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1.1 and TNF-Induced Bone Resorption
Is Mediated by p38 Mitogen Activated
Protein Kinase

>

SANJAY KUMAR,* BARTHOLOMEW ]. VOTTA, DAVID ]. RIEMAN,
ALISON M. BADGER, MAXINE GOWEN, anp JOHN C. LEE

We have previously shown that p38 mitogen-activated protein kinase {MAPK}
inhibitors, which block the praduciion and action of inflammatory cytokines such
as tumor necrosis factor (TNF) and interleukin-1 (IL-1), are effective in models of
bone and cartilage degradation. To fuither investipate the role of p38 MAPK, we
have studied its activation in osteoblasts and chondracytes, following treatment
with a panel of proinflammatory and osteotropic agents. In osteoblasts, significant
activation of p38 MAPK was observed following treatment with IL-1 and TNF, but
not parathyroid harmone, vansforming growth factor-p (TGF-p}, 1,25(0H),D;,
sulin-likc growth factor-1 {IGF-1), or 1GF-H. Similar results were obtained using
primary bovine chondrocytes and an SV40-immortalized human chondrocyte cell
line, T/C28A4. SB 203580, a selective inhibitor of p38 MAPK, irhibited IL-1 and
TNF-induced p38 MAPK activity and IL-6 production (ICsps 0.3-0.5 pM) in
osteoblasts and chondrocytes. In addition, IL-1 and TNF also activated p38 MAPK
in fetal rat long bones and p38 MAPK inhibitors inhibited 1L-1- and TNF-
stimulated bone resorption in vitro in a dose-dependent manner (ICs05 0.3 -1 pM).
These data support the contention that p38 MAPK plays a central role in reguiating
the production of, and responsiveness to, proinflammatory cytokines in bone and
cartifage. furthermore, the strong correlation batwean inhibition of kinase activity
and IL-1 and TNF-stimulated biological responses indicates that selective
inhibition of the p38 MAPK pathway may have therapeutic utility in joint diseases
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such as rheurnatoid arthritis (RA).
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Mitogen-activated protein kinases (MAPK) are key
intermediate enzymes in the signal transduction cas-
cade from the extracellular environment to the nucleus
(Marshall, 1995). Three groups of MAPKs have been
weatified in wammadian celis (Blenis, 1993; Cobb and
Goldsmith, 1985). These are the extracellular signal
repulated kinases (ERKs), the e~Jun N-terminal kinases
(JNKs) and the p38 MAPKs (Cobb and Goldsmith,
1995). These enzymes are activated by dual phesphor-
vlation on Thr and ‘I'vr in a 'Thr-Xaa-I'vr (where Xaa is
either a Glu in ERK, Gly in p38 or Pro in JNK) motif
{Cobb and Goldamith, 1995). In each group there appear
to be multiple faynily members (Lee et al,, 1939). In
general. the ERKs are activated by growth factors and
hormones whoereas both JNKs and p38 MAPKs are
activated by environmental stress and inflammatory
oylokines 1Cobb and Goldsmith, 1995; Raingeaud et al,,
1995). p38 MAPK was originally identified as the target
ol nv-—.rh wedimidaznle L-nvniv\unrh_ that inhihit the pro-
duction of demmawry cytokines from monocytes (Lee
et al., 1994). Subsequently. pii8 MAPK has been shown
Lo p]a_v a rute in a vartety of ceiiuiar processes (Lee et al.,
1999, 20001}
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In bone, osteoblasts and osteoclasts are the two main
cell types responsible for bone formation and bone
resorption, respectively. In cartilage, chondrocytes are
responsible for the production and maintenance of the
complex matrix presenl n this tissue, Cylokines are
produced in both the bone and cartilage microenviron-
ments, and eytokine regulation is critical for the local
contro! of tissue remodeling (Lorenzo, 1991; van den
Berg, 1999). Inflainmatory diseases such as RA result in
the destiruction of cartilage and erosion of the under-
lying bone. In RA, elevated levels of proinflammatory

cytokines auch as IL-1, TNF,

and IL-§ are present in
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p38 MAPK [N OSTEOBLASTS AND CHONDHROCYTES

synovial fluid of inflamed joints (MacDonald and Gowen,
1992; Kotake et al., 1996; van den Berg, 1999) and likely
mediate the destruction of connective tissue.

Elevated IL-1 expression during the postmenopausal
vears has also been associated with osteoporosis. IL-1
receptor antagonist (IL-1ra) and soluble TNF binding
protein have been shown to be effective in reducing bone
resorption in in vitro models (Kitazawa et al,, 1994,
Manolagas, 1995). In addition, mice engineered Lo lack
the type I IL-1R or IL-6 are protected from ovartectomy-
induced bone loss (Poli et al., 1994; Lorenzoet al., 1998),
These data underscore the important role of IL-1 and
TNF in bone and cartilage metabolism,

IL-6 is produced by both osteoblasts and chondrocytes
and can be induced by the proinflammatory cytokines
[L-1 and TNF (Guerne et al., 1990; Littlewood et al.,
1991; Hierl et al., 1998), In bone, I1-f isthought to he an
autocrine/paracrine factor that plays a role in osteo-
clast-mediated bone resorption primarily by supporting
osteoclastogenesis (Ishimi et al., 19949; Roodman, 1992,
Manolagas, 1998). IL-6 does not appear to have a direct
effect in stimulating bone resorption mediated by
mature osteoclasts (Al-Humidan et al., 1991; Bertolint
et al., 1994). In cartilage, [L-6 along with several other
inflammatory cytokines has been shown to be signift-
cantly uprepulated in ostecarthritic vs. normal tissues
{Moos et al., 1999). Thus, cytokines such as IL-1, TNF,
and [L-6 appear to be involved in the catabolic response
inboth bone and cartilage {Lorenzo, 1991; van den Berg,
1999). Other osteotropic agents, such as parathyroid
hormone (PTH), 1,25 (OH); D, and transforming growth
faclor-p (TGF-P), can bave a dual effect, eheiting both
catabolic and anabolic functions depending upon dose
and duration of treatment. Whereas growtn factors,
such as insulin-like growth factor-1 (IGF-0) and IGF-II
are involved in the anahnlic responzes

While the signaling pathways for some ol these
growth factors have been defined, the role of specific
MAPKsin the signal transduction pathways in bone and
cartilage is only now beginning to be elucidated. In the
oresent report, we have examined the activation of pd8
MAPK in both osteoblasts and chondrocytes by various
arents involved in bone and cartilage turnover. We show
that in both osteobiasts and chondrocytes p3s MAPK is
strongly activated by IL-1 and TNF. Using IL.-6 produc-
tion as a functionai surrogate of pi38 MAPN activity, we
demonstrate that blocking cytokine-stimulated pd8
MAPK activity with spectfic p38 MAPK inhibitars has
functional consequences in both osteoblasts and chon-
drocytes. Finally, employing an in vitro fetal rat long
bone (FRLBY organ culiure inudel of bone resorplion we
demonstrate that IL-land TNE mediate both the rapid

activatiom of pARMAPK and the subaeauent induction of

bone resorption and that treatment with sclective
inhibitors of p38 MAPK effectively prevents Tl and
TNI-medhated bone resorption.
MATERIALS AN METHODS
Cell culture and treatments
Primary human esteoblagts (hOBs nnd bovise chan
drocytes were solaled as deseribned previousiy (Beres-
ford et al. 1984 Badper et al. 19980 The huinan
ostegsarcoma cell iine, MO-64, was obtamed from AV
iManassas, VA), The SV40 tmmortalized huaman chan-
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drocyte cell line, T/C28A4, was obtained from Dr. Mary
Goldring and has been characterized previously (Golde-
ing et al., 1994), These cells were cultured in DMEM
containing 10% fetal calf serum (Life Technologies Inc.,
Gaithersburg, MD). The proinflammmatory cylokines 1L~
1 and TNFea were prepared at SmithKline Beecham
{King of Prussia, PA). The MEK-1 inhibitor, PD098059,
was purchased from New England Biolabs (Beverly,
MA). The p36 MAPK inhibitors SB 203580 (Lee et al,
1994) and SB 242235 (Badger et al., 2000), were
synthesized at SmithKline Beecham, dissolved in
DMS0O and added at the times and concentrations
indicated in the Figure Legends, P’I‘H 1,25(0H 3Dy,
TGF-p and IGFs were obtained from Bachem Inc.
{Torrance, CA), BIOMOL Research Lahoratories Inc.
(Plymouth Meeting, PA), and Life Technologies Inc.
{Gaithershurgh, MD), respectively.

Immunoprecipitations, kinase assays,
and immunoblotting

Cells were subjected to various treatments (50 ng/ml
PTH, 10 nM 1,25 (OHY.D,, 20 ng/m! TGF-f, 50 ng/ml
IGF-T or IGF-I1, 10 ng/ml [L-1P or TNFu), washed twice
in PBS and solubilized on ice in lysis buffer (20 mM Tris-
HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 10%
glycerol, 2 mM EDTA, 25 inM §- glycerophosphate 20
mM NaF, 1 mM sodium orthovanadate, 2 mM sodium
pyrophosphate 1 mM phenylmethylsulfonyl fluoride,
10 pg/m! leupeptin, 5 U/ml aprotinin) and centrifuged
at 15,000g for 20 min at 4°C. Endogenous kinases were
precipitated from equal amounts of cell lysates for4 h at
4 C usmy anti-p3d (Lee et al, 1994) or anti-MAPK-
activated protein kinase-2 (MAPKAP K-2) antibodies
(0500 dilutionsy (Landiy and Huot, 1995 (kindly
supplied by Dr. Jacques Landry) bound to protein-A
agarnse. The heads were washed twice with lysis huffer
and twice with kinase butter (25 mM Hepes pH 7.4, 25
mM MgCl,, 26 mM B-glycerophosphate, 100 uM sodium
orthovanadate, 2 mM D17 The immune-complex
kinase assays were initiated by the addition of 25 pl of
kinase buffer containing 11 ug of myelin basic protein
(MBP) or 2 ug of GST-ATF2 for p38, and 3 g of heat
shock protein 27 {HSP27) for MAPKAP K-2 as substrate
and 50 uM [y-* TP)ATP (20 Cifmmol). After 30 min at
30°C, the reaction was stopped by the addition of SDS
sampie buffer and the phosphorylated products were
resolved by SDS-PAGE and transferred to nitrocellulose
mémbrane and visualized by phosphorimaging (Mole-
cular Dynamics, Sunnyvale, CA). The amount of pi8
present in the nnmunoprecipitates and its extent of
Avi vai o were deieoained by voonobiol sy anli-
p38  antibodies (1:5000) and anti-phosphotyrosine
(PVED, Santa Couz Miotechnology, 08 ppimli, respee:
tively. The immunoblots were developed using horse-
radish peroxidase-comugated secondary antibodies and
ECL (Pharmacia Amersham Buotech, Piscataway, NoJb
Organ cultures of FRLBs were also treated with
hiilntors and oylolines, The bones were haevestaod

and hamogenized in a Dounce homogenizer in the lysis

Blfer describod shove 38 and MAPKAP K2 wer
urmunoeprecipiated from equal amounts of protein
lvsates and assaved gs desenibed  above The pis

mhibitors employed 1n these experiments were found
to he nan-toxic at roncentrations up to 50 pM and the
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cfiects of inhibitors wera completely reversible (Kumar
et al., 1999).

Mcasurement of [1-6 production

MG 63 or T/C28A4 cells were plated at a density of
5% 10% cells/mi of culture media in 48-well plates and
incubated for 24 h. Cultures werc washed once with PBS
and replenished with fresh medium containing various
concentrations of SB 203580 in the presence of either IL-
IR 10 ng) or TNT% (10 ng). Cell-free supernatants werp
collected and analyzed for 11-6 levels by ELISA
(Amersham Pharmacia Biotech).

FRLEB assay

The resorption assay was performed essentially as
described previously (Raisz, 1965; Stern and Raise,
1979; Votta and Bertlolini, 1994). Brielly, tuned-preg-
nant Sprague-Dawley rats (Taconic Farms, German-
town, NY) were injected subcutaneously with 200 uCi of
""CaClz on day 18 of gestation, housed overnight, then
anesthetized with Imnovar-Vet (Pittman-Moore, Mun-
delein, IL} and sacrificed by cervical dislocation. The
fetuses were removed aseptically and the radii and
ulnae were dissected free of surrounding soft tissue and
cartilaginous ends. The bone rudiments {(n=4) were
subsequently cultured for 18-24 h in BGJ, medium
(Sigma, St. Louis, MO} containing 1| mg/m! BSA, then
transferred to fresh medium and cultured for an
additional 48 h in the absence or presence of 1 n%’/ml
IL-1B or 20 ng/ml TNFa and the desired mhlbltor *Ca
released into the medium and the residual **Ca in the
banes (following solubilization in 59 TCA for 1 h at room
temperature) were quantitated by lhiquid bf'mtrllat,lon
spectromelry. Dula are expressed as the percent *Ca
released from treated bones as compared wilh corre-
sponding conlrol bones. Statistical differences were
assessed by a one-way analysis of variance (ANQOVA).
[y values were hased on data from theee or more
independent experiments. All animal experiments were
conducted in accordance with guidelines established by
Smithl{line Beoachan's amimal care and use cominittea.
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RESULTS
Activation of p38 MAPK in human osteoblasts

- T'o analyze the activation profile of p38 MAPK, hOBs
and human osteosarcoma MG-63 cells were treated with
various growth factors and cytokines (Fig. 1). Tvpically,
these agents have been shown to have biological effects
at the doses tested. Similarly, p38 MAPK is usually
activated within a few minutes of stimulation (Rain-
geaud et al., 1995) and therefore, we selected a 15-min
treatment for the initial experiments. The activation of
pd8 MAPK was assayed by an in vitro immune-complex
kinase assay using MBP as a substgate and by anti-
phosphotyrosine immunoblotting simce phosphotyro-
sine content of MAPKSs is generally believed to reflect
their activation status (Cobb and Goldsmith, 1995,
Using primary hOBs only [L-1 (10 ng/ml) and TNF
{16 ng/mb) treatment led to activation of p38 MAPK as
judged by both the kinase assay and the anti-phospho-
tyrosine hlot (Itg. 1A, upper and middle panels, lanes
7 and 8). The anti-p38 immunoblot confirmed that equal
amounts of p38 were analyzed in each sample (bottom
pangl). Approximately 15- and 8-fold activation of p38
MAPK was obtained in response to IL-1 and TNF,
respectively. Other agents such as PTH (50 ng/mi),
1,25(0H). Dy (10 nM), TGF-f (20 ng/ml), IGF-1 or IGF-I1
{50 ng/ml each)did not have any significant effect on p38
activation in primarcy hOBs. The pattern and extent of
p38 MAPK induction was comparable in human osteo-
sarcoma MG 83 cells (Fig, 1B, lane 7 and 8), and ~-12-
and 8-fold activation was obtained with IL-1 and TNF,
ragpactively, However, in MG-63 cells 1,25(011.D.

TGE-pand IGF-I & 1l appeared to stimulate pi8 MAPK
activity to a modest degree (~1.2-1.8 fold) as measured
by MBP phosphorylation (Fig. 1B, upper panel). How-

ever, these effects were not confirmed by anti-phospho-
tyrosine namunoblotting (Fig. 1B, middle panel}. Given
the fact that MBP is a2 generic substrate of several
kinases, ik is poasible that the apparent activation nf pas
by 1.25(0HYD,, TGE-f and IGFs as measured by MBP
phosphorylation reflects non-specific phosphorylation
Ly ancther contaminating kinase(s). As a generai rule,

T e =
r o v 4 4 9~ 4w
= = ' Z
E S 2 9o o s Z
1 1 ! 1 | 1 I
e - e w» = - MBP
- s Anli-pY
e
b e ey ———— — e S —Aﬂ“ pJB

R T Tl T T TN (Vo SO 1 Vo (O B (R T Tor T

o Liig llllll\l o KJU m |f A |'l I
rasll ul' 11 i |\hu phaty rosine 'E.-'\nll pY) and an anteptH ammn
nrdabat | re \|x Lavely Note Che act Liv ation of p38 MAPK by [~ amt INF

ipi i wpe = < dan



p38 MAPK IN OSTEQBLASTS AND CHONDROCYTES

A B

297
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Fig. 2. Activation (_\[’n"ﬂ MAPK in MO-A2 actenzarcoms colls by [T-] EEREISTENN. o MBP 2 a snhslyate, whereas the middie and hatian

and TNF MO-62 colls wers treated with 10 ng/ml of IL-1 o TRF for
indicated times (A and B lunes 2 -5 or for 15 min with indicated doses
of TI-1 or TNF (A and B, lanes 6-9). C indicates untreated control
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calls,

we interpreted data as positive only if both anti-
phophotyrosine immunoblotting and the kinase assay
were L1 ggreemenl.

Kinetics of p38 MAPK activation by I1.-1
and TNF in osteoblasts

Tn further characterize the I1,-1 and TNF-induced p38
MAP kinase activation, we performed a detailed dose
response and time course analysts using MG-63 cells. [L-
1 {10 ng/ml) activated p33 MAPK within & min (Fg. 24,
uppel panel lane 2). The mdximal activation of 11-fold

..... -1 (lane 3), which
dedmed Lo about 3-fold wnthm 60 min {lane 5). An
optimum doese of 10 ng/ml of [L-1 was required to
achieve an 11-told activation of p38 MAPK within 15
min (Iane 8). An anti- phoc'»photyroqme blot (middle
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assay and an anti-p38 immunoblot (bottom panel)

B
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nols show the results of an anti-nhasphotyrosing (Anti-o¥) and an

anli-p38 immuneblat, respectively. Maximal activation of p38 MAPK
was obtained at 5-15 min and at ~10-20 ng/mi of both IL-1L and TNF.

confirmed that equal amounts of p38 were loaded in
each lane. Similarly, TNF had a comparable activation
profile in MG-63 cells where treatment with 10 ng/ind of
TNF for 15 min resulted in a 4—6-fold activation of p38
MAPK (Fig 213, lanes 3 and 9). Higher anti-pY eigmalin
Figure 2B, lane ! (middle panel) is perhaps due to a
areater amount of p3R lnaded in this lane (see lane 1,
bottom panel).

Activation of p2R MAP kinase in chondrocytes

Primary bovine chondrocytes and the human chon-
dracyte cell line T/C28A4 were treated with various
agents for 15 min as in Figure 1 the activity of p38 MAP
kinase analyzed by the kinase assay and anti-phospho-
tyrosine blot. Similar to data obtained with primary
hOBs, only 1L-1 (Fig. 34, lane 7 5-fold)and TNF (lane 8,
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Time (min} Dase (ng/mi})
r 1 R
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np i, Activaiion of p3s MATK in T/C28A4 human cnonurcq-uccm

By 1L-i and TRE. T/ C28A4 ceiis were treated wich 10 ng/mi of Ti-1 or
THNT for indicawd times (A and I3, ianes 2-3} or for 15 min with
indicated doses of IL-1 or TNF (A and B, lanes 6-9). C indicates
untreated control cells. The top panel shows the resull of a p3f

(20 ng/m), IGF-Tor IGF-II {60 ng/ il each) did not have
any apparent effect on the activation of p38 MAP kinase.
IL-1 and TNF activated p38 MAPK in T/C28A4 cellstoa
similar extent. (Fig. 3B, lznes 7 and 8). However,
analogous to the data obtained with the osteoblastic cell
hine MG-63, a modest increase in phosphorylation of
MBP (but not with respect to anti-phosphotyrosine
tmnunshlotting) was cbse in T/C28A4 cells in
response to 'I‘GFB and IGF-1 Fig. 3B, lane 4-6). In
contrast, hoth IGF-Tand IGF-1T strongly activated ERK
MAPK (data not shown).

Winetics of n38 MAPK activation hy -}
and 'FNF in chondrocytes

spvsiect
fades

pnmary bow ne chondrocytes and Lhe T/C28Ad human
chondrocyte cell line, we further characterized the
activation of p38 MAPK by IL-l and TNF by performing
a detailed dose response and time course study of p38
RIAPK activation in the human chondrogyte T/02844
cells. Asshownin Figure 4A, ~3-5-lold activation of p38
MAPI woas achieved within 5- 15 min ef treatment with
10 nz/mloflll-1(lanes 2,3, and 8). Similarly, 10 ng/mlof
TNF also activaled p38 MAPK within 5— 15 min {(~5-6-
loid) (Fig. 4B, lanes 2, 3, and 8). As hittle as 0.1 ng/ml of
Il.-1 or TNF was sufficient to activate the p38 MAP
kinase and optimal activation was seen at 10 ng/ml ol
either IL-1 or TNF. In all cases the kinase activity ol p38
correlatod with the phosphaorylation of tyrosine in p38
MADPYK aq adeed he the antiphasphatyrosine  hlot

(mlddlo_ pancla)

Inhibition of p38 MAP kinasc activity by a
selective p38 MAPK inhibitor

)

W Dior 1o geterimine i il /‘;U\I.N’;\-j Al inihitiis p:i{i
[v'l.f\_l"r( activity in bone and cartiiage cells, M(:63 and T/
ZS\AI rPIIs were twatcd wmh (IIHGI‘LH!. amounts of S8
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VIAI’K and MAPKAP K2. The ('[Tl crol 583 203580 0n pis

el maacured by uwvgvinge the aclivity of

MAPKAP K2 using [ISP27 as a \ubstrate MAPKAP
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immune-compiex kinasc assay using dIBIT a5 a subsiraie, whereas the
middie and bottom pancis show the resuiis of an anti-phosphouyT-
osine {Anti-pY) and an anti-pls immuneblatl, respectively. Aaximai
activation of p38 MAPK was obtained at 5-15 min and at ~10-20 ng/
ml of both IL-1 and TNF.

- Anli-p38

o

K2 is an in vivoe substrate of p38 and is widely used to
demonstrate the inhibition of p38 in cells (Cuenda et al.,
1995; Kumar et al., 1999). As shown tn Fizure 5, in hoth
MG63 (upper panel) and T/C28A4 cells (lower panel),
TNF-activated MAPKAP K2 activity (lane 2) was
inhibited by 5B 203580 tn a dose-dependent manner
(ICs5p0f ~0.3—0.5 nM, lanes 2 7). This is the same dose-

TR Ty O tnvebir dien e
e}y g

el v
LU UCals RN

vy
range as reported provicusiy {

primary bevine chondrocytes (Badger el al., 1998).
Similar results were obtained when Tl.-1 was used as a
stimulating agent (data not shown).

Inhibition of IT-1- and TNF.inducod [L-8
production by p38 MAPK inhibitor

Oetaghlasgts and /‘Hn'w]rot‘vfac: are known to preduce

low levels of TL-6 that can be further induced in response
to IL-1 and TNF (Guerne et al., 1990; Roodman, 1992).
In human monocytes {L.-1-induced [L-6 production has
been demonbtmt,ed to be medmted by p3s MAPK
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Inhibition of IL-1- and TNF-induced IL-6 production. MG-63 osteosarcoma {A) and T/C28A4

chondrocyte cells (B) were pretreated with SB 203580 and then stimulated with IL-1 (@) or TNFx (4).
‘The level of IL-6 in cell culture supernatant was measured by £L154 and the data expressed as percent
inhibition of TL-6 produced in the absence of inhibitor. Each treatment was performed in triplicate.

[L-6 production as a functional readout for p38 MAPK
activation in osteoblasts and chondrocyies. Ostescsar-
coma MG-63 and chondrocyte T/C28A4 cells were
stimulated with IL-1 and TNF and the preduction of
IL-6 in cell culture supernatants was measured by
ELISA. Approximately 3-5 ng/ml of IL-6 is preduced in
unstimulated cells which is induced t 51—-110 ng/mi of
IL-6 for M(G-63 and 73150 nglml of IL-6 for T/C28A4
sellain response to TNF (10 ng/mb and IL-1 (10 ng/mD),

respectively. Thus, IL-1 and TNF caused a 20-30-fold
increasein IL-6 pmductinn after 24 h in both nsteohlasts
and chondrocytes. We next determined whether the p38
MAP kinase inhibitor, SB 203580, would inhibit the IL-
i- and TNT-induced production of 1i-6, MG83 and T/
C28A4 cells were treated with SB 203580 and then
stimulated with IL-1 or TNE, A dose-dependent inhihi-
tion (1C59 ~0.1-0,3 uM) of IL-1- and TNF-induced 1L-6
production was observed with SB 203580 treatment in
botn MG63 (Fig. 6A) and T/CZ8A4 cells (Fig. 6B).

Snm!ar results were obtained with primary hOBs (data

nol ghawn), /

Inhibition of hone resorption by a
p36 MAPH inlubitur

IL-1 and TNF mediate a catabolic effect in bone and
cartibapes and bave been siiown o be inveived in booe
resorption (Kotake et al., 1996; van den Berg, 1999). We
'\ ayi st ;'\f\:hﬁrl l’lwa II'\ Pl-n !’T 1 unrl 'T'R”" o\rfha‘ fln r\nrr'1
p38 MAPK. Therefore, selective inhibition of the p38
MAPK pathway should inhibit [L-1 and TNF-induced
bone resorption. In order to test this hypothesis we
assessed the effect ofselectwe p38 MAPK inhibitors (SB
Pty JJklU uu A‘iéduD} il AL: L ‘:.u.l[i\Ula\.\_u Lh}i"nc. l.'t:bvrpubri
in the FRLD assay (Fig. 7). IL-l-stimmulated hone
rognrnting s megenred by the rolease of 500 inta the
culture medium, was inhibited by both SB 203580
(IC.a  ~0.8uM)and SB 242235 (1C.s -~ ~0.5 pM). This
INNIMLION was consistent with the inhiibition of p3s
MAPK activity and [L-l-induced {L-6 production.

Similar data was obtained when TNF was used to
stimulate bone resorption (data not shown), In contrast
the ERK selective inhibitor (PD 098059) was ~100-fold
less effective (Fig. 7). Inhibition at higher concentra-
tions of the MEK inhibitor may reflect toxicity.
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Fig 7. Inhitution of fetal rat bone resorption. *“Ca-labeled fetal bone
rudiments were cultured for 48 h in the presence of [L-1f and the
indiented sonepatintlan alaither SROMZG8N (A SR 240035 {4 ar
tu: MEK-I wlulitor, PDSB05H (@) wnd the resorplion assay was
p- rl'nrlmxl as duscribied an MdLerml-‘ aod Methods The data s

pvit et po) pee P an the ghesps s of i
E nch dam pmnl. represents lhr mean + S, af four bonm These data
are representative of Uree independent experiments
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Iniubition of p38 MAPK aclivity in FRRLBs
In order to relate the SB 203580- and SB 242235-
mediated inhibition of resorption in FRLD culturesto iis
elfect on p38 MAPK activity, we measured p3§ MAPK
activity divectly in [L-1 and TNF.-stimulated FRLBs in
both the absence and presence of inhibitors. Figure BA
demonstrates that the kinetics of p38 activation induced
by either IL-1 (10 ng/ml) or TNF (10 ng/mi) is
comparable to the kinetics of activation obtained with
primary oaicoblasts, chondroeytces and related eell Hines
as described above. A 4—6-fold stimulation of p38
activity was nhserved within 15 min for TNF and IL-1,
respectively, which diminished over time. The p38
MAPK selective inhibitors, SB 203580 and SB 242235,
inhibited IL-1-induced p38 MAPK activity as evidenced
by the concentration-dependent inhibition of MAPKAP
K2.mediated phosphorylation of HSP27 (Fig. §B). The
1Cs0 for SB 203580 and SB 242235 was calculated to be
0.5 and 0.3 pM, respectively and complete inhibition was
obtained at 10 and 1 uM of SB 203580 and SB 242235,
respectively. As expected, treatment with the MEK-1
inhibitor FD 098059 was inefieciive and only marginal
(less than 30%) inhibition was observed at the highest
concentration of 20 M. Identical results were obtained
when TNF was used as a stimulus (data not shown),

DISCUSSION

IL-1 and TNF are two pleiotropic pro-inflammatory
cytokines shown to exhibit potent bone resorbing and
cartilage destructive properties (MacDonald and
Gowen, 1992; Kiunble et ai., 19%94; Kituzawa el .,

KUMAR ET AL.

i9394; nianolagas, 1895; Ammann et ai., 1997; van den
Berg, 1999). Therapies designed to either reduce the

~availability or inhibit the activity of TNF and [[..1 by
‘administration of soluble TNF receptors and IL-1ra,

respectively, are being used in the clinic for RA under-
scoring the importance of these cytokines. It is therefore
nnportant to study the signaling pathways initiated by
the proinflammatory cyiokines in theac highly specia-
lized tissues.

Pyridinvlimidazele compounds were originally iden-
tified as agents that inhibited the production of
inflammatory cytokines such as IL;1 and TNF (Lee
et al., 1993). These elfects were bubscquentiy shown to
be due to selective inhibition of p38 MAPK (Lee et al.,
1994). Furthermore, these inhibitors have besn shown
to block the production of other cytokines such as IL-6
and IT-8, in a wide range of cell types (Iee et al., 1999,
2000). One such inhibitor SB 203580, has been shown to
be effective in several in vivo models where 1L.-1 and
TNF have been implicated, including arthritis, bone
resorption, endotoxie shock, and immune function
(Badger et al., 1996). Recently, anothar highly selective
p38 MAPK inhibitor SB242235 was shown to have
disease-modifying properties in a rat model of adjuvant-
induced arthritis. This inhibitor exerted anti-inftam-
matory activity and resulted in the prevention of
cartilage loss and bone erosion in the diseased joints
(Badger et al., 2000). To further explore the role of p38
MAPK in cartilage and bone, we examined the effect of
various agents known to influence osteoblast and
chondrocyt,e function on p38 MAPK acti\n'tv SB

IL-1 TNF
[ 1
C 025 05 1 6 24 02505 1 6 24 —Hours
— GST-ATF2
;
B L1
| sB203580  SB 242235 PD 008059 l
L — \
i
0 000101 1 100001 1 1001 1 10 20 — Inhibitor (M}
e HSP27
1 2 3 4 5 6 7 8 9 10 1y 12 13 14
Tit 0 30 AL aLUvILs 1l F VLG Y F il DU UG s WeT e PG LUUTHICTILS WUC IS WD Wil ¥l s s e s o
BT U BT VTS Liddica s Hod el v o o peicadtee ol v ;‘, e AIEICTO L DL s G el or Toy PHUIT st Lideta R RSy u nl.
LLUTR T, AL & B OF 4 TYE T 8 LU R, e ¢ Qg pao WLAF D W LU s aor Lo mrn LA DA P WS ULy L AL )
immunoprecipatialed from cqual amannts of bome homogenales and an - equal amounts of bone homogenales and an rmimane comples kanase
mminufne complex kinase sty wits perlarmd smg GST-ATF2 as o asmav wos performed nsiog HSP2Y aygoa subsirate
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p38 MAPK IN OSTEOBLASTS AND CHONDROCYTES

and S 242233, a highly selective pd8 inhibitor were
then used to demonstrate that inhibition of p38 MAPK
artivation correlated with functional activity.

The major findings of this study are: (1) among the
various osteotropic and proinflammatory agents tested,
IL-1 and TNF activate p38 MAP kinase to the greatest
extent, (i1) this oceurs in primary osteoblasts, chondro-
cyes, velated ceil lines, and in FRLDs, (iil) zelective
inhibitors of p38 MAPK activity inhibit downstream
functional consequences fe.g. IL-6 production) of cvto-
kine stimulation tn both cell types, (iv) SB 203580 and
SB 242235 inhibit both 11-1- and TNF-stimulated p38
MAPK activity and bone resorption in FRLB cultures,
and (v} the concentration of inhibitor needed to inhibit
the p38 MAPK activity corvelates closely with the
concentration required to inhibit [L-1- and TNF-
induced functional responses.

To our knowledge, thisis the first detailed report of an
analysis of p38 MAPK activation in primary osteoblasts
and chondrocytes and in FRLES in response to varicus
asteotropic agents. Chaudhary and Avioli, (1997) have
previously reported the activation of ERKs in response
to growth factors such as IGF, FGF and PDGF, An
analysis of MAPK activation in chondrocytes has been
reported by Geng et al., 1996. Similar to our data, they
reported that only TNF and [L-1 treatment led to the
activation of all three MADPKs, p38, JNIL, and ERE,
whereas IGF-I, PDGF, and [L-6 activated only ERK
{Gengetal., 1996). PTH has been shown to both activate
and inhibit ERK depending upon cell type, dose, and
time of treatment (Verheijen and Defize, 1995; Verbei-
jen and Delize, 1997). However, these studies did not
relate the ’lCLlVdLlOn of MM’Ks to any functional

ther oaleohlants

snoelivel SUDLEBLE G '\.h “r]”-‘n‘dc‘b

IS 3 ooyle

pss H ..u‘\,\.,lA_ LT
We have l'urt.her dissected the molecular basisof IL-1-
and TNF-indueced hone and cartilage destruction often
associated with ymmune-mediated inflammatory dis-
cases, such as RA. Of the agents tested, those known to
have anaboic activty, inciuding PUVH (50 ng/ind, 16T
(60 ng/mb), TGEF-f} (20 ng/mb), or 1,25(0H),2D; (10 nM)
did pat ,,r.’wr'"\ activotn "Ir’q MAPIC in oither n"‘lTI‘EU."y
osl,eobldslq:)rbhondrocyu*% However, both PTH (50 ng/
ml) and 1.25(0H),D (10 nM) have been shown to
stimulate bone resorption in the FRLB cultures. This
resoqmon was mluhlmd by SB 203580 with an [ng
\-UIllPtl\ﬂUlL LU Ilﬁ IIIIII\JIDIUII\IE IL! l (llI(JTI‘I -ﬂhllllli\ﬂl‘eu
resorption (Badger et al., 1996). PT'H- and 1,25(0H),D; -
mediated bane rocarntion e thongeht to be mediated via
its effect on osteoblasts. It is likely that in the organ
culture system emplayed, secondary mediators includ-
Nk cytokines are prowioeessd in oresponse o PTH oc
l.a"i OHJ,l), Lroatm( nt Indeed bperﬁc neutralizing

it betly, PTIL

Al : SN A SRR L and

I z})(OH),D L.anulau.(l bnnc rpsorptmn even though
neither PTIH por 1 2500010.D. directly activates pl8
MAPK (BJV, unpublished communications).

Because of the complex and heterogencous nature of

Lite Lissuie e HlplnyU 1 Lie i I‘I l) [PIEE< RN LI.HLU.FL‘J Wlll(,”
cantain varous cell typ( 51N dddmon to osteoblasts and
itonelnets ot s nat nneshle e ronelode thnt inhihition

af pos Kinase aclivaiongae LlVl[y tnoany parurumr celiis
responsible for the observed nhibition of resorption,
Wiitle it s bikety that an thas madel =L and/or TNEF are
directly acting on both asteohlasts and osteoclasts at s
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possible that other cell types may also beinvelved in this
process. In any event, it is clear that 1L-1 and, therefore,
038 MAPK signaling are most likely involved in
mediating the observed resorptive response irrespective
of the cell type(s) involved.

It has been well documented in other systems that p38
MAPK signalingis involved in mediating the production
of multiple cytokines in response to o variety of stimuli.
In this study we have measured IL-6 production as a
convenient functional surrogate for p38 MAPK activa-
tion, We further demonstrated that specific inhibitors of
p38 MAPK are effective in inhibiting IL.-1-and TNF-
induced IL-6 production by osteoblas}s and chondro-
cytes at doses consistent with inhibition of p38 MAPK
activity. Howewver, it has heen roported that [L-6 does
not activate the p38 MAPK pathway directly implying
that the cataholic effect. of 11-6 may he mediated via an
independent mechanism (Geng et al., 1996), While it is
unlikely that [L.-6 is mediating the catabolic effects of I L-
1 or TNF in the resorption model employed in these
studies, a role for [L-6 in bone resorption has been
described. For example, Kurthara et al., {1990) have
reported that in long term human marrow cultures IL-6
stimulates osteoclastogenesis by inducing [L-1 release.
In a recent report, bI'GF was shown to induce 1L-6
production in the osteoblastic MC3T3-E1 cell line via a
p38 MADPK-dependent pathway as S8 203580 irhibited
this process (Kozawa et al,, 1999). In addition, co-
administration of [L-6 along with ite soluble receptor
has been shown to induce collagenase 3 expression in
primary osteoblasts isolated from [letal rat calvariae
{Franchimont et al., 1997)

Recently, receptor activator of NI'-kB licand (RANK-
L) has heen shown to he an tmportant ostecclastopenic
and vsteoclast-inducing factor secreted by osteoblasts
and stromal cells (Kong et al 2000 It is posstble that
[L.-]1 and TNF induce the production of RANK-I. by
osteoblasts which in turn stimulate bone resorption by
inducing osteociasts, indeed, the indaction of RANK-L
by TNF and IL-1 have been rccent!y publishod while this
manuscript was under roview (Nakashimaef al | 2000
A.ltornahvcly, RANK-[. ltqe!F may activate p38 ‘MAPK
activity in osteoclasts. In preliminary experiments, we
have observed weak but measurable activation of p38
MAPK by RANK-L in osl.cmh:ats (QK unpubhshed

., afe B Fately
communication). u.x_gpnu_-, tha effect of 3B 283580 on

RANIK-L-mediated osteoclastogenesis has been pub-

lished while this manuseriot was under review (Matsu-
moto et al,, 2000). Similarly, TNF and IL-1 have becn
shown to directly activate both mature osteoclasts and
Lheir progeatlors (Fox ¢t al, 2000, Kobayashi el al |
2000) a nd therelore a posslhl( eltect of TNF and 1L-1 on
sbann it Thus, 1.1
and TNF may stwaLn p 48 MAPK m)d induce bone
resorption via osteohlast er stromal cell production of
RANK-L (or other factors) or directly wvia activation of
p38 MAPK in osteoclasts.

Yee Tlave cicarly demoosuacet st iniviniwn of pss
MAFPK activity cllectively prevemts LL-I and TNF-
indueed hane resarption S0 PWIREEN kil 'w prelest and
sedective inhibitor of pit MAFK activity, has recently
been shown to mhibit JNK2AL and o-Rafl at high doses
(Detaszipet at., 1998; Leeetal | 1999)  Therelore, we also
used SB 242235 which is i logrhly selective mhibitor of
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p38 MAPK without any effect on several other kinases
including JNK2(31 and ¢-Raf (Badger et al., 2000). The
rezults obtained with SB 242235 for both inhibition of
p38 MAPK activity and bone resorption in the FRLB
assay were comparable to those obtained with SB
203580. This strongly suggests that it is the selective
inhibition of p38 MAPK activity thal results in the
inhibition of bone resorption.

These data strongly implicate p38 MAPK as a down-
stream signal transduction molecule invelved in IL-1
and TNF signaling in both osteoblasts and chondro-
cytes, p38 MAPK inhibitors appear to act at two levels,
They not only ihibit the signaling and production of IL-
1 and TNF by blocking p38 MAPK activity, but also bleck
the local preduction of additional inflammatory cyto-
kines that can further contribute to the destruction of
hone and cartilage. Therefore, p38 MAPK inhihitors
may have therapeutic potential in inflammatory dis-
eases, such as RA where IL-1, TNF, and IL-6 play major

roles,
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