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of osteocalcin or osteopontin was hardly detectable in the cells (Fig-
ure 2, C and D), indicating that hypertrophic and osteogenic dif-
fereariation were somehow blocked in these cultures. In contrast,
neither type Il collagen nor aggrecan gene expression was observed
in ALKS** virus-infected cells (Figure 2. A-C). Tvpe Il collagen and
aggrecan expression induced by ALK3% rransduction was com-
‘pletely suppressed by coexpression with Smad6 or by SB203580
{(Figure 2, Band ().

ALK gene transduction increases Alcian bluc-positive matrix and type I
collagen deposttion in pellet cultures of SEs. For histological analysis, cells
were subjected to pellet culture 24 hours after the viral infection.
After 3 weeks of peller culrure, cells were fixed and examined by
Alcian biue staining (Figure 3, A, DD, G. and 1) and Alizarin red stain-
ing and eype II collagen immunostaiming (Figure 3, B.E, G, and J)
and rype X collagen immunostaining (Figure 3, C and F). ALK3%4
virus-infecred cultures showed cartilageous matrix production that
was strongly positive for Alcian blue staining (Figure 3D), while no
positive staining was cbserved in LacZ virus-infected cultures (Fig-
ure 3A) or ALKS%* virus-infected cultures (Figure 3G), and only
weak staining was observed in ALK6%A virus-infecred cultures (Fig-
ure 3H). No Aljzarin red staining was observed in ALK3%%-infecred
cultures {(not shown), indicating thar mineralization associated
with osteogenic differentiation was not induced. ALK3%*
virus-infected SFs showed an oval shape, morphologicaily remi-
niscenc of chondrocyres (Figure 3D). Immunostaining with
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Figure 2

Effects of ALK3™, ALK5%, and ALK&% expression on chondrocyte-spe-
cific gene expression in SFs. (A-E} Gane expression in SFs, as doter-
mined by Northarn blot analysis {A) and real-time PCR analysis (B-E).
Subconfiusnt monclayer SF cultures were infected with adenovirus vec-
tors and they were then subjected to peliet cuiturs 24 hours after viral
infection; mRNA extracted trom the pellets after 7 days of culture was
then analyzed. Expression of type 1l collagen {Col Il) and aggrecan was
clearly induced in ALK3®™-expressing cuftures, as shown by Northern blot
analysis (A) and real-time PCR analysis (B and C}; this was suppressed
by Smacd6 coexpression and SB203580 (B and C}. Expression of type |l
collagen and aggrecan was also obsarved in ALKB%*-expressing cul-
wres, atbeit less efficiently, as shown in B and C by real-time PCR. Nasi-
ther the osteocalcin nor the osteopontin gene was induced by ALK35A
virus infaction {D and E). PC., positive control, which represents the
Norihern bletting using mRNA of primary chondrocytes. N.S., not signif-
icant; “P < 0.001; **P < 0.005 (significantly diflerent).

anti-type Il collagen showed posirive stamning in ALK3CA
virus-infected peliet cultures (Figure 3E) and weak staining in
ALK6Y virus-infecred culrures (Figure 3H), whiie we failed to
detect type X collagen in ALKI® virus-infecred culrures (Figure
3F), which suggests an absence of terminal differentiation vo hyper-
trophic chondrocyres. No positive type Il collagen immunostaining
was detected in LacZ virus-infected cuirures (Figure 3B) or ALKS®*
vitus-infecred culrures (Figure 3H).

ALK3“-transduced SFs after pellet culture form cartilage matrix in vivo.
To study chondrogenic differenriation of SFs in vivo, we subcuta-
neously transplanted the pellets into nude mice. Mice were"sacri-
ficed 3 weeks after the rransplantarion and the pellets were recov-
ered and subjected to histological analysis. The transplanted SF
peliets expressing ALK3%A were positively stained for toluidine blue
(Figure 4C}, whick detecrs proteoglycan components, as does Alcian
blue staining. Type Il collagen immunostaining was also positive
{Figure 4D), indicating the carrilaginous differentiation of the cul-
tures in vivo, while Alizarin red staining was almost underectable
{dara noe shown). ALK6% expression also induced chondrogenesis,
albeit much less prominently (not shown), while neither LacZ (Fig-
ure 4, A and B} or ALK53%* (nor shown} expression could induce
chondrogenic phenotypes in the cultures. The histological obser-
vation was further confirmed by real-time PCR; expression of type
I collagen and aggrecan was significantly higher in ALK3%A-trans-
duced pellers (Figure 4, E and F). These results suggest char ALK3%A
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overexpression was able to target carrilage formartion without sub-
sequent bone formation in vivo.

Segregation of ALK signaling patheays. ALK signaling is known to be
mediaced by both the Smad pathways and MAP kinase pathways,
especially the p38 pathways (31-33). We therefore artemptred to
distinguish rhe roles of the Smad parhways and p38 path-
ways from each other usinga specific p38 inhibitor or ade-
novirus vectors. Smad§ coexpression or treatment of the
cultyres with the p38 inhibitor SB203580 completely
abrogared the chondrogenic gene expression induced by
ALK3%A (Figure 2. B and C). These resules indicate thar
both the Smad pathways and the p38 MAP kinase path-
ways are required for the differentiation. Although Smadl
expression alone (MOI = 20} or a small arnount of ALK®A
virus (MOI = 2} failed to induce rype If collagen expression
int SFs, both had synergistic effects, and robust upregula-
rion of rype 11 collagen gene was observed by coinfecrion:
of Smad1 virus (MOI = 20} and ALK3%4 virus (MOI = 2)
(Figure 5A}. Inreresringly, acrivation of p38 pathways
alone by MKKG“ expression in SFs induced rapid induc-

ALK3S

Figure 4

ALK3%fransduced SFs form cartilage matrix in vivo. (A-D)
Three weaeks after transplantation into nude mice, pellets wera
racovered and stained with toluidine blue (A and C) and
immunaostained with anti-type il collagen (B and D). Type Il col-
lagen immunchistochemistry was shown in the enlarged fea-
tures of the rectangular area in the toluidine blue staining. Dis-
tinct positive staining was cbserved in ALK3%-expressing
cultures {B and D) in contrast to LacZ virus~infectad cultures
(A and C). Scale bars: 100 um. (E and F) Real-time PCR anal-
ysis of type  collagen and aggrecan. Their expression was sig-
nificantly higher in ALK3®-expressing pellets than in LacZ-
expressing pellets. *P < 0.001 (significantly ditferent).
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Figure 3

ALK3%™ gena transduction increases Alcian biue—positive matrix and type
ft collagen deposition in pellet cultures of SFs. (A—J) Adenovirus—infect-
ed SF pslets were fixed with 3.7% tormaldshyds ahter 3 weeks of cuiture
and then were subjected 1o Alcian blue staining (A, B. G, and 1) or
immunestaining with anti-type 1l collagen (B. E, H, and J) or anti-type X
coliagen {Col X} {C and F). Distinct Alcian blue (D) and type Il collagen (E)
staining was observed in ALK3™-expressing culiures. ALK6%-expressing
cultures showed weaker staining (1 and J), and no positive staining was
observed in ALKS™ virus-infected (G and H) or LacZ virus—-infected (A
and B) cultures. No type X collagen immunostaining was observed in cuk-
turas expressing LacZ or ALK3™ (C and F). Scale bar; 100 um.

tion of Sox$ and type Il coilagen, which declined rapidiy, however,
and type X coilagen expression was subsequently increased (Figure
5B). Coexpression of Smadl together with MKKG“A not only
reduced eype X collagen expression burt alse maintained type il col-
lagen expression in the cells {Figure 3B8). Pellet cultures infected
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with MKKGC* virus were positively stained by type X collagen
immunostaining as well as Alizarin red staining, which was sup-
pressed by Smad 1 virus coinfection (Figure 6).

Twpe X collagen expression and p38 activation in synovisl cells in
osteoarthritic joints. To examine the role of p38 acrivation in the
development of degenerative changes in the articular cartilage, we
next analyzed synovial tissues in the mouse model of ostecarthri-
tis. After ACL and MM resection, the animals developed degener-
ative joint changes mimicking osrecarthritis. Osteochondrophyres
were formed ac the posterior edge of the femoral condyle and they
were positively stained by anti-cype X collagen as well as toluidine
blue (rectangular areas in Figure 7, A and C) 4 weeks after the oper-
ation (corresponding ro the srage of moderare osteoarchriris).
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Figure &

Segregation of downstream signaling pathways of ALK3. (A) Syner-
gistic elftect of Smad? expression on the chondrogenic effects of the
ALK3CA virus. Expression of Smadi {MOI = 20) togather with ALK3%
virus (MO = 2) strongly induced expression of type Il collagen in SFs.
White bars indicate typs 1l coltagen expressicn on day 1 of cultures,
and black bars indicate that on day 3. **F < 0.005 (significantly differ-
ent). (B} MKK&-p38 pathways promote terminal chondrocytic differen-
tiation ot SFs. Mandatory activation of p38 pathways by expressicn of
MKKBC* using adenovirus vectors rapidly activated expression of the
Soxd and type |l collagen genes, which rapidly daclined, while expras-
sion of a terminal chondrocytic ditterentiation marker, type X collagen,
was gradually increased. Adenovirus vector—mediated overexpression
of Smad1 togsthar with MKK&®A suppressed type X collagen expres-
sion and maintained type Il collagen expression in SFs. *P < 0.001:
P < 0.003 (significantly different).

Clusters of migrating svnovial cells were observed adjacent to the
osteackondrophytes (Figure 78, arrowheads), where future osteo-
chondrophytes will develop, and they were weakly stained by tolu-
idine blue and anti-type X collagen ar the marginal area between
synovium and osteophytes (rectangular areas in Figure 7, Band D).
This region was also positively stained by anti-phospho-p38 (Fig-
ure 7F). No positive staining was observed in the normal synovi-
um, however (dara not shown).

Discussion

The signaling evenrs leading to chondrogenesis still rernain elusive,
although there is accumulating evidence that TGF-§ superfamily
cytokines may play an important role (19-22). The receprors of
TGF-B family members are composed of two different types of ser-
ine/threenine kinase receptors, known as type [and type T1 (31, 34,
35). Type Il receprors ate constitutively active kinases and phos-
phorylate type I receptors, also called ALKs. Type I receptors in turn
mediare specific intracellular signaling pathways and therefore
determine the specificity of the downstream signaling. So far, seven
tvpe I receptors have been identified, ALKs 1-7. ALK3 (BMPR-IA)
and ALK6 (BMPR-IB) are structurally similar to each other and
function as BMP receprors, while ALKS and ALK4 work as tvpe I
TGE-f} receptors. Using the adenovirus vector systent, Fujii et al.
reported thar ALKICS, ALK2CA, ATK3A, and ALK6%* induced
osteoblastic differentiation of C2C12 myoblasts and that ALK3%A
or ALK6%A introduction induced chondrocytic differentiation of
ATDC teratocarcinoma cells (27).

In the present study, we focused on the regulation of chondro-
genic differentiation of primary SFs obtained from rheumatoid
arthritis patients. SFs have chondrogenic potential {15, 16) and
can migrate into articular carrilage defects, where they deposita
scar-like tissue as Hunziker et al. pointed out (14), suggesting that
SFs have anabolic effects on joint homeostasisand are involved in
the restoration process of articular cartilage. We dernonstrared
that adenovirus vector-mediated ALK3A gene expression induced
robust induction of chondrocyre-specific gene expression in SFs
ir: a ligand-independent manner. Clear induction of Sox9, a key
transcription factor regulating chondrogenesis (36, 37), followed
by type Il collagen and aggrecan expression, was observed in the
ALK3%.expressing cultures, while type X collagen was only weak-
ly induced in the cultures and no osteocalcin expression could be
found (Figures 2 and 5). Induction of these chondrocyre-specific
genes through ALK3I®A expression was not observed in skin fibro-
blasts, suggesting the cell specificity of the events (dara not

Number 5  March 2004 T23

—-302—



resaarch arlicie

Alcian blue

Alizarin red

Col X

MEKKgA

Virus

shown). The chondrogenic effect of ALK3CA virus was further con-
firmed histologically by pellet cultures performed in vitro and in
vivo (Figures 3 and 4). Induction of neither the osczoblast mark-
ers osteopontin and osteocalcin nor the rerminal chondrocyte dif-
ferentiation markers type X collagen and mineralization was
observed in ALK3%A-expressing cells {Figures 2, 3, §, and 6). These
results suggest that ALK3 signaling, that is, BMP signaling, has
both stimulatory and regulatory roles in chondrogenesis: to
induce the chondrogenic differentiation of SFs and at the same
time to block their osteoblastic or hypertrophie differentiarion.
Despite the structural similarity between ALK3 and ALKS, the
ALK6CA virus was much less efficient in chondrogenesis, the rea-
son for which remains to be clarified. Although many studies have
demonstrated a prochondrogenic effect for TGF-B (15, 16, 20-22),
we failed to find an anabolic effect for ALKSA which is expected
to mimic TGF-B signaling, on the chondrogenic differentiation of
SFs. We cannot fully explain the discrepancy between our results
and those of previous srudies, bur Robbins and coworkers recent-
ly reporred that adenovirus vecror-mediated TGF- gene trans-
duction into arthritic joints in fact exacerbated cartilage degra-
dation {38), raising the possibiliry thar sustaired activation of
TGF-P signaling, via ALKS, has instead a negative effect on chon-
drogenesis, Further study will be required to elucidate the differ-
ence berween TGE-§ and BMP signaling.

The signaling of TGF-B/BMPs is transduced by Smad family
members (31, 34, 35). Receptor-regulated Smads (R-Smads) are
direct substrates of type I receptors and are phosphorylated at
the C-terminal SSV/MS motif. R-Smads then form heteromeric
complexes with common-mediator Smads and translocate into
the nuclei, where they regulate transcription of target genes. In
addition to Smad pacthways, there is evidence that MAP kinase
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Figure 6

Induction of Alizarin red staining and type X collagen in MKK6-transduced
SFs in pelfet cultures. (A-F) SFs infected with MKKES virus alone (A, C,
and E} or tagether with Smad1 virus (B, D, and F) were subjected 1o pel-
let cutture. Cultures were fixed with 3.7% tormaldehyde 3 weeks later, and
then stained with Alcian blue (A and B}, Alizarin red {C and D) or anti-type
X gollagen (E and F). Note the increased Alcian blue staining and the
reduced Alizarin red aclivity and type X collagen immunoactivity with
Smad1 coexpression. Scale bars:100 pm (A-D} and 50 um {E and F).

cascades are also implicated in ALK signaling, in which TGF-B-
activating kinase {TAK1), 2 member of the MAP kinase kinase
kinase family, plays a key role. TAK1 activares MAP kinase kinase
in combination with an adaptor molecule, TAB1, which leads to
JNK and p38 activation {32). The role of p38 in chondrogenesis
has recently attracred particular interest because p38 inhibitors
such as SB203580 suppress the chondrogenic differentiation of
ATDCS cells induced by growth/differentiation faceor-5 (33,39).
However, the exact roles of the Smad pachways and p38 pathways
in chondrocyre differentiation are not yer fully clarified. We used
a combination of adencviral gene delivery and a chemical
inhibitor to segregate the roles of these twe pathways down-
strearm of ALK3 activation and found that (a) inhibitory Smad
(Smadé) expression or treatment with the p38 inhibitor
SB203580 suppressed the effect of ALK3%A expression (Figure 2)
(b) Smad1 synergistically augmented the effect of ALK3%* (Fig-
ure 5A), and (c) activatior of p38 pathways alone by MKK6<*
expression induced the hypercrophic differentiation markers type
X collagen and mineralization in §Fs, which was suppressed by
Smadl coexpression (Figures 5B and 6). These results suggest
that although both Smad and p38 acrivation is necessary for
chondrogenic differentiation of SFs, sustained activation of p38
pathways alone prompes the terminal differentiation of the cells.
Consistent with our results, Zhen er al. (40) reported that
parathyroid hormone inhibits type X collagen expression in
hypertrophic chondrocytes by suppressing p38 pathways. Von
der Mark eval (41) reported the focal appearance of type X col-
lagen in osteoarthritic cartilage, which may be involved in the
degenerarive changes of the articular cartilage and in the patho-
genesis of ostecarthriris. Using the mouse model of osteoarthri-
tis, we found that activated p38 is associated with rype X colla-
Yolume 113
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gesl expression in the synovial rissues adjacent to osteochon-
drophytes as well as in the degenerative cartilage (Figure 7}
Smad pathways not only are required for chondrogenic differen-
tiarion of SFs but also critically regulate the szage of differentiation
of the cells and suppress their terminal differentiation process.
Consistent with our findings, Scharstuh! recently reported
inhibitory action of Smad? in TGF-B-induced chondrocyte prolif-
erarion and proteoglycan production (42), indicacinga eritical role
for Smad pathways, Hidaka and coworkers {43) demonstrared that
adenovirus vector-mediated BMP-7 expression in chondrocytes
accelerates the cartilage repair process. More recently, Lories and
colleagues (44) demonstrated that BMP-2 and BMP-6 expressed in
arthritic synovium are regulated by proinflammatory cytokines and
differentially modulare fibroblast-like synoviocyte apoptosis, and
Fukui et al. (45) found that BMP-2 expression was increased by
proinflammatory cytokines in normal and osteoarthritis chondro-
cytes. These findings, combined with our observarions, suggest that
although BMPs have favorable effects on the repair process of artic-
ular cartilage, they may have proapoptotic and/or degenerative
effects on the cells when p38 pathways are overactivared. Our find-
ings suggest an important role for p38 signal transduction path-
ways in chondrocytes and SFs, leading to degenerarive Joinr disor-
ders, and suggest the potential urility of p38 modifiers in the
treatment of rheumatoid arthrids and/or ostecarthritis. In fact, p38
kinase modifiers are now in clinical trials ro rreat rheumacoid
arthritis (46). Based on our observations, we would like to propose
that SFs are an excellent source for chondroprogenirors, which can
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Figure 7

Histological analysis ot knee joints in the mouse ACL and MM
resection madel. (A-F) Toluidine blue staining (A and B) and
type X collagen immunostaining (C and D) at the marginal
area between the articular cartilage and synovium. B and D
present higher-magnification views of A and €, respectively.
Osteochondrophytes were formed at the posterior edge of the
femcral condyle, and they were positively stained by anti-type
X coltagen as well as toluidine blue {rectangular areas in A
and C). Clusters of migraling synovial cells were observed
adjacent to the osteochondrophiytes {B, amowheads) where
future osteochondrophiies will develop, and they were posi-
tively stained by anti-type X callagen at the marginal area
between synovium and osteophytes (rectangular area in D).
This region was also posilively stained by anti-phospho-p38
(F). E and F represent phase-contrast microscopy (E) and
immunostaining with anti-phospho-p38 (F) of the rectangu-
lar area in D. Positive phospho-p38 staining was observed at
the area of osteochondrophytes as well as the marginal syn-
ovium, Scale bars: 500 prn (A-D) and 50 um (E and F).

be differentiaced into chondrocytes via ALK3 activation. and that
activation of the Smad pathway while conrrolling che degree of p38
activation may be a way 1o generare commirted chondrocytes for
the repair and/or replacernent of cartilage.
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Intracellular signal transduction pathways: good therapeutic targels for joint

destruction in rheumatoid arthritis

Absiract Preventing joint destruction is one of the most
challenging issues in treating patients with rheumatoid ar-
thritis {RA), and I propose that intracellular signaling path-
ways in osteoclasts and synovial fibroblastic cells (SFCs) can
be good therapeutic largets. Osteoclasts are primarily in-
volved in the bone destruction in RA joints, and SFCs sup-
port osteoclast differentiation and activation by producing
various proinflammatory cytokines including receptor acti-
vator of NF-xB ligand (RANKL), the osteoclast differentia-
tion factor belonging to the tumor necrosis factor-u
superfamily. Suppressing c-Src pathways by adenovirus
vector-mediated C-terminal Src family kinase (Csk) gene or
Ras/extracelinlar-regulating kinase {ERK) pathways by in-
_ troducing dominant negative Ras (Ras™) adenovirus re-
duced osteoclastic bone resorption as well as the abnormal
proliferation and interleukin-6 production of SFCs, and the
local injection of these viruses ameliorated the joint de-
struction in adjuvant arthritis rats. Morzover, chondrogenic
differentiation of SFCs could be induced by siimulating
activin recepior-like kinase 3 pathways.

Key words Adenovirus - Osteoclast - Rheumatoid arthritis
{RA) - Synovial fibroblast cells (SFCs}

Introduction

Rheumatoid arthritis (RA) is a chronic systemic inflamma-
tory disorder with an unknown etiology characterized by
the invasive synovial hyperplasia leading o the progressive
joint destruction.' Radiographic studics have shown that
the bone erosion in RA begins at the early stage of the
disease, and gradually exacerbates. Bone erosion results in
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the severe deformity of the affected joints and impairs the
normal activity and the guality of life of the RA patients,
and hereby, preventing such devastating states is one of the
most challenging issues in treating them. Because the exact
etiology and pathology of RA remains unknown, mosl
treatments of RA just treat symptoms of the disease,
Non-steroidal  anti-inflammatory  drugs, including
cyclooxygenase 2 inhibitors, have been preseribed to reduce
the painful symptoms of the disease, but they have lLittle
effect on stopping the progression of the joint destruction.
Recent studies have revealed that some disease-modifying
anticheurnatic drugs and biological agents such as anti-
tumor necrosis factor (TNT)-a antibody ameliorate the
progression of the joint destruction in RA.? However, the
bone-protective effcct of these reagents is limited in most
cases, and their long-term effects have not been established
yet. Moreover, the prolonged usage of these medicines
sometimes causes severe side effects. Therefore, novel
therapeutic intervenlions specifically targeting the joint
destruction in RA are greartly expected.

Proliferating synovium produces an elevated amount of
proinflammatory cytokines interleukin (IL)-1, IL-6, IL-17,
and TNF-a, and matrix-degenerating enzymes matrix
metalloproteinases and cathepsins, which are involved in
the bone and cartilage destruction.” Considerable data
have demonstrated that synovial fibroblastic cells (SFCs),
type B synovial cells with fibroblastic morphology, are one
of the principal cells implicated in the arthritic conditions in
RA.'InRA, SFCs markedly increase in number and display
transformed phenotypes, and the activation of varous
protooncogenes including mye, ras, and fos is involved in
the abnormal growth rate and transcriptional activity of the
cclls.’ Bone erosion usually begins at the interface of the
cartilage and the proliferating synovium, and bone-resorb-
ing osteoclasts can be observed at the crosive synovium/
bone interfaces in RA joints. Accumulating evidence has
revealed that osteoclasts, primary cells responsible for bone
resorption, are involved in the bone destruction in RA, and
recent progress in the molecular biology and biochemistry
has clucidated the molecular mechanism of the osteoclast
differentiation and activation. In contrast to such catabolic
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actions, recent studies have revealed that synovial cells
have anabolic effects on the joint homeostasis, and differen-
tiale into osteoblasts or chondrocytes under proper
conditions.

In this review, I would like to introduce the role of osteo-
clasts in the joint destruction in RA, and the critical involve-
ment of SFCs on the osteoclast differentiation in RA.
Adenovims vectors can efficiently transduce osteoclasts and
SFCs both in vitro and in vive. By modulating intracelhular
signaling pathways in these types of cells using adenovirus
vectors, we could regulate the joint destruction in the experi-
mental animal models of arthritis. We also successfully in-
duced chondrogenic differentiation of SFCs bothin vitro and
in vivo by stimulating transforming growth factor {TGF)-p/
bone morphogenetic protein (BMP}) signaling pathways.

Involvement of osteoclasts in bone destruction in RA

The cellular mechanism underlying the bone and cartilage
destruction in RA is still unclear, but emerging evidence has
revealed the essential role of osteoclasts. Bromley and
Woolley® observed a number of acid phosphatase-positive
multinucleated cells {chondroclasts and/or osteoclssts) in
the crosive joint areas of RA paticnts. Gravallese et al.’
found that multinucleated cells present on erosive hone
surface and in the areas of the direct invasion of parnus into
the subchondral bone, Abundant multinucleated giant cells
were also observed at the bone-pannus interfaces of ar-
thritic joints in collagen-induced arthritis rats.” Multinucle-
ated cells were positive for unigue markers of osteoclasts
such as tartrate-resistant acid phosphatase (TRAP). cathe-
psin K. and calcitonin receptors, satisfying the major criteria
of mature osteoclasts.” Interestingly, some multinucleated
cells and mononuclear cells apart from the bone surface
were also TR AP-positive, suggesting the possible involve-
ment of synovial tissues in the osteoclastogenesis in RA. To
analyze the osteoclastogenic potentiality of RA synovial
tissues, synovial cells were isolated from RA synovium at
the time of knee replacement surgerics, and the cells were
cultured in the presence of lu,25-dihydroxyvitamin ),
[1,25(011),D,} and macrophage colony-stimulating factor
{(M-CSF). After 3 weeks of culture, there appeared many
multinucleated giant cells, which were TRAP-positive, pos-
sessed abundant calcitonin receptors, and made resorption
pits on dentine slices.” We also found that peripheral mono-
cytes can differentiate into osteoclast-Like cells when co-
cultured with SFCs. These results suggesi that RA SFCs can
support osteoclast differentiation from monocyte-macroph-
age lineage precursor cells.

Role of RANKL/RANK pathways in bone destruction in
RA

Receptor activator of NF-xB ligand (RANKL) is a member
of the TNF superfamily cytokines, which was originally
identified as a membrane-bound survival factor for den-

dritic cells produced by activated T cells.””" The expression

of RANKL is also induced in osteoblasts or bone marrow
stromal cells by various hormones or cytokines. Tn coopera-
tion with M-CSF, RANKL stimulates osteoclast differentia-
tion from hematopaoietic precursor cells in vitro.” RANKL
also acts on mature osteoclasts and promotes their bone-
resorbing activity and survival. RANKL binds to its specific
receptor RANK, the type T membrane receptor belonging
to TNF receptor superfamily. RANK is expressed in wide
range of cells including monocyte-macrophage lincage os-
teoclast precursor cells, mature osteoclasts and dendritic
cells. Upon binding io its ligand RANKL, RANK recruits
an adapior molecule TNF receptor-associated factor
(TRAF) 6, which subsequently activates downstream sig-
naling pathways NF-xB, ¢-Jun N-terminus kinase (JNK),
p38 mitogen-activated protein (MAP) kinase, and nuclear
factor of activated T cells (NFAT) c1."” Another important
actor in the RANKL/RANK pathway is osteoprotegerin
{OPG), a soluble decoy receptor of RANKI which belongs
to TNF receptor superfamily.**’ Osteoprotegerin specifi-
cally binds to RANKL and inhibits RANKL activity by
compelitively preventing its binding to RANK.

The essential role of RANKL/RANK signzaling path-
ways in osteoclast development was further established by a
series of gene knockout mice.’ The targeted disruption of
either RANKL or RANK induced osteopetrosis in mice, a
pathological bone disease which is characrerized by an in-
creased bone mass due to a deficiency in osteoclast differen-
tiation.'"'® We and another group found that mice deficient
in TRAF6 also showed osteopetrotic phenotypes.” In con-
trast, OQPG-deficient animals demonstrated osteopenia due
to the increased number and activity of osteoclasts,'™
These results clearly demonstrate the essential role of
RANKI/RANK pathways in osteoclast development and
activation in vivo.

Not only is the RANKI/RANK pathway critical for nor-
mal bone development and growth, but also is implicated in
the pathological bone resorption observed in RA (Fig. 1).
We and other groups found a high level expression of
RANKL in RA synovial tissues.™ Enhanced expression of
RANKL is observed in SFCs as well as in CD4™ T lympho-
cyles in synovial tissues of collagen-induced arthritis rats as
shown by in situ hybridization.” Expression of RANKL is
increased by T-cell proinflammatory cytokine 11.-17, and
IL-17 enhanced RANKL expression and strongly
upregulated the RANKL/OPG ratio in the synovium.”
Qstcoprotegerin treatment ameliorates the arthritic bone
destruction in adjuvant arthritis rats® and TNF-« transgenic
animals,” and the bone erosion in serum transfer-induced
arthritis was markedly reduced in RANKL-deficient ani-
mals.” Recent studies also demonstrated that (he systemic
bone loss as well as the local bone erosion in TNF-a
transgenic mice was reversed by OPG injection in combina-
tion with anti-TNF-« antibody therapy.”™ These studies
indicate that RANKL produced by SFCs and/or activated T
lymphocytes in RA synovial tissues plays an essential role in
the osteoctast development and the joint destruction, and
therefore, the RANKL/RANK pathway can be 2 good
therapeutic target.
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Fig. 1. lavolvement of recepior activator of NF-kB ligand (RANKL)-
recepior activalor of NF-xB (RANK) pathways in osteoclast differen-
tiation and home destruction in RA. RANKL is highly expressed in
synovial fibrablastic cells (SFCS) and activated T cells, and binds 1o its
specific receplor RANK, which is expressed in monocyte-macrophage
lineage osteoclast precursor ¢elis. The interaction between RANKL
and RANK is blocked by esteoprotegerin (OPG), a physiological in-
hibitor of RANKL. IL. interlcukin, TNF, twinor ucerosis factor; IFN.
interferon

Efficiency of adenovirus vectors in transducing SFCs
and osteoclasts

As mentioned above, osteoclasts play pivotal roles in the
bone and joint pathology in RA, and SFCs support osteo-
clast differentiation and activation by producing RANKL.
Therefore, pharmacological apents targeting these cells can
be potent therapeutic candidates for the treatment of RA.
One altzmnative is gene therapy, where genes or cDNAs are
directly transferred to target cells. In preclinical studies, ex
vivo and in vivo gene transfer methods have been used
successfully to reduce the joint destruction in experimental
arthritis. and the first clinical trizl, in which the IL.-1 recep-
tor antagonist gene was delivered to synoviocytes ex vivo,
was started in 1996 in the United States™™ The proper
selection of the target cells and target genes has been a
continuous matter of interest for suceessful gene therapies.
The target cells for the RA gene therapy include SFCs and
osteoclasts, and we previously reporied that adenovirus

23

Fig. 2A-D. Effective gene transduction into SFCs and mualure osteo-
clasts by adenovirus vectors. Human SFCs obtained from synovial
tissues of rheumatoid arthrius patients (A and C) or osteoclast-like
cells from giant cell tumors {B and D} were infected with the control
virus (A and B} or LacZ virus {€ and D), and stained for p-galactosi-
dase activity 1 day after infection, Both SFCs and osteoclasts infected
with TacZ virus were positively s:iained. indicating an efficient gene
transduction

setors efficiently transduce foreign genes into these cells
both in vitre and in vive.”™* As shown in Fig. 2, recombinant
adenoviras vectors carrying the JacZ gene can infect human
SFCs and osteoclast-like cells obtained from glant cell to-
mors.” At a multiplicity of infection of 100. almost 100%
of SFCs and more than 83% of osteoclast-like cells were
positivaly stained by B-galactosidase (P-gal) activity with no
apparent morphological changes or cellular toxicity. When
injected mnto knee joints of adjuvant arthritis rats, synovial
lining cells and osteoclasts present on bone surface were
positively stained for (3-gal activity (Fig. 3. These results
suggest that the adenovirus vector system is suitable for
gene therapies targeting SFCs and osteoclasts. As for target
molecules, we focused on the intracellular signaling path-
ways which are important for both SFCs and osteoclasts,
i.e., e-Src pathways and Ras/ERK pathways.

Adenovirus vector-mediated regulation of ¢-Sre
pathways in SFCs and osteoclasts

¢-S1¢ was first identified as the normal cellular counterpart
of the transforming protein encoded by Rous sarcoma virus,
v-Src.” The protooncogene product c-Src is a 60kDa pro-
tein and belongs [0 non-receplor-type tyrosine kinase
family, i.e., Src family tyrosine kinase family. The c-src
protooncogene is highly conserved throughout evolution
and widely expressed. Tt is known that c-Src and the other
members of the Src family, which share highly conserved
sequences both within and outside the kinase catalytic do-
main, play important roles in signal transduction mecha-
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Fig. 3A,B. Adepovirus-mediated gene transduction in osleoclasts in
vivo.¥ LacZ virns was injecied into the inflammatory ankle joint of an
adjuvant arthritis rat, and the expression fucZ gene in osteoclasts was
determined in the serial sections by enzyme histochemistry of f-galac-

nisms that contribute 1o the regulation of cell growth and
development.” The physiological role of the c-sre gene had
not been clarified until Soriano et al. successfully performed
the targeted disruption of the gene by homologous recombi-
nalion in mouse embryos in 1991.* To everyone’s surprise,
the mice showed striking skeletal abnormalities with  phe-
notype of osteopetrosis. In vitro osteoclast formation ex-
periments and in vivo bone marrow transplantation studies
have revealed that osteoclast differentiation was not im-
paired, but that bone-resorbing activity of mature osteo-
clasts was much reduced in c-src knockout (KO) mice
The morphological feature of the KO osteoclasts was their
disorganized ruffied border structure.® The ruffied border
is the apical membrane of the osteoclast, which is exien-
sively folded due to the intense vesicular traffic associated
with proton and lysosomal enzyme secretion. c-Src is highly
expressed in osteoclasts, and highly concentrated on ruffled
border membranes and intracellular membraaes. ™™ The
fact that no other abnormalities in c-sre KO mice were
found outside the skeletal tissues leads us (o consider that
c-Src can be an ideal therapeutic target for suppressing
pathological bone resorption by inhibiting osteoclast fune-
tion without affecting other tissues or cells.

The tyrosine kinase activity of ¢-Src is strictly regulated
by phosphorylation and dephosphorylation of the tyrosine
residue located close to the C-terminus, which corresponds
to tyrosine 527 (Tyr527) in chicken c-Sre.™ Dephosphoryla-
tion of this residue causes a 10- to 20-fold increase in the
kinase activity of ¢-Src. C-terminus Src family kinase (Csk)
is a cytoplasmic tyrosine kinase which specifically phospho-
rylates Tyr527 of c-Src, thereby negatively regulate its ki-
nase activity.® To regulate c-Src kinase activity in SFCs and
osteoclasts, we constructed adenovirus vectors encoding csk
gene (Csk virus). Csk virus efficiently infected SFCs and
osteaclasts, and dose-dependently inhibited the kinase ac-
tivity of ¢-Src in these cells.” Adenovirus vector-mediated
Csk overexpression in RA SFCs suppressed the prolifera-
tion of the cells, and reduced their IL-6 production. Csk
virus also induced dramatic cytoskelelal disorganization in
osteoclasts, and strongly inhibited pit formation on dentine
slices.®

tosidase (A) and tartrate-resisizat acid phosphatase {TRAF) (B) after
1 week of the viral injection. Most of the TRAP-positive osteoclasts
were posidvely stained for f-palactosidase activity

important role of Ras/ERK pathways in SFC activation
and esteoclast survival

The other signaling pathway we focused on as a therapeutic
target is the Ras/FRK pathway. Small GTPase Ras. the
protein product of prolo-oncogene ras, is ubiquitously
found in cukaryotic organisms.” Ras is known to function
as a downstream effector of cell surface receptor tyrosine
kinases (RTKs) and leads to the activation of ERK path-
ways, which in turn regulates the activities of nuclear tran-
seripiion factors and gene transcriptions. In human cancer
cells, oncogenic mutations of Ras protein are frequently
observed and contribute to the malignant growth properties
of the cells. In RA and animal models of arthritis, synovial
¢ells with large pale nuclei, prominent nucleoli and abun-
dant cytoplasm are found adjacent to the affected cartilage
and bone of the joint, and these cells in culture have a
tendency to grow in disorganized monolayers. proliferate in
an anchoragz-independent manner, lack contact inhibition,
and form mucrofoci, exhibiting a morphologically trans-
formed appearance.* Although the expression of Ras and its
oncogenic mutations were reported in RA synovial cells,
the precise role of Ras in RA pathology remains unclear.”
To analyze the role of Ras and its downstream signaling in
osteoclasts as well as in SFCs, we constructed a replication-
deficient adenovirus vector carrying the dominant negative
mutant of ras gene (Ras™ ). In SFCs, adenovirus-mediated
overexpression of Ras®™ dramatically decreased the prolif-
eration rate of the cells. Interleukin-1-induced upregulation
ol TL-6 production was also decreased by the viralinfection,
which was supposedly mediated by the downrepulation of
IL-[-induced ERK activation.™

In addition, the lite span of osteoclasts was markedly
decreased by the adenovirus. while activating Ras/ERK
pathways by constitutively active mutant of ERK expres-
sion prolonged the survival of ostzoclasts.” These results
suggest that Ras/ERK pathways are critically involved in
SFC activation and osteoclast survival.
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Amelioration of arthritic bane destruction by
adenovirus vector-induced gene expression

The efficient in vivo gene delivery to synovial celis by local
administration of adenovirus vectors has been well estab-
lished.*** In addition, TRAP-positive osteoclasts along the
erosive bone surface demonstrated strong f3-gal staining as
shown in the szrial tissue sections, indicating that intra-
articular injection of adenovirus vectors can {ransduce
osteoclasts in vivo (Fig. 3). The effect of Csk and Ras™
adenovirus administration into inflammatory ankle joints of
adjuvant arthritis rats was investigated,™* Not only was the
bone destruction by osteoclasts suppressed by Csk or Ras™
virus injection, but also the synovial inflammatory reaction
detected by arthritis score or paw swelling was reduced (Fig.
4). These results lead us to conclude that regulating c-Src
and/or Ras/ERK pathways in SFCs and osteoclasts can be a
novel therapeutic approach to treat RA joint destruction

(Fig. 5).

Fig. 4A-D. Therapeutic effects
of dominant negative Ras
{Ras™) adennvirus injection on
rvat adjuvant arthritis. A,B The
radinlogical tindings of the
ankle of LacZ virus- (A) and
Ras" virus- {B) injected rats.
Severe joint destruction could
be seen in LacZ virus-injected
rats, while Ras®™ virus-injecred
ankle juints show minimal
destructive changss. C
Pathohistological findings of the
LacZ virus-injected ankles show
synovial hyperplasia and
destructive change of articular
cartilage and bone. Open
arrowhead wod closed
arrowhead indicate talo-tibial
and talo-calcaneal joint,
respectively. I
Pathohistological findings of the
Ras”™ virus-injected ankle.
Synuvial hyperplasia with
invasion into subchondral bone
and the destruction of bone and
cartilage were markedly
suppressed. C,I): FI&E staining

Control

Stimulating chondrogenic differentiation of SFCs

Ta contrast to such catabolic actions, recent studies have
revealed that SFCs have anabolic effects, leading to the
bone and cartilage production. Hunziker and Rosenberg®
reported that synovial cells can migrate into partial-thick-
ness articular cartilage defects, where they proliferate and
subsequently deposit a scar-like tissue. Nigshimura et al®
demonstrated SFCs (o show chondrogenic differentiation
after being cultured in the presence of TGF-f3, and De Ban
et al* recently demonstrated that multipotent mesenchy-
ma] stern cells were isolated from human synovial tissues,
which differentiated into chondrocytes as well as osteo-
blasts. adipocytes, and myotubes under proper culture
conditions. These observations lead us to speculate that
synovial tissues contain multipotent cells with osteogenic
and/or chondrogenic potential that can be involved in the
repair process of destroyed joints and therefore might pro-
vide a good source for engineering the bone and cartilage.

There is accumulating evidence that TGF-f} superfamily
cytokines play an essential role in bone and cartilage devel-
opment. We analyzed the role of TGF-/BMP signaling on
chondrogenic differentiation of human SFCs, and found
that the introduction of an activated mutant of ALK3 (con-

Ras™
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Fig. 7. The role of the Smad
pathway and p33 mitogen-
activated protein kinase pathway
on chondrogenic differentiation
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chondrocyie-specific marker
expression in the cells (feft
panel}, overactivation of p38
pathways alone lead to the
terminal chondrocytic
differentiation of the cells,
leading to the articular cartilage
degeneration. The proper
balance between these two
pathways is required for
maintzining the articular
cartilage integrity. IL,
intzrlevkin: TAFR, mmor
necrosis factor receptor; ALK,
activin receptor-like kinase
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Fig. 8. Schematic representation
of the therapeutic strategies
targeting synovial fibroblastic
cells (SFCs). Suppressing Src
pathways by C-terminal Src
family kinase {Csk) expression
or Ras/ERK pathways by

Catabolic Pathway

dominant negative Ras (Ras™)

expression suppresses the
catabolic pathways of the cells
which lead to the bone and joint
destruction in RA, while

Proinflammatory Cytokine

Joint

& Protease Production .
Destruction

Osteoclast Induction

stimulating ALK3 pathways
activates anabolic pathways
leading to chondrogenic
differentiation of the cells.
ALK3, constitutively active
activin receptor-like kinase

Chondrocytic
& Osteoblastic
Differentiation

Chondrogenesis

differentiation of SFs, but also regulate the stage of
differentiation of the cells and suppress their terminal dif-
ferentiation process. It should be noted that the
proinflammatory cytokines IL-1 and TNF-u, which are
known to have catabolic effects on joint integrity, induced
p38 activation in SFs.* These cytokines may stimulate ter-
minal chondrogenic differentiation of SFs which are in-
volved in the repair process, and lead to the articular

Anabolic Pathway

cartilage degradation. Based on our observation, we would
like to propose that SFs are an excellent source from which
to obtain chondroprogenitors, which can be differentiated
into chondrocyles via ALK3 activation, and that stimulating
Smad pathways and conirolling p38 aclivation to the proper
level can be a good therapeutic strategy for maintaining the
healthy joint homeostasis and treating degenerative joint
disorders.
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Concluding remarks

The ultimate goal of the treatment of RA is to preserve the
daily activity of the patients by preventing bone and joint
destruction. Recent studies have revealed that osteoclasts
are involved in the pathogenesis of the bone and joint de-
struction in RA, and SFCs are critically involved in the
differentiation and activation of osteoclasts by producing
various catabolic factors including TNF-o, IL-1, and
RANKL, which makes osteoclasts and SFCs good thera-
peutic targets for bone and joint destruction in RA. We
demonstrated that suppressing Src pathways by introducing
Csk and/or Ras/ERK pathways by the Ras™ adenovirus in
osteoclasts reduces bone resorption both in vitro or in vivo
by suppressing osteoclast activity or survival (Fig. 5). Csk
virus and Ras™ virus also suppress catabolic actions of
SFCs by inhibiting abnormal proliferation of the cells and
their TL-6 production (Fig. 5). We also succeeded to stimu-
late chondrogenic differentiation of SFCs by introducing
ALK3%, and the proper balance of the Smad pathway and
the p38 MAP kinase pathway is critical downstream of
ALK3. Basad on these observations, I would like to pro-
pose that modulating intracellular signaling in osteoclasts
and/or SFCs by adenovirus vectors can be pood therapeutic
approach for treating RA patients with bone and juint de-
struction (Fig. B).

Of course, we have to realize the disadvantages as well as
advantages of using adenovirus vectors as therapeutic re-
agents.” The disadvantages of the adenovirus vectors in-
clude the transient gene expression because they do not
integrate the transgene into target cell chromosome, immu-
nological reaction such as neutralizing antibody response
and cytotoxic T-lymphocyte responses against the virus, and
the dissemination of the vectors from the site of local injec-
tion.” The safety issue is particularly important regarding
its ¢linical application, and in fact, the first case of fatality
induced by the infusion of adenovirus vectors into heparic
arlery was recently reporied. Therefore, development of a
new generation of adenovirus vectors or finding substitutes
for gene therapy is absolutely necessary for the clinical
application of the signaling molecule-targeting sirategies.

Acknovledgments This work was in part supported by Grants-in-Aid
trom the Ministry of Education, Culture, Sports, Science, and Technol-
ogy of Japan. and Health Stience Research Grants from the Ministry of
Health, Laboue and Welfare, to 5.7,

References

L. Firestein GS. Evolving concepis of rheumaloid arthritis. Nature
20013:423:356-61.

2. Lipsky PE, van der Heijde DM, St Clair EW. Furst DE. Breedveld
FC, Kalden JR, el al. Infliximab and methotrexate in the treatment
of rheumatoid arthritis. Asti-Tumor Necrosis Factor Tral in
Rheumatoid Arthritis with Concomitant Therapy Study Group. N
Engl T Med 2000;343; 1394602,

3. Sorsa T, Kontiinen YT, Lindy O, Ritchlin C, Saari H. Suomalaincn
K, et al. Collagenasc in synovitis of rheumatoid arthritis. Semin
Arthritis Rhewm 1992;22:44-53,

4.

15.

16.

21,

22

23,

. Firestein GS. Invasive fibroblast-like synoviocytes in rheumatoid

arthritis, Passive responders or transformed aggressors? Arthritis
Rheuny 1996;39:1781-6Q,

. Mulier-Ladner UL Kriegsmann J. Gay RE. Gay S. Oncogenes in

rheumatoid arthritis. Rheumy Dis Clin North Am 1995:21:675-
99,

. Bromley M. Woolley DE. Chondroclasts and osteoclasts at sub-

chordral sites of erosion in the rheumatoid joint. Arthritis Rheum
1984;27:968-75.

. Gravallese EM, Harada Y, Wang JT, Gorn AH, Thorghill TS,

Goldring SR. Tdentification of cell types responsible for bone re-
sorption in rheumatoid arthritis and juvenile rheumatoid arthritis.
Am J Pathol 1998;132:943-31.

. Suzuki Y, Nishikaku F, Nakatuka M, Koga Y. Ostcoclast-like ceils

in murine collagen induced arthritis. J Rheumatol 1998;25:1134~
60.

. Takayanagi H. (0da H. Yamamoto 5. Kawzguchi H. Tanaka §.

Nishikawa T, et al. A new mechanism of bone destruction in theu-
matoid arthritis: synovial fibroblasts induce ostevclastugencsis.
Biochem Biophys Res Commun 1997240:279-86.

. Wong BR, Jasien R, Chai Y. TRANCE is a TNF (amily member

that regulates dendnitic cell and osteoctast function. J Leukocyte
Biol 1999;65:715-24.

. Suda T, Takahashi N, Udagawa N, Jimi E. Gillespie M1, Martin

TI. Modulation of osteoclast differentiation and fanction by the
new members of the tumor nccrosis {actor reeeptor and ligend
families. Endocr Rev 1999:20:345-57,

12. Yasuda H. Shima N, Nakagawa N, Yamaguchi K, Kinosaki M,

Mochizuki §, ¢t al. Osteoclast differentiation factor is a ligand for
osleoprolegeninfosicoclastogenesis-inhibitory factor and is identi-
cal to TRANCE/RANKL. Proc Natl Acad Sci USA 1998;93:3597-
6032,

. Tanaka §, Nakamura 1, Inoue J, Oda H, Nakamura K. Signai

transduction pathways regulating osteoclast differentiation and
funclion. I Bone Miner Metab 2003;21:123-33.

Tsuda E, Goto M, Mochizuki S, Yano K. Kobayashi F, Morinaga
T. et al. Isolation of & novel cytokine from human fibroblasts that
specifically inhibis osteoclastogenesis. Biochem Biophys Res
Commuw 1997:234:137-42.

Simonet WS, Lacey DL, Dunstan CR. Kelley M. Chang MS. Luthy
R. et al. Osteoprotegerin: a novel secreted protein involved in the
regulation of bone density. Cell 1997:89:309-19.

Bovle WI, Simonet WS, Lacey DL, Osteoclast differentiation and
activalion. Nature 20{13:423:337-42,

. Inoue J, Ishida T, Tsukamoto N, Kobayashi X, Naito A, Azuma §,

et al. Tumoer necrosis faclor receptor-associated factor (TRAF)
family: adapter proteins that mediate cytokine signaling, Exp Cell
Res 2000;254:14-24.

. Bucay N, Sarosi [, Dunstan CR, Morony S, Tarpley I. Capparelli C,

¢t al. ostcoprotegerin-deficient mice develop early onset os-
teoporosis and arterial calcification. Genes Dev 1998:12:1260-8.

. Mizuno A, Amizuka N, Iric K. Murakany A, Fujise N, Kanono T, et

al. Severe osteoporosis in mice lacking osteoclastogenesis inhibi-
tory factor/osteoprotegerin. Biochem Biophys Res Commun
1998:247:610-5.

. Takayanagi I, lizuka H, Juji T, Nakagawa T, Yamamoio A,

Miyazaki T, et al. Involvement of receptor activator of nuclear
factor kappaB Tligandosteoclast differentiation factor in
ostcoclastogencesis from synoviocytes in rhewmatoid arthritis. Ar-
thritis Rheum 2000:43:259-69.

Gravaliese EM, Manning C, Tsay A, Naiio A, Pan C, AmentoE, et
ak. Synovial tissue in rweumatoid arthritis is a source of vsteaclast
differentjalion factor. Arthritts Rheum 2(60;43:250-8.

Romas E, Bakharevski O, Hards DK, Karisogiannis V, Quinn JM,
Ryan PF, et al. Expression of osteaclast differentiation factor ai
sites of bone erosion in colfagen-indeced arthritis. Arthritis Rheum
2000;43:821-6.

Lubberts E, van des Bersselaar 1, Oppers-Walgreen B,
Schwarzenberger P, Cocncn-de Roo CJ, Kolls JK, ct al, IL-17
proraotes bone erosion in murine collagen-induced acthritis
through loss of the receptor activator of NF-kappa B ligand/
osteoprotegesin bafance, J inmunol 2(03:1713:26355-62.

. Rong YY, Feige U, Sarosi I, Bolon B, Tafuri A, Morony §, el al.

Activated T cells regulate bone loss and joint destruction in adju-
vart arthritis through osteoprotegerin ligand. Nature 19949:402:
304-9,

—312—



23,

28,

29.

30.
31

32

38.

39.

Redlich K. Hayer 8, Maier A, Dunstan CR, Tohidast-Akrad M,
Lang 3. et al. Tumor necrosis factor alpha-mediated joint destruc-
tion is inhibited by targeting osteoclasts with osteoprotegerin, Ar-
thritis Rheum 2002:46:785-92.

. Pettit AR, Ji H. von Stechow D, Muller R, Goldring SR, Choi Y, et

al. TRANCE/RANKL knockout mice are protected from bone
erosion in a serum transfer model of arthritis. Am J Pathol
2001:159:1689--99.

. Redlich K, Gortz B, Hayer §, Zwerina J, Doerr N, Kostenuik P, et

al. Repair of local bone erosions and reversal of systemic bone loss
upon therapy with anti-tumor necrosis factor in combination with
osteoprotegerin or parathyroid hormone in tumor necrosis factor-
mediated arthritis. Am J Pathol 2004:164:543-55.

Zwerina I, Hayer 8, Tohidast-Akrad M, Bergmeister H, Redlich K,
Feige U, et al. Single and combined inhibition of tumoer necrosis
factor, interleukin-1, and RANKL pathways in tumor necrosis
factor-induced arthritis: effects on synovial inflammation, bone
erasion. and cartilage destruction. Arthritis Rheum 2004;30:277-
90.

Evans CH. Ghivizzani SC. Herndon JH, Wasko MC, Reinecke J,
Wehling P, et al. Clinical trials in the gene therapy of arthritis. Clin
Orthop 2000;5300-7.

Evans CH, Gouze IN. Gouze E, Robbins PI, Ghivizzani SC.
Osteoarthritis gene therapy. Gene Ther 2004:1 1:379-89.

Tanaka §. Takahashi T, Takayanagi H, Miyazaki T, Oda H,
Nakamura K, et al. Modulation of osteoclast function by adenovi-
rus veclor-induced epidermal growth facter receptor. J Bone
Miner Res 1998;13:1714--20.

Takayanapi H, Juji T, Mivazaki T, liznka H, Takahashi T, Isshiki
M, et al. Suppression of arthritic bone destruction by adenovirus-
mediated csk gene transfer to synoviocytes and osteoclasts. J Clin
Invest 1999;104:137-46.

. Thomas $M. Brugge JS. Cellular functions regulated by Src family

kinascs. Arnu Rev Cell Dev Biol 1997:13:513-609.

. Soniano P, Montgomery C, Geske R, Bradley A, Targeted disrup-

tion of the c-sre proto-oncogene leads to osleopetrosis in mice, Ceil
1991;64:693-702.

. Lowe C, Yoneda T, Boyce BF, Chen H. Mundy GR, Soriano P.

Osteopetrosis in Sre-deficient mice is due to an autonomous defect
of osteaclasts. Proc Natl Acad Sci USA 1993:90:4483-9.

. Bovee BF, Yoneda T, Lowe C, Soriano P, Mundy GR. Require-

ment of ppblc-src expression for osteockasts to form ruffled hor-
ders and resorb bone in mice. J Clin Invest 1692:90:1622-7.

. Home WC, Neff L., Chatierjee I, Lomni A, Levy JB, Baron R.

Osteoclasts express high levels of pp&lc-src m association with
intracellular membranes. J Cell Biol 1992;119:1003-13.

Tanaka S, Takahashi N, Udsgawa N, Sasaki T, Fukui Y. Kurokawa
T. et al. Osteoclasts express high levels of p60c-src, preferentially
on ruffled border membranes. FEBS Lett 1992;313:85-9.

Brown MT, Cooper JA. Regulation, substrates and functions of
src. Biochim Biophys Acta 1996;1287:121-49.

—313—

40.

41.

15.

47.

48.

49,

50.

51

52.

53.

27

Okada M, Nada S. Yamanashi Y. Yamamote T, Nakagawa H.
CSK: a protein-tyrosine kinase involved in regulation of src family
kinases. J Biol Chem 1991,266:24249-52.

Miyazaki T, Takayanagi H. lsshiki M, Takahashi T, Okada M.
Fukai Y, et ak. In vitro and in vivo suppression of osteoclast func-
ton by adenovirus vector-induced csk gene. J Bone Miner Res
2000:15:41-51.

. Bourne HR. Sanders DA, McCormick F. The GTPase superfamily:

conserved structure and molecular

1991;349:117-27.

mechanism. Nature

. Gay S, Gay RE. Cellular basis and oncogene expression of theu-

matoid joint destruction. Rheumatol Int 1989:9:105-13.

. Yamamoto A, Fukuda A, Seto H, Miyazaki T, Kadono Y, Sawada

Y. et al. Suppression of arthritic bone destruction by adenovirus-
mediated dominant-negative Ras gene transfer to synoviocytes
and osteoclasts. Arthritis Rheum 2003;48:2682-92.

Miyazaki T, Katagiri H, Kanegae Y, Takayanagi I, Sawada Y,
Yamamoto A. et al. Reciprocal role of ERK and NF-kappaB path-
ways in survival and activation of osteoclasts. J Cell Biol
2006;148:333-42,

. Nita 1, Ghivizzani 8C, Galea-Laur J. Bandara G. Georgescu HL

Robbins PD, et al. Direct gene delivery to synovium, An evalua-
tion of potential vectors in vitro and in vivo, Arthritis Rheum
1996:39:820-8.

Hunziker EB, Rosenberg LC. Repair of partial-thickness defectsin
articular cartilage: cell recruitment from the synovial membrane. J
Bone Joint Surg Am 1996;78:721-33.

Nishimura K, Solchaga LA, Caplan Al Yoo JU, Goldberg VM,
Johnstore B. Chondroprogenitor cells of synavial tissue. Arthritis
Rheum 1999;42:2631-7.

De Ban C, Dell’'Accio F. Tylzanowski P, Luyten FP. Multipotent
mesenchymal stem cells from adult human synovial membrane.
Arthritis Rheum 2001;44:1928-42.

Seto H, Kamekura S, Miura T, Yamamoto A, Chikuda H, Ogata T,
et al. Distinet roles of Smad pathways and p33 pathways in carti-
lage-specific gene expression in synovial fibroblasts. J Clin Invest
2004;113:718-26.

Zhen X, Wei L, Wu Q. Zhang Y, Chen Q. Mitogen-activated
protein kinase p38 mediates regulation of chondrocyte differ-
entiation by parathyroid hormone. J Biot Chem 2001;276:4879-
85

Schett G, Tobidast-Akrad M. Smolen 3§, Schmid BJ, Steiner CW,
Bitzan P. et al. Activation. differential localization, and regulation
of the stress-activated protein kinases, extracellutar signalb-regu-
fated kinase, ¢-JUN N-terminal kinase, and p38 mitogen-activated
protein kinase, in synovial tissue and cells in rheumatoid arthritis.
Arthritis Rheum 2000:43:2501-12.

Mountain A. Gene therapy: the first decade. Trends Biotechnol
2000;18:119-28,

. Benihoud K, Yeh P, Perricaudet M. Adenovirus vectors for gene

delivery. Curr Opin Biotechnol £1999;10:440-7.



Osteoporos Int (2005) 16: 64-70
DOT 10.1007/s00198-004-1642-1

ORIGINAL ARTICLE

Significance of intima-media thickness in femoral artery
in the determination of calcaneus osteo-sono index
but not of lumbar spine bone mass in healthy

Japanese people

Shinsuke Yamada - Masaaki Inaba - Hitoshi Goto
Mayumi Nagata - Misako Ueda - Kiyoshi Nakatuka
Hideki Tahara - Hisayo Yokoyama - Masanori Emoto
Tetsuo Shoji - Yoshiki Nishizawa

Received: 16 April 2003/ Accepted: 19 March 2004 / Published online: 27 May 2004
© International Osteoporosis Foundation and National Osteoporosis Foundation 2004

Abstract The aim of this cross-sectional study was to
investigate whether physical activity and local arterial
thickening may affect bone metabolism. To analyze the
cffects of physical activity and atherosclerosis on bone in
healthy Japanese people, health-related quality of life
(HRQL) and local arterial thickening were assessed by
means of the MedicalOutcomes Study 36-item Short
Form (SF-36), and intimal-medial thickness (IMT) in
common carotid artery (CA) and femoral artery (FA),
respectively. Bone mineral density (BMD) in lumbar
spine was measured by dual X-ray absorptiometry and
the osteo-sono assessment index (OSI) of the calcaneus
by ultrasound. Healthy subjects (106 male and 154 fe-
male) were recruited from those who participated in a
local health check program at the Osaka City University
Hospital. A significant correlation existed between lum-
bar spine BMD and calcaneus OSI (r=0.551,
P <0.0001). Among various scores in SF-36, only phy-
sical functioning score correlated weakly but significantly
in a positive manner with lumbar spine BMD (p=0.156,
P=0.0147) and calcaneus OSI (p=0.190, P=0.0024).
Lumbar spine BMD correlated negatively with FA IMT
{(p=-0.191, P=0.0027) whereas calcaneus OSI with FA
IMT (p=-0.199, P=0.0014). Mulitiple regression anal-
yses revealed a significant association between FA IMT
and calcaneus OSI, whereas lumbar spine BMD did not
correlate significantly with FA or CA IMT. When
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subjects were restricted to female, FA IMT, but not CA
IMT, still showed tendency against independent factors
negatively associated with calcaneus OSI. Furthermore,
lumbar spine BMD, but not calcaneus OSI, was weakly
but significantly associated with increased physical
functioning score independently. In conclusion, it was
suggested that physical activity may affect bone strength
in lumbar spine and calcaneus and that FA IMT
might be a significant determinant of bone strength in
calcaneus, but not in lumbar spine, in healthy Japanese
subjects.

Keywords ADL - Atherosclerosis - Bone mineral
density -+ Osteoporosis - Quality of Life

Introduction

In healthy individuals, the relationship between athero-
sclerosis and bone mass has not been extensively studied.
The hypothesis that reduced blood flow to the lower
extremities may affect bone remodeling, resulting in a
decrease in BMD, has been proposed [1]. Prospective
community-based study showed that decreased vascular
flow in the lower extremities may be associated with an
increased rate of bone loss at the hip and calcaneus
among relatively healthy older women [2]. Measurement
of the far-wall intima-media thickness (IMT) of the
common carotid artery (CA) and femoral artery (FA) by
high-resolution ultrasonography has been established as
a clinically useful index for identifying early-stage gen-
eral and local atherosclerosis in lower extremities [3, 4, 5,
6, 7, 8, 9], since CA IMT is strongly correlated with the
presence of coronary artery diseases [3, 4, 3, 6, 7, &, 9],
and FA IMT with local atherosclerosis [9].

Physical activity has been identified as having a
favorable effect on bone status [10, 11] and atheroscle-
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rosis [12]. We have reported that, in patients with
rheumatoid arthritis, physical activity assessed by the
modified Health Assessment Questionnaire (M-HAQ)
score [13] correlated significantly in a positive manner
with the osteo-sono assessment index (OSI) of the cal-
caneus by ultrasound [14]. Recently, the Medical Out-
comes Study 36-item Short Form (SF-36), which is a
self-administered questionnaire containing 36 items that,
when scored, yield eight domains considering physical,
cognitive, emotional, and social aspects [15, 16], has
emerged as an valuable index to assess health-related
quality of life (HRQL) {17].

This background prompted us to examine the influ-
ence of general and local atherosclerosis in lower
extremities as reflected by CA IMT and FA IMT,
respectively, on calcaneus OS] in comparison with lum-
bar spine BMD in healthy Japanese subjects. Further-
more, the modulatory effect of physical activity, as
reflected by SF-36 score, was investigated on bone quality
in calcaneus and lumbar spine, and arterial thickening.

Materials and methods
Subjects

Healthy subjects (n=260), 106 males and 154 females,
were recruited from people who participated in a local
health check program at the Osaka City University
Hospital after written informed consent was obtained.
The mean ages of healthy subjects were 51.4 £ 12.5
years. Exclusion criteria are the subjects who are known
to be suffering from any major disease which might
affect atherosclerosis and bone metabolism, such as
hypertension, hyperlipidemia, diabetes mellitus, cerebral
vascular accident impairing seriously activity of daily life
(ADL), osteoporosis, and osteomalacia. The subjects
who have been continuously taking medicines were also
excluded from the present study.

Assessment of health-related quality of life (HRQL)

HRQL was assessed by means of SF-36 [15, 16]. The
questionnaire consists of 36 items and measures three
aspects of health: functional ability, well-being and
overall health. These are quantified using eight multi-
item domains (physical functioning, role-physical, bodily
pain, general health, vitality, social functioning, role-
emotional and mental health). The physical functioning
domain assesses limitations in physical activities such
as walking and climbing stairs. The role-physical and
role-emotional domains measure problems with work or
other daily activities as a result of physical health or
emotional problems. Bodily -pain assesses limitations
resulting from pain; vitality measures energy and tired-
ness. The social functioning domain examines the effect
of physical and emotional health on normal social
activities, and mental health assesses happiness, ner-
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vousness, and depression. The general health perceptions
domain evaluates the personal opinion of one's health
compared with that of one’s peers, as well as the expec-
tation of changes in health. All domains are scored on a
scale from 0 to 100, with 100 representing the best pos-
sible health state. Two summary scales (physical and
mental component) can also be derived [16, 18].

The SF-36 has been validated for use to assess HRQL
in osteoporotic patients [2, 19].

BMD measurement at lumbar spine

BMD was measured in the lumbar spine (L2-L4) in the
anterior-posterior projection by dual-energy X-ray
absorptiometry (DXA; QDR-4500A, Hologic Inc,,
Waltham, Mass., USA), essentially as previously de-
scribed [20). The precision of the measurement of lum-
bar spine BMD using DXA was less than 1.8%. -

Quantitative ultrasound assessment of calcaneus

Quantitative ultrasound assessment of calcaneus was
performed using an ultrasound system [Acoustic Osteo-
Screener (AOS-100), Aloka Co. Ltd, Tokyo, Japan],
as previously described [12, 14]. Briefly, the AOS-100
measures both speed of sound (SOS) and an attenua-
tion-related parameter called the transmission index
(TI}. These measurements yield a derived parameter, the
osteo sono-assessment index (OSI), which has been
proposed to be an estimate of the elastic modulus of
the calcaneus [22]. Precision of the OSI parameter was
2.2% [23). :

Ultrasonographic examination of CA and FA IMT

Ultrasonographic examination of the CA and FA was
performed in the supine position by high-resolution
ultrasonography with a 10 MHz in-line Sectascanner
(SSD 610 CL; Aloka), as previously described [12, 21, 24,
25, 26, 27]. To avoid inter-observer variability, all mea-
surements were performed by the same examiner (H.Y.)
who was unaware of subject characteristics. Briefly, CA
and FA were scanned at the level of the bifurcation on
both the right and left sides. IMT was measured in the far
wall of the CA and FA at sites of the most advanced
arterial thickening as diffuse and continuous projection
with the greatest distance between the lumen-intimal
interface and the media-adventitial interface but without
atherosclerotic plaque, which was defined as localized
lesions of thickness =2.0 mm, from digitized still images
of the arteries during scanning [27, 28]. These interfaces
were all manially traced on the samde day to avoid pos-
sible variation during the study period and the mean
value calculated as the mean of at least three still images
obtained from the same section of the CA and FA [21,
24]. Reproducibility of the IMT measurement was
acceptable as shown by coefficients of variation (CV} of
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2.8% and 3.4% for CA IMT and FA IMT, respectively.
These were calculated from the 40 measurements per-
formed in 20 RA patients on two different occasions
according to Bland and Altman [29] using the formula:
CV{(%)=100(SD/N2)/x, where SD is the standard devi-
ation of absolute differences between the two repeated
measurements, and x is the pooled mean value.

Statistical analysis

Values are expressed as mean = SD unless otherwise
indicated, Statistical analysis was performed with the
Stat View V system (Abacus Concepts, Berkeley, Calif,,
USA) for the Apple computer. The correlation coeffi-
cients were calculated by Pearson and Spearman Rank
correlation analyses due to abnormal distribution of
various clinical variables. P-values of <0.05 were con-
sidered as statistically significant. Multiple regression
analysis was performed to assess independent associa-
tion with lumbar spine BMD and calcaneus OSI.P-val-
ues of <0.05 were considered as statistically significant.

Results

Clinical variables, IMTs and bone density
of healthy subjects

Clinical characteristics of healthy subjects (n =260, M/F
106/154 enrolled in this cross-sectional study are shown
in Table 1. CA and FA IMT were 0.603 £ 0.166 mm
and 0.840 £ 0.396 mm, respectively. Lumbar spine
BMD and calcaneus OSI were 0.918 + 0.151 g/fem? and
2.69 £ 0.38x108, respectively. IMT at CA and FA and
physical functioning score did not differ significantly
between male and female, although lumbar spine
BMD and calcaneus OSI were significantly lower in fe-
male than in male. As shown in Fig. 1, calcaneus OSI
correlated significantly by Pearson correlation analysis
in a positive manner with lumbar spine BMD in total
subjects (r=0.551,F <0.0001).
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Fig. 1 Positive correlation between lumbar spine BMD and
calcaneus OSI in 260 healthy Japanese subjects. A significant
positive correlation was found between lumbar spine BMD and
calcaneus OSI (r=0.551, P<0.0001) by Pearson analysis

Unadjusted domain scores of the eight subscales
and adjusted domain scores of two summary scales
of the SF-36 scores

Table 2 represents the HRQL scores assessed by SF-36.
Adjusted domain scores of two summary scales were
both around 50 points, confirming that the subjects
enrolled in the present study have not been suffering
from major health problems.

Correlation of lumbar spine BMD and calcaneus
OSI with the SF-36 score

Among the eight subscales and two summary scales of
the SF-36 scores, physical functioning emerpged as the
only factor which correlated significantly by Pearson
correlation analysis in a positive manner with both
lumbar spine BMD (Fig. 2) and calcaneus OSI (Fig. 3).

Table 1 Clinical characteristics

of 260 healthy individuals Total Male Female

enrolled in the present study.

Data are expressed as Number 260 106 154

mean=SD, BP blood pressure, Age (years) 5144125 474+11.8 5424122

LDL low-density lipoprotein, Body weight (kg) 58.1%11.3 67.1£9.7 519%7.5

PF physical functioning, BMD Height {cm) 160.4£9.6 169.4+6.3 1543+6.1

bone mineral density, OST Body mass index (kg,’mz) 225+30 234427 21.8+3.1

osteo-sono assessment index, Postmenopausal - - 107

CA IMT common artery Smoking index 203.7+371.4 4612+457.4 34.9+140.6

intima-media thickness, FA4 Smoking habit 89 72 17

IMT femoral artery intima- Systolic BP (mmHg) 123.9+18.5 1280153 121.1+£20.0

media thickness Diastolic BP (mmHg) 69.1+10.6 712+£11.1 67.5+£10.0
LDL-cholesterol (mg/dl) 128.7+£32.4 121.0+320 134.0+31.7
PF score (SF-36) 90.9+£9.6 93.1+8.2 89.5+102
Lumbar 2-4 spine BMD (g,fcmz) 0918+0.151 4.979+£0,141 0.876+0.145
Calcaneus O8I (x10%) 2.69£0.38 2.90+0.39 2.55+0.29
CA IMT (mm) 0.603 £0.166 0.600£0.151 0.605£0.176
FA IMT (mm) 0.840+£0.396 0.834+0.398 0.845+0.396
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Table 2 Unadjusted domain scores of the eight subscales and two
semmary scales of the SF-36 scores. Data are expressed as
mean+ 3D

Scores in SF-36

Physical functioning 91.0+9.6
Role physical 91.2+228
Bedily pain : 76.9£19.3
General health perceptions 64.4+£16.3
Vitality 64.4+20.4
Social functioning 882x17.6
Role emotional 87.0+28.0
Mental health 73.2+£19.0
Summary scales in SF-36

Physical components 524+7.1
Mental components 48.3+£9.3

Correlations of lumbar spine BMD and calcaneus OSI
with clinical variables including CA and FA IMT

Table 3 shows the summary of correlations of lumbar
spine BMD and calcaneus OSI with clinical character-
istics including IMTs at CA and FA by Spearman Rank
correlation because of abnormal distributions of sam-
ples. Among the clinical variables included, gender, age,
and BMI but not systolic blood pressure, were corre-
lated significantly with both lumbar spine BMD and
calcaneus OSI. Although FA IMT and physical func-
tioning score of SF-36 correlated significantly with both
lumbar spine BMD and calcaneus OSI, CA IMT did not
correlate. Serum LDL cholesterol was negatively corre-
lated with lumbar spine BMD but not calcaneus OSI.

Multiple regression analysis of factors independently
associated with lumbar spine BMD and calcaneus OS]
in male plus female subjects

Table 4 represents the results of multiple regression
analysis of various clinical variables to evaluate their
independent association with lumbar spine BMD and
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Fig. 2 Correlation of physical functioning score of SF-36 with
lumbar spine BMD in 260 healthy Japanese subjects. A significant
positive correlation was found between physical functioning and
lumbar spine BMD (r=0.170, P=0.0073) by Pearson analysis
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Fig. 3 Correlation of physical functioning score with calcaneus
OSI in 260 healthy Japanese subjects. A significant positive
correlation was found between physical functioning and calcaneus
OSI {r=0.174, P=0.0050) by Pearson analysis

Table 3 Correlations of calcaneus OSI and lumbar spine BMD
with clinical characteristics by Spearman rank correlation

Clinical variables Lumbar Calcaneus OSI

spine BMD

p P P P
Gender -0.33F <0.00011 -0.481 <0.0001%
Age (years) -0.459 <0.00011 -0.374 <0.0001%
Body mass index (kg/m?) 0.186 00038t 0411  <00001%
Systolic BP {mmHg) =0.622 0.6868 0.075  0.2273
LDL-cholesterol {mg/dl) ~0.141 0.0266f -0.071 0.2526
PF score (SF-36) 0.156 0.0147t+ 0190 0.00241
CA IMT (mm) —0.098 0.1225 -0.017 0.7867
FA IMT (mm) =0,191 00027t -0.199 (.0014%

1P<0.01, tP<0.05

Table 4 Multiple regression analysis of factors independently
associated with calcaneus OSI and lumbar spine BMD in male plus
female. Values are standard regression coefficients (£). R? multiple
coefficient of determination

Independent Lumbar spine Calcaneus OSI
variables BMD
Modell Model2 Modell Model2
Gender -0.038 -0.040 -0.2731 -0.272%
Age (years) -0.4707 -0.442%f -0.312f -0.263%
Body mass index 02331 0.235¢ 0.312% 0.301%
(kg/m?)
Systolic BP (mmHg) 0.035 0.051 0.005 =0.007
Smoking index 0.025 0.023 0.042 0.077
LDL-cholesterol -0.034 -0.021 0.065 0.084
(mg/dl)
PF score (SF-36) 0.101§ 0.102§ 0.055 0.041
CA IMT (mm) -0.037 - 0.017 -
FA IMT (mm) - -0.043 - -0.117¢
R 0.296f 02961 03557  0.365%

1P <0.01, tP<0.05, §P<0.10
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Fig. 4 Correlation of FA-IMT with calcaneus OSI in 260 healthy
Japanese subjects. Negative correlation was found between FA-
IMT and calcaneus OSI (r=-0.184, P=0.0030) by Pearson
analysis

calcaneus OSI. In model I, which included gender, age,
BMI, systolic BP, smoking index, serum LDL choles-
terol, physical functioning score of SF-36 and CA IMT,
cnly age and BMI were independent factors significantly
associated with lumbar spine BMD. There was a ten-
dency toward higher physical functioning score in those
with higher lumbar BMD. In case of calcaneus OSI,
gender, in addition to age and BMI, emerged as the
independently associated factor. CA IMT failed to be
significantly associated with both lumbar spine BMD
and calcaneus OSI. In model 2, which included FA IMT
in the place of CA IMT, FA IMT, of great interest,
emerged as an independent factor significantly associ-
ated with calcanens OSI, but not lumbar spine BMD
(Table 4 and Fig. 4).

Multiple regression analysis of factors independently
associated with lumbar spine BMD and calcaneus OSI
in female subjects

Table 5 represents the results of multiple regression
analysis when the subjects were restricted to females
only. The results were essentially the same, indicating
the tendency towards independent association of FA
IMT selectively with calcaneus OSI but not with lumbar
spine BMD, although the association did not reach
statistical significance (P=0.0787). It was reasonable
that menopause was negatively associated with both
lumbar spine BMD and calcaneus OSI.

Discussion

Since the physical functioning domain of SF-36 scores
assesses limitations in physical activities such as walking
and climbing stairs, it is reasonable that it showed a
significant and positive correlation with lumbar spine

Table 5 Multiple regression analysis of factors independently
associated with calcaneus OSI and lumbar spine BMD in female
subjects. Values are standard regression coefficients (f). R? multiple
coefficient of determination

Lumbar Calcaneus QOSI

spine BMD
Model | Model 2 Model I Model 2

Independent
variables

Age (years) =0.203  -0.190 -=0.170  -0.06%
Body mass index 0.196f  0.1901 0.370F  0.351%
(kg/m?)
Menopause -0.418} -0.422% -0.377F -0.389%
Systolic BP (mmHg) 0.089 0.086 -0.001 -0.017
Smoking index -0.068 ~0.066 0.091 0.116
LDL-cholesterol (mg/dl) 0.009 0.008 0.092 0.103
PF score (SF-36) 0.084 0.088 0.056 0.059
CA IMT (mm) -0.012 - 0.040 -
FA IMT (rom) - -0.021 - -0.139%
R? 0.319% 03208 0.338%F 0.351t

1P<0.01, $£<0.05, §P<0.10

BMD and calcaneus OSI, since a large body of literature
supports the positive impact of physical activity on bone
mass, particularly in weight-bearing bones such as
lumbar spine and calcaneus [30, 31, 32, 33, 34, 35, 36,
37]. By multiple regression analysis, physical functioning
score showed a tendency of independently associating
with lumbar spine BMD. However, it did not associate
with calcaneus OSI, in spite of the positive impact on
bone mass. One possibility for the lack of its positive
associations with calcaneus OSI might be ascribed to the
inclusion criteria that the subjects enrolled in the present
study were restricted to those in good health and were
eager to join the health programs spontanecusly and
thus that the distribution of HRQL scores in the subjects
fell within the narrower ranges. Alternatively, it might
be explained by less precision of calcaneus OSI com-
pared 1o that of lumbar spine BMD. When we extended
the ranges of ADL of the subjects to include patients
with early rheumatoid arthritis, we found a significant
correlation of ADL score assessed using a self-admin-
istered questionnaire modified from the Stanford Health
Assessment Questionnaire, named MHAQ [13] with
calcaneus OSI [14].

The most important finding in the present study is
that FA IMT emerged as an independent factor that
significantly associated with calcaneus OSI but not with
lumbar spine BMD (Table 4). When the subjects were
restricted to female patients, FA IMT was independently
associated with calcaneus OSI, but not with lumbar
spine BMD, although the association was not significant
due probably to smaller numbers of subjects because of
higher f-value than that in whole subjects (Table 5).

We have previously observed a significant correla-
tion between peak wave velocity, an index of athero-
sclerosis, and bone mineral content (BMC) in the
paretic lower limbs in hemiparetic patients [37]. Al-
though bone loss and arterial disease of the lower limbs
certainly shares common risk factors, such as tobacco
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consumption and sedentary life style, bone loss in the
affected lower limbs seems to be related with a direct
local effect of atherosclerosis and not with associated
general risk factor since the more ischemic atheroscle-
rosis limb also showed greater bone loss [38]. These
considerations are also supported from the present
study demonstrating that CA IMT, in contrast to FA
IMT, failed to be independently associated with cal-
caneus OSI (Table 4). The reason for greater bone loss
in the less-perfused lower limbs is explained by several
mechanisms. Since a correlation exists between intra-
osseous blood flow and bone remodeling in humans
[39], it is conceivable that reduced intraossecus blood
flow secondary to arterial disease induced osteopenia
by suppressing bone formation and stimulating bone
resorption. In fact, it was demonstrated that athero-
sclerotic lesions in the intraosseous arterioles were
indentical to those in the cutaneous, muscular or
myocardial vessels [40]. It is possible that hindlimb
unloading-induced decreases in blood flow and increase
in shear stress alter vascular endothelial cell release of
nitric oxide (NO) and prostaglandin I, (PGI,), which
could subsequently modify the focal balance between
osteoblast and osteoclast activity [41]. These data may
suggest that enhanced local atherosclerosis, as reflected
by increased FA IMT, may facilitate local bone loss by
reducing intraosseous blood flow even in normal pop-
ulation of Japanese people, resulting in accelerated
bone loss. The clinical significance of the present study
is the association of local blood flow in lower extrem-
1ties with reduction in calcaneus OSI. Therefore, these
data may suggest that we should be careful of bone loss
in calcaneus in those whose blood flow in the lower
extremities may be impaired.

The limitation of the present study is that the multiple
regression model explained only 35.5-36.5% of the
variance of calcaneus OSI. This may indicate the pres-
ence of other factors affecting calcaneus OSI, that were
not included in the models. Furthermore, due to smail
numbers of subjects, analyses wére performed in subjects
including male and female, although FA IMT emerged
as a factor independently associated with calcaneus OS]
even after adjustment for gender in the multiple regres-
sion analysis. Another limitation of the present study is
that we have no direct histopathological demonstration
that increased IMT is due to atherosclerosis. The arterial
thickening might have been due to another, non-ath-
erosclerotic arteriopathy. However, IMT measurement
is still useful in that IMT is strongly correlated with the
presence of coronary artery diseases.

In summary, it was suggested that the beneficial
influence of physical activity on bone status as measured
by calcaneus OSI and lumbar spine BMI was evident in
healthy Japanese population. Furthermore, as reflected
by the importance of FA IMT in the maintenance of
calcaneal ultrasonographic values, but not lumbar spine
BMD, it was strongly suggested that the importance of
local blood flow in the maintenance of bone quality even
in apparently healthy Japanese population.

6%
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