the synovial lining
cells, inflammatory cell infiltration, and angiogenesis in
the sublining cell layer. Although these arthritides are
different in the origin of the diseases, they share destruc-
tive mechanisms of the articular cartilage by proteinases
1, 2).

OA is a degenerative joint disease occurring mainly
in the elderly and is characterized by a slow but
irreversible, progressive destruction of articular cartilage.
Although the etiology of OA is not completely under-
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stood, it is believed that OA is a consequence of
mechanical and biochemical events that result in an
imbalance between the synthesis and degradation of the
articular cartilage matrix (1 —5). Chondrocytes, which
constitute the only cell type of the articular cartilage,
regulate cartilage metabolism under both normal and
pathological conditions. In OA, these cells initiate the
production of proteolytic enzymes, mainly matrix
metalloproteinases (MMPs) including collagenase and
aggrecanase, in response to inflammatory cytokines
such as interleukin-1 (IL-1), IL-6, and tumor necrosis
factor-a (TNF-a). Among these inflammatory cytokines,
the sustained production of IL-15 in the affected joints
may play a key role in OA pathogenesis (3,5 —11).

The MMPs degrade the principal matrix macro-
molecules such as proteoglycan and collagen from
cartilage. Especially, MMP-1 and MMP-13 have pivotal
roles in the irreversible break down of cartilage matrix
via digestion of type Il collagen and the consequent
release of matrix proteoglycan from the cartilage. The
integrity of these macromolecules is vital to cartilage
joint function, thus loss of these molecules result in
cartilage cracking, abrasion, and ulcers (1 —5).

Adult human articular cartilage is believed to be a
post-mitotic tissue with virtually no cellular turnover.
The extracellular matrix is avascular and thus no
external cell supply can compensate for any sort of
cell loss (5, 12). Therefore, survival of the chondrocytes
is essential for the maintenance of proper articular
cartilage. As apoptotic chondrocyte death is observed in
clinical specimens from OA cartilage, apoptotic cell
death has become a focus of interest and was suggested
to be an important event in OA cartilage degeneration
(12, 13). Since no therapeutic agents to prevent erosion
of articular cartilage or disease progression are known,
agents that interfere with cartilage destruction would be
of considerable therapeutic value (1 —5).

In our search for agents that inhibit IL-14—-induced
destruction of bovine nasal septum cartilage (14, 15),
we discovered N-{(12)-5,6-dimethyl-3-ox0-8-[(4,4,5,5,5-
pentafluoropentyl)thio]-2,3-dihydro-1H-imidazo[5,1-c]
[1,4]thiazin-1-ylidene } -4-methylbenzenesulfonamide
(ITZ-1). Here, we report the chondroprotective potency
of ITZ-1: 1TZ-1 suppressed IL-15—-induced destruction
of bovine nasal septum cartilage in vitro, and the intra-
articular infusion of IL-1f—-induced proteoglycan release
in rats. By analysis of mechanisms of action of ITZ-1,
we discovered that ITZ-1 selectively inhibited IL-15—
induced MMP-13 production and suppressed nitric
oxide (NO)-induced death of human articular chondro-
cytes (HAC) (16). The molecular mechanism underlying
the selective inhibition of MMP-13 production by ITZ-1
was also analyzed. These results suggest that ITZ-1 is a

promising lead compound with novel mechanisms of
action for a disease modifying anti-OA drug program.

Materials and Methods

Materials

SP600125 was purchased from ENZO Life Sciences
AG (Lausen, Switzerland). U0126 and SB203580
were purchased from Wako Pure Chemical Industries,
Ltd. (Osaka). Recombinant human IL-1/ and oncostatin
M (OSM) were purchased from R&D Systems
(Minneapolis, MN, USA). Methods for ITZ-1 synthesis
will be described elsewhere.

Proteoglycan degradation suppression assay

Cartilage explants prepared from bovine nasal septum
(3—-6mg) were transferred into 96-well plates with
100 ul/well of medium consisting of a 1:1 (v/v) mixture
of Dulbecco’s modified Eagle’s MEM (DMEM) and
Ham’s F-12 medium (DMEM/F-12) (Invitrogen
Corp., Carlsbad, CA, USA) supplemented with 50 U/ml
penicillin (Lonza Walkersville, Inc., Walkersville, MD,
USA) and 50 ug/ml streptomycin (Lonza Walkersville).
Proteoglycan degradation was induced by the addition of
20 ng/ml of IL-1p to the culture medium. After 4 days of
cultivation at 37°C in 5% CO,/95% humidified air in
the presence or absence of test compounds, the medium
was aspirated and the remaining cartilage was digested
with papain (Sigma-Aldrich, St.Louis, MO, USA).
The glycosaminoglycan (GAG) concentrations in the
medium and the digest from each cartilage explant were
determined by 1,9-dimethylmethylene blue dye assay
(Sigma-Aldrich) and used as a marker of cartilage
proteoglycan content (15, 17).

Collagen degradation suppression assay

The cartilage explants described above were trans-
ferred into 96-well plates with 100 ul/well of DMEM
(Invitrogen Corp.). Collagen degradation was induced
by the addition of 20 ng/ml of IL-14 and 50 ng/ml of
OSM. After 14 days of cultivation in the presence or
absence of test compounds, the medium was aspirated
and the remaining cartilage was digested with papain.
Hydroxyproline concentrations in the medium and the
digest from each explant were measured with chloramine
T (Wako) and p-demethylaminobenzaldehyde (Wako),
and used as a marker of cartilage collagen content (14).

Intra-articular infusions of IL-15 in rats

Eight week old male Sprague-Dawley rats (CRJ:IGS;
Japan Charles River, Yokohama) were used. IL-15
solution (0.2ng/ul IL-15 and 0.5% bovine serum
albumin in sterile saline) was infused intra-articularly
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into the knee joint at 0.5 ul/h for 7 days by an Alzet
pump (Model 1007D; DURECT Corp., Cupertino,
CA, USA). ITZ-1 was orally administered daily at the
indicated doses. After treatment, rats were sacrificed
and their tibial articular cartilages were excised. The
GAG content in the articular cartilage was evaluated as
previously described and used as a marker of cartilage
proteoglycan content (18). The GAG levels obtained
were normalized to total wet weight of digested
cartilage. Results were expressed as the percent decrease
from the GAG content in intact counterparts in the
same animals. The methods for care and use of animals
and the experimental protocols were approved by the
Experimental Animal Care and Use Committee of Takeda
Pharmaceutical Co., Ltd.

For histological examination, knee joints were dis-
sected, fixed in 10% formalin neutral buffer solution
(Wako), decalcified in EDTA, dehydrated, and then
embedded in paraffin blocks. Eight-micrometer micro-
sections were prepared and stained with hematoxylin
and eosin (H&E) or with Safranin O. Apoptotic chondro-
cytes were detected by the terminal deoxynucleotidyl
transferase—-mediated dUTP nick end-labeling (TUNEL)
assay using an ApopTag Peroxidase In Situ Apoptosis
Detection Kit (Millipore Corporation, Billerica, MA,
USA).

Bioavailability of ITZ-1

The bioavailability of ITZ-1 from 10 mg/kg oral
dosing (n=3) in rats was 63.6%+12.8%. The peak
plasma concentration (Cma) and area under the curve
(AUCq24n) were 2.1+0.2 ug/ml and 11.1+1.4 ug-h
/ml, respectively.

Assay for MMP enzyme activity

Inhibitory activities of ITZ-1 against enzyme activity
of human recombinant MMP-1, MMP-8, or MMP-13
were evaluated by QuantiZyme assay systems (MMP-1,
MMP-8, and MMP-13 Colorimetric Assay Kit for
Drug Discovery; ENZO Life Sciences International,
Inc., Plymouth Meeting, PA, USA), which uses a thio-
peptolide (Ac-PLG-[2-mercapto-4-methyl-pentanoyl]-
LG-0OC;Hs) as a colorimetric substrate, according to the
manufacturer’s instructions. N-Isobutyl-N-[4-methoxy-
phenylsulfonyl]glycyl hydoxamic acid (NNGH) at 1.3
#M was used as a positive control.

Assay for MMP production

HAC (Lonza Walkersville) were maintained in
Chondrocyte Growth Medium (CC-3216, Lonza
Walkersville) until used. HAC were suspended in
DMEM/F-12 supplemented with 100 U/ml penicillin,
100 pg/ml streptomycin, 20 ug/ml gentamicin (Lonza

Walkersville), and 0.1% fetal bovine serum (FBS; SAFC
Biosciences, Inc., Lenexa, KS, USA) at a density of
5 x 10* cells/ml and cultured in 96-well plates for 1 day.
MMP production was induced by the addition of
10 ng/ml of IL-14 to the culture medium. Subsequently
the cells were cultured in the presence or absence of
test compounds for 2 days at 37°C in 5% CO,/95%
humidified air. The amount of MMPs produced in the
culture medium was determined with ELISA kits (GE
Healthcare UK Limited, Buckinghamshire, UK).

Assay for MMP-13 mRNA induction

HAC maintained in Chondrocyte Growth Medium
were suspended in DMEM/F-12 supplemented with
50 U/ml penicillin and 50 ug/ml streptomycin at a
density of 2.2 x 10 cells/ml and cultured in 12-well
plates at 37°C in 5% CO, / 95% humidified air for 1 day.
After medium change, HAC were treated with 10 ng/ml
of IL-1/ in the presence of the indicated concentration of
ITZ-1 for 1day. Total RNA was extracted with an
RNeasy 96 kit (QIAGEN GmbH, Hilden, Germany)
according to the manufacturer’s instructions and further
purified by DNase digestion using MessageClean
(GenHunter Corporation, Nashville, TN, USA). Real-
time quantitative PCR was carried out using an ABI
PRISM 7900HT sequence detection system (Applied
Biosystems, Foster City, CA, USA) in conjunction with
a QuantiTect SYBR Green PCR Kit (QTAGEN GmbH).
RNA samples were normalized by glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) with GAPDH
Control Reagents (Applied Biosystems). Primers used
for MMP-13 analysis were MMP-13-F (5'-CAAGGG
ATCCAGTCTCTCTATGG-3') and MMP-13-R (5'-
GGTCACATTTGTCTGGCGTTT-3").

Evaluation of cytotoxicity by the WST-8 assay

HAC were suspended in Chondrocyte Growth
Medium at a density of 5 x 10 cells/ml and cultured in
96-well plates at 37°C in 5% CO,/ 95% humidified air
for 1day. After medium change with DMEM/F-12
supplemented with 100 U/ml penicillin, 100 xg/ml
streptomycin, 20 ug/ml gentamicin, and 0.1% FBS,
HAC were treated with 10 ng/ml of IL-1f and the
indicated concentration of ITZ-1 for 1 day. Afterwards,
cell viability was evaluated with 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt (WST-8; Dojindo,
Mashiki) (WST-8 assay) according to the manufac-
turer’s instructions.

Assay for mitogen-activated protein kinase (MAPK)
activation
HAC were pre-cultured at 1 x 10° cells/ml in 6-well
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plates for 1 day and then further cultured in DMEM/F-
12 supplemented with 100 U/ml penicillin, 100 xug/ml
streptomycin, and 20 ug/ml gentamicin at 37°C in 5%
CO,/95% humidified air for 1day. The HAC were
treated with ITZ-1 for 24 h followed by further incuba-
tion with 10 ng/ml IL-14 for 30 min. Following the
culture, HAC were washed with ice-cold PBS, lysed
with lysis buffer (10 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 0.5 mM p-APMSF,
200 uM sodium f-glycerophosphate n-hydrate, 20 mM
NaF, 2mM sodium diphosphate decahydrate, 1 mM
sodium orthovanadate V, 10 ug/ml aprotinin, 10 ug/ml
leupeptin, 1% Triton X-100, 0.5% Nonidet P40, and
0.1% SDS) and then subjected to western blot analysis.

Western blot analysis

Samples were subjected to SDS-PAGE; transferred
onto nitrocellulose filters; and probed with the following
primary antibodies: phosphorylated state— and non-
phosphorylated state—specific antibodies for extra-
cellular signal-regulated protein kinase (ERK), p38
kinase, or c-Jun N-terminal kinases (JNK); followed
by a secondary antibody (anti-rabbit IgG, HRP-linked).
All antibodies were purchased from Cell Signaling
Technology Inc. (Danvers, MA, USA). The immune
complexes were visualized by conventional methods
and quantified by densitometry using GS-800 (Bio-Rad
Laboratories, Hercules, CA, USA).

MTT assay for evaluation of NO-induced cell death
HAC were suspended in Chondrocyte Growth Medium
at a density of 4 x 10* cells/ml and cultured in 96-well
plates at 37°C in 5% CO, / 95% humidified air for 1 day.
After medium change with DMEM/F-12 supplemented
with 100 U/ml penicillin, 100 ug/ml streptomycin, and
20 ug/ml gentamicin, HAC were pretreated with test
compounds together with 10 ng/ml of IL-15 for 1 day.
Cell death was induced by treatment with 110 uM (£)-
(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenamide
(NOR3, Dojindo), which generates NO, for 1 day.
Afterwards, cell viability was evaluated with a soluble
tetrazolium salt MTT [3-(4,5-dimethylthiazole-2-yl)-
2,5-diphenyltetrazorium bromide; Dojindo] (MTT assay)

(19).

Statistical analyses

The proteoglycan or collagen degradation by IL-1/5
or IL-15+ OSM was analyzed by the Aspin-Welch
test, and statistical significance of drug efficacy was
examined by the one-tailed Shirley-Williams test. The
proteoglycan degradation by intra-articular infusions of
IL-1p was analyzed by the #-test, and statistical signifi-
cance of drug efficacy was examined by the one-tailed

Fig. 1. Chemical structure of ITZ-1.

Williams® test. Cell death induced by NOR3 was
analyzed by the Aspin-Welch test and statistical signifi-
cance of drug efficacy was examined by the one-tailed
Williams’ test.

Results

Discovery of ITZ-1

To discover novel therapeutic drugs for OA, we
established an in vitro screening assay based on the
IL-1p—induced degradation of bovine nasal cartilage.
In the assay, cartilage degradation was measured as the
release of proteoglycan or collagen into the culture
medium from cartilage explants (14, 15). Using the
assay, ITZ-1 (Fig. 1) was identified from our chemical
library. IL-1p induced proteoglycan release (from 11.3%
to 87.7%) and IL-18 plus OSM induced collagen
release (from 3.4% to 92.3%) from bovine nasal
cartilage. ITZ-1 significantly inhibited both proteoglycan
(Fig. 2A) and collagen (Fig.2B) release with a half-
maximal inhibitory concentration (ICsp) of 0.098 and
0.099 uM, respectively.

ITZ-1 suppresses IL-1[—induced cartilage proteoglycan
degradation in rat synovial joints

We next evaluated the effects of ITZ-1 on cartilage
proteoglycan degradation in rat synovial joints. The
intra-articular infusion of IL-1§ into the rat knee joint
induced proteoglycan loss from articular cartilage (7, 8)
(from 31.2% to 72.1%, P =0.013), and oral administra-
tion of 10 mg/kg of ITZ-1 significantly inhibited the
proteoglycan loss (P =0.019, Fig. 3A). H&E staining of
tibial condyle microsections suggested that oral admin-
istration of 10 mg/kg of ITZ-1 prevented IL-1f—induced
disappearance of surface layer cells. ITZ-1 at 10 mg/kg
showed a tendency to prevent IL-15—-induced reduction
of proteoglycan content as measured by Safranin O
staining. Interestingly, IL-1/ infusion slightly increased
the number of apoptotic chondrocytes, while ITZ-1 at
10 mg/kg seemed to suppress apoptosis (Fig. 3B). These
data suggest that ITZ-1 is a chondroprotective agent.
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ITZ-1 selectively inhibits IL-1p—induced MMP-13 pro-
duction

IL-1p4—induced up-regulation of MMPs is a key event
in the irreversible breakdown of the cartilage matrix. In
particular, MMP-1 and MMP-13 may have a role in
cartilage degradation (2, 4, 5). However, ITZ-1 did
not inhibit enzyme activities of MMP-1, MMP-8, and
MMP-13 at less than 10uM (Fig.4A). Thus, we
assessed its effects on IL-1p-induced production of
MMPs using HAC (9—11). HAC were treated with
IL-18 alone or with ITZ-1 for 2 days and then the

amount of each MMP in the culture medium was
evaluated by ELISA. ITZ-1 inhibited IL-1f-induced
production of MMP-13 with an ICsy 0f 0.51 uM, whereas
it showed only a slight effect on the production of MMP-
1 and MMP-2 (ICso >10 uM, Fig. 4B). Measurement of
MMP-13 mRNA levels by real-time quantitative PCR
revealed that ITZ-1 inhibited IL-1f-induced MMP-13
mRNA expression in HAC (Fig. 4C). As ITZ-1 did not
show cytotoxicity in HAC at concentrations up to 10 uM
(Fig. 4D), inhibition of MMP-13 production by ITZ-1 is
not a byproduct of cytotoxicity.
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Inhibition of the ERK-MAPK pathway resulted in the selective inhibition of IL-1f~induced MMP-13 production in

HAC. HAC were treated with IL-1/ for 2 days in the presence of the indicated concentration of an ERK-MAPK pathway inhibitor
(U0126), a p38 kinase inhibitor (SB203580), or a JNK inhibitor (SP600125). Protein levels of MMPs in the culture medium
were evaluated by ELISA. Results shown are each a mean £ S.D., n=3.

ITZ-1 selectively inhibits IL-1f—induced activation of
the ERK-MAPK pathway

IL-1p—induced production of MMPs has been shown
to be mediated by ERK, p38 kinase, and JNK of the
MAPK family signal transduction molecules (6, 11, 20).
Thus, we investigated the effects of the MAPK-pathway
inhibitors on the IL-1p—induced MMPs production.
Interestingly, an inhibitor of the ERK-MAPK pathway
(U0126) (20) selectively inhibited MMP-13 production
(ICso=0.20 uM for inhibition of MMP-13 production
and >1 M for inhibition of MMP-1 and MMP-2
production), whereas a p38 kinase inhibitor (SB203580)
(20) or a JNK inhibitor (SP600125) (21) inhibited
both MMP-13 and MMP-1 production with ICs, values
for SB203580 of 0.046 and 0.044 uM and for SP600125
of 1.3 and 2.0 uM, respectively (Fig.5). SP600125,
but not SB203580, also inhibited MMP-2 production
(Fig. 5).

Next, we examined whether ITZ-1 could inhibit IL-
1p—induced MAPK activation in HAC. HAC were
pretreated with ITZ-1 for 24 h and then stimulated
with IL-1f for 30 min to induce MAPK activation (11).
ITZ-1 inhibited the IL-1p-induced ERK activation
(about 60% inhibition at 3 4M), while it had little or no
effect on the p38 kinase or JNK activation at less than
10 uM (Fig. 6: A and B). This result suggests that ITZ-1

selectively inhibited IL-1f-induced MMP-13 produc-
tion by selective inhibition of the ERK—MAPK pathway.

Cytoprotective activity of ITZ-1

Recent findings suggest that chondrocyte death and
survival are closely linked to cartilage matrix integrity
(5, 12, 13). Furthermore, several reports suggested
that intra-articular injection of IL-15 induces death in
chondrocytes through NO production in rats (22, 23). As
ITZ-1 showed a tendency to suppress IL-15—-induced
chondrocyte apoptosis in vivo (Fig. 3B), we addressed
whether I1TZ-1 could suppress NO-induced death of
chondrocytes in vitro. HAC were pretreated with ITZ-1
in the presence of IL-15 co-stimulation for 1 day, and
then cell death was induced by stimulation with the
NO-generator NOR3. ITZ-1 suppressed NO-induced
cell death in a dose-dependent manner (Fig. 7A). As
ITZ-1 suppressed IL-15—-induced ERK activation, the
effect of U0126 on the NO-induced cell death was
examined; however, U0126 did not have a remarkable
effect at concentrations less than 0.3 uM (Fig. 7B).

Discussion

The irreversible destruction of cartilage, tendon, and
bone that comprise synovial joints is the hallmark of OA
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(1 -=5).IL-1, found in large amounts in joints of patients
with OA, is thought to play a key role in cartilage
damage by depressing the synthesis of the main extra-
cellular matrix components and by promoting their
degradation by MMPs (3, 5). In this study, we show
that ITZ-1 inhibited the IL-15—induced destruction of
cartilage in vitro and in vivo: ITZ-1 at 0.3 M signifi-
cantly inhibited both IL-1f—induced proteoglycan and
collagen release from bovine nasal cartilage in vitro,
and it significantly suppressed IL-1f—-induced cartilage
proteoglycan degradation in rat synovial joints at 10
mg/kg. After oral administration of 10 mg/kg of ITZ-1,
its plasma concentration reached a peak level of 3.9 +
0.4 uM at 1h after administration and was sustained
at greater than 0.6 uM for over 7h, concentrations
adequate to suppress IL-15—induced proteoglycan degra-
dation in vitro. These results support the in vivo efficacy
of ITZ-1. ITZ-1 could be a promising lead compound
for a disease-modifying anti-OA drug program.
Cartilage is composed mainly of proteoglycans
including the major proteoglycan aggrecan and other
minor proteoglycans and collagens such as fibrillar
type Il collagen and other minor collagens. Type II
collagen fibrils form an interwoven network providing

NO(+) with the IL-1f + NO + ITZ-1-treated group.

tensile strength, while the proteoglycans embedded
within this matrix draw water into the tissue allowing
cartilage to resist compression. Depletion of proteo-
glycans from articular cartilage is a common initial
change in OA with subsequent degradation of the
collagen fibrils. Proteoglycans have a high turnover
rate and are readily released from cartilage in response to
proinflammatory cytokines; however, when the stimulus
is removed, proteoglycans are quickly resynthesized by
chondrocytes within the collagen network. In contrast,
type Il collagen has a low turnover rate and when
collagen degradation occurs, the structural integrity of
the tissue is irreversibly lost. Thus, degradation of
type II collagen is a committed step in OA progression
(1-5).

A number of proteinases including MMPs are capable
of degrading proteoglycans. Within the approximately
20 member MMP-family, MMP-1, MMP-8, and MMP-
13 are interstitial collagenases that degrade type Il
collagen (2, 3, 5). In particular, MMP-13 may have
a pivotal role in cartilage degradation (2, 24) because it
is expressed by chondrocytes in human OA (25), it
digests type Il collagen more efficiently than the other
interstitial collagens (25), and its overexpression in
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chondrocytes actually induces OA changes (26). As
ITZ-1 suppressed IL-15—induced collagen degradation
as well as proteoglycan degradation in bovine nasal
cartilage, we speculated that ITZ-1 might have some
impact on the activity of MMP-13. Although ITZ-1 at
concentrations up to 10 uM did not affect the enzyme
activity of purified recombinant MMPs including MMP-
13, it selectively suppressed IL-1f-induced MMP-13
production in HAC. It is therefore conceivable that
ITZ-1 suppressed IL-1p—induced cartilage degradation
via inhibition of MMP-13 production.

The selective inhibition of MMP-13 enzyme activity
is important in arthritis research (2, 24), but the use of
potent MMP enzyme inhibitors has been limited due to
safety issues. Thus, inhibition of MMP-13 production
may be a viable alternative therapeutic approach,
although, with the exception of glucocorticoid hormones,
no such compounds are currently in clinical use (24).
ITZ-1 could be a lead compound toward a disease
modifying anti-OA drug that acts by inhibiting MMP-13
production.

IL-1p—induced production of MMPs has been shown
to be mediated by ERK, p38 kinase, and JNK of the
MAPK family signal transduction molecules (6, 11, 20).
Stimulation by IL-1f activates MAPK kinase kinases,
transforming-growth-factor-f-activated kinase-1 (TAK-
1), and Raf. TAK-1 then activates several MAPK
kinases including MKK6, MKK4, and MKK7, which in
turn activate p38 kinase and JNK, while Raf then
activates MEK1, which in turn activates ERK (6). In
our study, an ERK-MAPK pathway inhibitor (U0126)
selectively inhibited IL-1p—induced MMP-13 produc-
tion, whereas a p38 kinase inhibitor (SB203580) or a
JNK inhibitor (SP600125) inhibited both IL-1—induced
MMP-13 and MMP-1 production in HAC. Furthermore,
ITZ-1 inhibited IL-15-induced ERK activation without
affecting p38 kinase and JNK activation. These results
indicate the possible involvement of the ERK-MAPK
pathway in the selective inhibition by ITZ-1 of MMP-13
production.

Several studies have suggested that ERK can play a
key role in the cartilage destruction seen in OA. A
voltage-activated Ca®'-channel ligand, PD-0200347,
which could reduce the development of OA lesion in the
dog model, reduced the levels of phosphrylated ERK,
but not that of p38 kinase or JNK (27-29). The
MEK1/2 inhibitor PD198306, which blocks ERK
activation, also reduced the severity of OA lesions in a
rabbit model of OA (30). Furthermore, avocado-soybean
unsaponifiables (ASU), which are used to treat OA in
Europe, were reported to inhibit IL-15—induced ERK
activation, but not p38 kinase or JNK activation, in
chondrocytes in vitro (31). These results suggest that

inhibition of ERK activation is sufficient to reduce OA
lesions. However, ERK inhibitors have received little
attention due to the potential toxicity of systemic ERK
inhibition because the ERK-MAPK pathway is involved
in a multitude of growth factor signaling pathways.
Therefore, new strategies to inhibit the ERK-MAPK
pathway such as non-ATP competitive inhibitors or
inhibitors of downstream factors are needed (27).
Chondrocyte death and survival may be closely linked
to cartilage matrix integrity (5, 12, 13). Increasing
evidence indicates that NO may contribute to the
pathophysiology of joint disorders including OA because
increased nitrite concentrations in serum and synovial
fluid from OA patients have been reported (32, 33);
IL-15 has been reported to induce NO production in
the synovial fluid of rats (22); IL-1/ has been reported to
induce death in chondrocytes through NO production
(22, 23); and inhibition of NO production has been
reported to suppress IL-15—induced cartilage degrada-
tion in rats (22). Thus, inhibition of NO-induced
apoptosis of chondrocytes has been a focus of interest
as a therapeutic strategy for OA. Interestingly, 1TZ-1
significantly suppressed NO-induced death in HAC.
ITZ-1 might inhibit cartilage destruction by suppressing
both IL-15-induced MMP-13 production and cell death.
NO induces apoptosis via a mitochondria-dependent
mechanism, and several factors or compounds, such as
heat shock protein 70 (Hsp70) (16), the selective
phoshodiesterase type III inhibitor cilostazol (34), and
nonsteroidal anti-inflammatory drugs (NSAIDs) (35),
have been reported to suppress NO-induced chondrocyte
apoptosis. NO-induced apoptosis of articular chondro-
cytes has been reported to be regulated by opposite
functions of MAPK subtypes, ERK and p38 kinase;
NO-induced activation of ERK has been reported to
show inhibitory effects on apoptosis, whereas activation
of p38 kinase has been reported to induce apoptosis (36).
In addition to MAPK signaling, NO was reported to
cause the inhibition of protein kinase C (PKC)-a and -{
activities (37). Both cilostazol and NSAIDs have been
reported to block NO-induced p38 kinase activation, and
NSAIDs have been reported to potentiate NO-induced
ERK activation and block inhibition of PKC-a and -{
(34, 35). As ITZ-1 suppressed IL-1p-induced ERK
activation without affecting p38 kinase activation, the
mechanisms of ITZ-1 to suppress NO-induced apoptosis
might be different from those of cilostazol and NSAIDs,
although ITZ-1’s effect on the IL-15— and NO-induced
MAPK activation might be different. Furthermore, the
ERK-MAPK pathway inhibitor U0126 showed only a
slight effect on the NO-induced chondrocyte death in
our experiments. These results suggest that the cell death
inhibition by ITZ-1 might not depend on the blockade of
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ERK-MAPK pathway. Further studies are needed

to determine the exact mechanism of action of ITZ-1. To
further elucidate mechanisms of action for ITZ-1, we
plan to identify ITZ-1-binding proteins by drug affinity
chromatography (38).
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