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using an 11-gauge biopsy needle (Trap-
Svstem; Medical Device Technologies,
Gainesville, Fla}.

The reparative cartilage was stained
with hematoxylin-eosin and toluidine
blue for general histologic analysis and
assessment of metachromasia. The re-
parative cartilage was judged to be hya-
line cartilage if it had an abundant exira-
cellular matrix that showed meta-
chromatric staining with toluidine blue
and a glassy appearance. The reparative
cartilage was judged to be fibrocartilage
if it had randomly distributed bundles of
collagen fibers and showed no meta-
chromatric staining with toluidine blue.
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Figure 1: () Color-codsd MR map of carfilage constructed by using R, values. The R1 in the reparative
cartilage (arrow) appears to be lower than that in the normal carlilage. (b} Color-coded MR map of cartilage
constructed by using R1,,,, values. Arrow = reparative cartilage. Throughout the cartilage, the R1 . values
have a smaller range than the R1,, values. On the maps and color scales, blue represenis areas of fow R1and

red represents areas of high R1.

Each reparative cartilage specimen was
classified as hyaline cartilage (predomi-
nance of hyaline cartilage), fibrocarti-
lage (predominance of fibrocartilage),
or mixed cartilage (approximately equal
quantities of hyaline cartilage and fibro-
cartilage). All cartilage classifications
were performed by Chiba University staff
pathologists. For the purposes of statisti-
cal analysis, fibrocartilage and mixed car-
tilage were grouped together and classi-
fied as other cartilage. The concentra-
tions of GAG in the reparative cartilage
and normal cartilage biopsy specimens
were measured by using high-perfor-
mance liquid chromatography (27).
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Bl Ry, and ART in Normal and Reparative Cartilage

Gartilage Alore Rl ART
Hormal 0.99 = 0.10% 216 =0.15 1.18 = 0.16*
Reparative 0.76 = 0.08* 232024 1.56 = 0.19*

Hole.—Dala are mean values {in 1/sec) = standard deviations.
* Differences in values befween normal and reparaiive cartilage

were significant (P < .05).

Clinical Evaluation

The scoring system of Lysholm and
Gillquist (28), a scoring system used for
the clinical assessment of knee function,
was performed to quantify the clinical
status of the patients before the ACI, 1
year after the ACI ({(mean, 12.4
months = 0.3 after surgery; range,
12-13 months}), and at the time of the
last medical examination (mean, 31.4
months = 9.0 after surgery; range,
23-45 months). This scoring was deter-
mined by two authors (Y.W, and A.W.,
with 12 and 8 years of experience with
this scoring system, respectively).

Data and Statistical Analyses

To evaluate the usefulness of delayed
gadolinium-enhanced MR imaging for
measuring the GAG concentration in re-
parative cartilage, we calculated the rel-
ative AR1 (ie, AR1 in veparative carti-
lage divided by AR1 in normal cartilage
in the same patient) and the relative
GAG concentration (ie, GAG concen-
tration in reparative cartilage divided by
GAG concentration in normal cartilage
in the same patientj. We then per-
formed a correlation analysis to deter-
mine the relationship between relative
AR1 and relative GAG concentration.
The relationships between relative
R1,,. (R, in reparative cartilage di-
vided by R1,,. in normal cartilage in the
saine patient) and relative GAG concen-
tration and between relative Rl
(R1,, in reparative cartilage divided hy
R1,.s in normal cartilage in the same
patient} and relative GAG concentra-
tion also were studied.

To assess the usefulness of the rela-

Table 2

GAG Concentrations in Normal and
Reparative Carlilage Measured with
High-Performanee Liguid
Chromatography

Gartilage GAG Concentration

1078 =170
65994

Normal {n =7}
Reparative (= 9)

Hote.—Data are mean values {in micrograms per mii-
figram) = standard deviations. Differences in values
between normaf and reparative serfilage were signifi-
cant {P < .03).
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Figure 2:  Quantitative correlation of relative AR1
and relative GAG conceniration. A significant corre-
lation between refative ART and relative GAG con-
ceniration (7= 0.818, P = .024) was observed.
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Figure 3:  Quantitative correlation of relative Ripe
and relative GAG concentration. No significant correla-
tion between relative R1,,., and relative GAG concen-
tration (7= 0.010, P= 983) was chserved.

Figure 4:  Quantitativs corrslation of relative

R 5 and relative GAG concentration. No signifi-
cant correlation betwesn relative R, and relative
GAG concentration (r= 0.661, P=106) was ob-
served.

tive AR1 in predicting the histologic
type of reparative cartilage, differences
in relative AR1 between hyaline repara-
tive cartilage and other reparative carti-
lage were analyzed.

The time from biopsy for histologic
and hiochemical analyses to MR imaging
evaluation varied among the patients. To
investigate the possible effect of the
length of time between biopsy and MR
imiaging on the nature of the reparative
cartilage, the patients were divided into
iwo groups—those imaged early (=12
months) and those imaged late (>12
months) after biopsy-—and the differ-
enices in relative AR1 values hetween the
early and late groups were analyzed.

Appropriate statistical tests were
used to perform the data analvses and
included the Student ¢ test for paived or
unpaired samples and the Bartlett test
for correlation analysis. P < .05 indi-
cated statistical significance. Statistical
computer software (Statview, version
3; SAS Institute, Carv, NC) was used to
perform all statistical analyses.

image Analysis Findings

In all patients, the maps of the cartilage
constructed by using R1,,, and Rl
values had similar appearances (Fig 1).
The R1,, . values for reparative cartilage
appeared to he lower than thase for
normal cartilage, and R1,,. values dif-
fered significanily between reparative

and normal cartilage (¢ statistic, 4.94;
P < .05) (Table 1). In contrast, the
R1,, values on the calculated maps had
a smaller range than the R1,,. values
throughout the cartilage, and R1,,, val-
ues did not differ significantly hetween
reparative and normal cartilage (¢ sta-
tistic, 1.62; P = .13) (Table 1). All AR1
values for reparative cartilage were
higher than the corresponding AR1 val-
ues for normal eartilage, and AR1 values
differed significantly between repara-
tive and normal cartilage (¢ statistic,
4.46; P < .05) (Table 1).

Histologic and Biochemical Analysis
Findings
The reparative cartilage was classified
as hyaline cartilage in five patients {two
male, three female; age range, 13-35
vears; mean age, 23.6 years), as mixed
cartilage in three male patients (age
range, 15-27 years; mean age. 19.0
years}, and as fibrocartilage in one male
patient aged 27 vears,

The mean GAG concentration in the
reparative cartilage biopsy specimens was

significantly lower than that in the normal

cartilage biopsy specimens (P < .05) {Tahle
2}.In all patients, the GAG concentration in
the reparative caviilage was lower than that
in the normal cartilage.

Clinical Findings

The patients’ knee function scores {Lysh-
olm and Gillquist scoring) improved sig-
nificantly after ACI, from a mean score of
63.0 = 12.2 before to a mean score of

94.9 = 5.1 a year after the surgery (¢
statistic, 7.2; P < .01). The mean score
had further significandy improved, to
97.7 + 4.9, at the last medical examina-
ton (¢ statistic, 7.9; P < .01}, No patient
had clinical complaints related to the
treated knee at the last examination,

Usefulness of Delayed Gadelinium-
enhanced MR Imaging of Cartilage for
Measuring GAG Concentration

A significant correlation between relative
ARl and relative GAG concentration
(seven knees, r=0.818, P = .024) (Fig2)
was observed. However, no significant
correlation between relative Ri,,. and
relative GAG concentration {seven knees,
r = 0.010, P = 983} (Fig 3} or between
relative R1,,., and relative GAG concen-
tration (seven knees, r = 0.661, P =
-106) (Fig 4} was observed.

Differences in Relative ART hetween
Hyaline Reparative Cartilage and Other
Reparative Cartilage

The relative AR1 was slightly lower in
hyaline reparative cartilage {mean, 1.23
per second = 0.14 for five knees} than
in other reparative cartilage (mean,
1.50 per second = 0.18 for four knees).
This difference was not significant {t
statistic, 2.20; P = .06).
AR1 Changes in Reparative Cartilage as a
Functien of Time between Biopsy and MR
imaging

The mean relative ART was 1.42 per
second = 0.24 in the early group {two
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male patients, two female patients; age
range, 15-33 years; mean age, 26.0
years) versus 1.26 per second = 0.121in
the late group (four male patients, one
female patient; age range, 13-27 years;
mean age, 18.0 years). This difference
was not significant (¢ statistic, 1.10; P =
31).

The R1,,.. which can directly affect the
evaluation of contrast agent concentra-
tion (Bq [1]), is known to vary accord-
ing to tissue composition. In previous
clinical studies in which early degenera-
tive changes in cartilage were evalu-
ated, the differences in R1,,. between
degenerative cartilage and normal carti-
lage were so small that the authors con-
cluded that the Rl had a negligible
influence in shortening the acquisition
time (23,24,29). In contrast, a compar-
ison between normal cartilage and ex-
perimentally prepared cartilage that
simulated late degenerative changes re-
vealed noticeable differences in Rl
between degenerated cartilage and nor-
mal cartilage (30).

To our knowledge, before the
present study, a detailed investigation
of the differences in R1,,, between re-
parative cartilage and normal cartilage
in patients after ACI had not been per-
formed. Among the currently available
cartilage rvepair methods, ACI bas
yvielded some of the hest reported re-
sults (15,16). However, the concentra-
tion of macromolecular tissue compo-
nents and the collagen arrangement in
rveparative cartilage are not equivalent
to those in normal cartilage {17-19). In
our study. the reparative cartilage after
ACI had a lower GAG concentration
and a different histologic appearance
compared with the normal cartilage,
and the R1, . in the reparative cartilage
was significantly lower than that in the
normal cartilage. Although Rl mea-
surements alone did not enable the de-
tection of differences in GAG concen-
tration between veparative cartilage
and normal cartilage, AR1 measure-
ments did enable the detection of such
differences.

Correlation analysis revealed a sig-

nificant correlation between relative
AR1 and relative GAG concentration
only. This finding suggests that delayed
gadolinium-enhanced MR imaging eval-
uation of the GAG concentration in re-
parative cartilage after ACI requires
measurement of the AR1. Thus, meth-
ods that involve the use of Rl mea-
surements only might not be suitable for
evaluating reparative cartilage after
ACL

A decreased R1,,, in reparative car-
tilage may result from increased tissue
water content, a decreased concentra-
tion of macromolecular matrix compo-
nents, or differences in the collagen net-
work structure (31). Measurement of
the Rl may be necessary for tissue
with R1,,,, values that could differ mark-
edly from the Rl in the surrouncing
normal cartilage, tissue such as sponta-
neously reparative cartilage after a trau-
matic defect, the reparative cartilage
generated with therapeutic interven-
tion, and cartilage with locally advanced
degeneration. The necessity of perform-
ing both precontrast MR imaging and
2-hour-delay postcontrast MR imaging
makes it diffieult to routinely use de-
Jayed gadolinium-enhanced MR imaging
of cartilage in the clinical seiting. How-
ever, evaluation with postcontrast MR
imaging alone might lead to an overesti-
mation of the GAG concentration in re-
parative cartilage after ACL

Gillis et al (32) reported that de-
laved gadolinium-enhanced MR imaging
of cartilage has potential as a noninva-
sive MR imaging technique for monitor-
ing the GAG concentration in autolo-
gous cartilage transplants. Their study
findings suggest that the GAG concen-
tration in repavative cartilage measured
12 months or longer after AClis compa-
rable to the GAG concentration in the
surrounding normal cartilage. How-
aver, these authors performed postcon-
trast MR imaging only and thus may
have overestimated the GAG content in
the grafts that thev evaluated. In all the
patients in our study, GAG concentra-
tions were lower in the reparative carti-
lage than in the normal cartilage.

Relaxivity, a second parameter that
can affect the evaluation of conirast ma-
terial concentration {(Eq [1]}, is known

to vary as a function of the tissue com-
position and the magnetic field strength
of the MR imaging system {30,33). Mea-
suring relaxivity is difficult in clinically
limited situations, and the difference in
relaxivity between reparative cartilage
after ACI and normal cartilage is un-
known. Because differences in relaxivity
may result in an underestimation of
the anionic gadopentetate dimeglumine
concentration as well as the Rl in
reparative cartilage, further investiga-
tion is necessary.

Direct measurement of the GAG
concentration in reparative cartilage
with delayed gadolinium-enhanced MR
imaging has been considered as a possi-
ble method of tracking the time course
of the GAG concentration in reparative
cartilage after ACI. However, direct
measurement of the GAG concentration
with delayed gadolinium-enhanced MR
imaging of cartilage is not feasible cur-
rently because it requires knowledge of
the actual concentration of anionic ga-
dopentetate dimeglumine in the syno-
vial fluid of the knee joint, which is very
difficult to measure. Thus, in cur study,
we used instead the relative ART as a
parameter for comparing GAG concen-
trations in reparative and normal carti-
lage, and we investigated whether the
AR1 correlated with the relative GAG
concentration, which is the ratio of the
actual tissue GAG concentrations in re-
parative and normal cartilage. Our anal-
ysis vevealed a significant correlation
hetween relative ARI and relative GAG
concentration, which suggests that the
relative AR1 may be useful for the quan-
titative evaluation of reparative carti-
lage.

Our study had several limitations.
First, the sample size was relatively
small. In our study, no significant differ-
ence in relative AR1 between hyaline
reparative cartilage and other repara-
tive cartilsge or between the early
group and the late group was ohserved.
These findings might have heen caused
by the relatively small number of pa-
tients. A larger-scale study is needed.

Second, the time from bhiopsy for
histelogic and biochemical analyses to
MR imaging evaluation varied among
the patients. For some patients, this in-
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terval was considerably long because
the patients had already undergone sec-
ond-lock arthroscopy with biopsy when
the delayed gadolinium-enhanced MR
imaging of cartilage technique hecame
available at our institute. If the matura-
tion and degeneration of the reparative
cartilage were ongoing processes, then
changes in the cartilage composition
could have developed between the time
of MR imaging and the time of hiopsy.
The effects of this long interval on the
results of our study are unknown; how-
sver, we believe that no substantial
changes in the cartilage composition oc-
curred during the period between tissue
biopsy and MR imaging. One reason for
this helief is that the tissue biopsy pro-
cedures were performed 12-13 months
after surgerv, by which time—according
to some reports—ihe maturation of im-
planted cartilage would have already
been completed (34-36). A second rea-
son for this belief is that because our
study patients had femoral condyle le-
sions, which are known {o have better
clinical results than patellar or trochlear
lesions (16}, their reparative cartilage
may have henefited from an environ-
ment that was unfavorable for degener-
ation. However, performing concurrent
biopsy and MR imaging might imiprove
the correlation bhetween GAG concen-
tration and findings of delayed gadolin-
tum-enhanced MR imaging of cariilage.

Third, because MR imaging was
performed after second-look arthros-
copy in all patients, the biopsy proce-
dure itself may have produced cartilagi-
nous changes that affected the appear-
ance of and R1 in the reparative
cartilage at subsequent MR imaging.
We believe the effect of the biopsy on
the cartilage repair process was small
because we used a small biepsy needie
during arthroscopy, which is a mini-
mallv invasive procedure. Nonetheless,
the optimal time for MR imaging would
be just hefore the biopsy.

In conclusion, ACI is a promising
method of treating cartilage injury, and
various studies to assess methads of
producing reparative cartilage tissue
similar to normal hvaline cartilage are
underway (16). To improve the ahility
to obtain stable clinical results and good

long-term outcomes with ACI, evalua-
tion of the time course of the cartilage
repair with use of an effective noninva-
sive qualitative method is important.
The results of our study indicate that
pre- and postcontrast imaging is neces-
sary for delayed gadolinium-enhanced
MR imaging evaluation of reparative
cartilage after ACL Additional, larger-
scale studies are needed to validate the
usefulness of delayed gadolinium-en-
hanced MR imaging for evaluating re-
parative cartilage after ACL
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Abstract Backgrounds underlying age-related bone loss
can be classified into two categories: systemic abnormality
and osteoblast dysfunction. The former includes insuffi-
ciency of vitamin D or estrogen, causing a negative balance
of calcium metabolism. We propose the contribution of an
aging-suppressing gene, klotho, as a novel systemic factor,
as a mouse deficient in the klotho gene exhibits multiple
aging phenotypes including osteopenia with a low bone
turnover. As a factor intrinsic to osteoblasts, we investigat-
ed the role of PPARy, a key regulator of adipocyte
differentiation, based on the facts that osteoblasts and
adipocytes share a common progenitor. Heterozygous
PPARYy-deficient mice exhibited high bone mass by
stimulating osteoblastogenesis from bone marrow progen-
itors, and this effect became prominent with aging,
indicating involvement of PPARvy-dependent bone forma-
tion in the pathophysiology of age-related bone loss. The
local environment of osteoblasts is mainly controlled by
cytokines/growth factors, among which insulin-like growth
factor-I (IGF-I) is the most possible candidate whose
production and activity are decreased with aging. Bone
phenotypes of deficient mice of insulin receptor substrates
(IRS-1 and IRS-2), essential molecules for intracellular
signaling of IGF-I, revealed that IRS-1 is essential to
maintain bone turnover by up-regulating anabolic and
catabolic functions of osteoblasts, while IRS-2 is needed
to keep the predominance of the anabolic function over the
catabolic function. A next task ahead of us will be to
elucidate the network system of these factors underlying
age-related osteoporosis. :
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Department of Sensory and Motor System Medicine,
Faculty of Medicine, University of Tokyo,

Tokyo 113-8655, Japan
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1 Three major backgrounds of osteoporosis

There are three major backgrounds of osteoporosis in aged
women: (1) the peak bone mass during their adolescence
was low, (2) the bone loss by menopause due to estrogen
deficiency was severe, and (3) the bone loss by ageing
thereafter was severe (Fig. 1); each of these has an
independent mechanism. Regarding the mechanisms under-
lying the bone loss by ageing, accumulated evidence has
suggested many age-related abnormalities which can be
classified into two categories: systemic abnormality and
osteoblast dysfunction (Fig. 2). The former includes
insufficiency of active vitamin D or estrogen, which
decreases calcium absorption from G.1. and kidney, causing
a negative balance of calcium metabolism and a secondary
hyperparathyroidism [1-8]. The latter can be further
divided into abnormalities that occur inside and outside of
osteoblasts. As an inside factor, Runx2, a key transcription
factor for osteoblast differentiation, is the most probable
candidate, since the expression is reported to be suppressed
during cellular ageing of osteoblasts [9]; however, there is
no in vivo evidence of its contribution to age-related bone
loss. The local environment outside osteoblasts is mainly
controlled by cytokines/growth factors such as insulin-like
growth factor-I (IGF-I) [10-12], interleukin-11 [13], trans-
forming growth factor-p [I14] and bone morphogenetic
proteins [15].

None of these hormones, cytokines, or transcription
factor, however, can fully explain the etiology of age-
related bone loss. To further investigate its molecular
backgrounds, we have been involved in the reverse and
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Fig. 1 Three major backgrounds for the etiology of osteoporosis.
(A) The peak bone mass in the adolescence. (B} A rapid bone loss
after menopause. (C) A gradual age-related bone loss thereafter

forward genetic approaches: the reverse genetics is the
approach from a genotype to a phenotype using gene-
manipulated mice such as knocked-out or transgenic, while
the forward genetic approach is from a disease to the
responsible gene using the human genomic analysis, based
on the reverse genetic findings. This review summarizes the
possible roles of three different types of molecules, a
hormone klotho, an osteoblast intrinsic factor peroxisome
proliferator-activated receptor-y (PPARy), and a local
factor IGF-1 by way of its adaptor molecule insulin receptor
substrates (IRS), in age-related bone loss primarily from
our recent mouse genetics approaches.

2 Klotho as a hormone in age-related osteoporosis

In addition to hormones vitamin D and estrogen, we hereby
propose the contribution of an ageing-suppressing gene,
klotho, as a novel systemic factor regulating age-related
bone loss. Klotho was originally identified as a mutated
gene in a mouse strain that accelerates age-dependent loss

Ageing

Systemic abnormality Osteoblast dysfunction

Intrinsic

Vitamin DV Estrogen v Runx2 ¥
¥ $ PPARy4

Ca loss (G.l. & kidney) Local factors ¥

v IGF-1 (IRS-1 & -2)
PTH 4 IL-11, TGF-B, BMP

Osteoporosis
Fig. 2 Possible mechanisms underlying bone loss by ageing. IZ-11
interleukin-11; TGF-{ transforming growth factor-; BMP bone
morphogenetic protein; G.I. gastrointestinal; PTH parathyroid hormone
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Fig. 3 Bone phenotype of KL—/— mice (a and b) and interaction
between klotho and insulin/IGF-I signalings (c) (a) Plain X-ray and
CT images of femora of KL—/~ and WT littermates at § weeks of age.
(b) Bone histomorphometric analysis of the proximal tibiae of KL—/-
and WT littermates. Ob.S/BS Osteoblast surface per bone surface;
BFR/BS bone formation rate per bone surface; Oc.N/B.Pm osteoclast
number per bone perimeter; ES/BS eroded surface per bone surface.
(c) A scheme of the interaction between klotho and insulin/IGF-1
signalings
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Fig. 4 Backgrounds for possi- a
ble involvement of PPARY in
age-related bone loss. (a) Mes-
enchymal precursor cells in

bone marrow can differentiate

into both osteoblasts and adipo-

cytes through respective key

molecules Runx2 and PPARvy.

(b) X-ray (rop) and normal

pictures (bottom) of bone mar- b
row in proximal femurs of

young (34 years) and aged

(86 years) females, both of

whom underwent surgical oper-

ations due to fracture. In the

aged marrow, a reciprocal de-

crease of bone mass and an

increase of adipose tissue

Bone marrow

of function in multiple age sensitive traits [16]. An
insertional mutation that disrupts the 5‘promoter region of
the klotho gene resulted in a strong hypomorphic allele.
Mice homozygous for the mutated allele (KL—/— mice)
exhibited multiple age-related disorders including osteope-
nia, especially in the cortex bones, just like human senile
osteoporosis (Fig. 3(a)), and suffered premature death
around 2 months of age [17, 18]. Bone histomorphometric
analysis revealed that parameters of both bone formation
(Ob.S/BS and BFR/BS) and bone resorption (Oc.N/B.Pm
and ES/BS) were lower in KL—/~ mice in the wild-type (WT)
littermates, with predominant decreases of the formation
parameters over the resorption parameters (Fig. 3(b)), indi-
cating a state of low bone turnover osteopenia.

The klotho gene encodes a single-pass transmembrane
protein that is detectable in limited tissues, particularly the
distal convoluted tubules in the kidney and the choroid
plexus in the brain. Because a defect in the klotho gene
leads to systemic age-dependent degeneration, the klotho
protein may function through a circulating humoral factor
that regulates the development of age-related disorders or
natural ageing processes [19]. We recently showed that
overexpression of klotho can extend life span, and found
that the extracellular domain of the klotho protein circulates
in the blood and binds to a putative cell-surface receptor
[20]. Klotho functions as a hormone that suppresses
tyrosine phosphorylation of insulin and IGF-1 (Fig. 3(c)).
Since extended life span upon negative regulation of insulin

Precursor
cells

Runx2 Osteoblasts

PPARY .Adlpocytes

Aged

and IGF-I signaling is an evolutionarily conserved mech-
anism to suppress ageing [21], klotho appears to be a
peptide hormone to modulate such signaling and thereby
mediate insulin metabolism and ageing.

As the forward genetic approach, we examined the as-
sociation between human klotho gene polymorphisms and
bone density in postmenopausal women of two genetically
distinct racial populations: the Caucasian and the Japanese.
Screening of single-nucleotide polymorphisms (SNPs) in
the human klotho gene identified a total of 11 SNPs, and
three of them were common in both populations. Among
them, two SNPs: one in the promoter region and one in
exon 4 were significantly associated with bone density of
the aged postmenopausal women in both populations [22
Other SNPs in the human klotho gene are reported to be
associated not only with bone loss [23, 24], but also with
altered life span [25] and risk for coronary artery disease
[26] and stroke [27]. These results indicate that the klotho
gene may be involved in the longevity and pathophysiology
of age-related disorders including osteoporosis in humans.

3 PPARY as an osteoblast intrinsic molecule
in age-related osteoporosis
Osteoblasts and adipocytes are known to share a common

progenitor: multipotential mesenchymal stem cells in bone
marrow, being driven by respective key molecules Runx2

@ Springer
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Fig. 5 Radiological analyses of PPARy +/— and WT littermates at
indicated ages. (a) Plain X-ray images of femora and tibiae of
representative PRP4Ry +/— and WT littermates at 8 and 52 weeks of
age. (b) Time course of trabecular bone volume expressed as
percentage of total tissue volume (BV/TV, %) at the distal femora
was measured on the CT image. Data are expressed as means
(symbols)=SEMs (error bars) for eight mice/group for PPARy +/-
and WT. Significant difference from WT; *P<0.05, #P<0.01,
determined by post-hoc testing using Bonferroni’s method

and PPARy [28-31] (Fig. 4(a)). In addition, ageing is
associated with a reciprocal decrease of osteogenesis and an
increase of adipogenesis in bone marrow [32-34]
(Fig. 4(b)). Based on these facts, we investigated the
physiological role of PPARY in bone metabolism [35],
using heterozygous PPAR~-deficient (PPARYy +/-) mice

@ Springer

[36]. Although they showed no abnormalities in major
organs such as brain, heart, liver, spleen or kidney on a
standard diet [36, 37], they exhibited high bone mass both
at young and old ages (Fig. 5(a)). The time course of the
bone volume revealed that bone mass was decreased with
ageing in both PPARy +/— and WT littermates; however,
the difference of bone volume between the two genotype
mice became more prominent at 52 weeks (Fig. 5(b)),
indicating the involvement of the PPARY signaling in the
pathophysiology of human age-related osteoporosis [35]. In
fact, a previous association study between bone density and
a genetic polymorphism of PPARy in postmenopausal
women implies the involvement of PPARYy in bone loss
[38]. Ex vivo culture of bone marrow cells derived from
PPAR~ +/— and WT showed that PPARYy haploinsufficiency
caused not only a decrease in the number of adipocytes, but
also an increase of osteoblasts, indicating that PPARYy
signaling in marrow progenitors functions as a potent
suppressor of commitment to osteoblastic lineage [35].

In addition to the role of PPARy as an intracellular
molecule, a recent report suggested that PPARY could have
an antiosteogenic endocrine role, since severely lipody-
strophic PPARY™P™P mice which have a hypomorphic
mutation at the PPARy locus in white adipose tissue [39]
showed enhanced bone formation [40]. Adipokines, such as
leptin and adiponectin, which are secreted by adipocytes and
potently regulate bone metabolism [41-45] might be involved
in the PPAR'y-related systemic signaling in bone formation.

IGF-I

l Osteoblast

IRS-1 IRS-2
11 Anabolic function 1
t RANKL |

l

Bone Formation ﬁ 1
Bone Resorption .

Fig. 6 Mechanism of bone formation by IGF-I through IRS-1 and
IRS-2 signalings. Analyses of bones of /RS-/—/— and IRS-2—/— mice
revealed that IRS-1 is important for maintaining both bone anabolic
function and catabolic function through RANKL expression in
osteoblasts, while IRS-2 increases the anabolic function but decreases
the catabolic function. As a balance of the two signalings, IGF-I up-
regulates bone formation without affecting bone resorption
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4 IRS signaling in age-related osteoporosis

Among cytokines/growth factors of which decreases with
ageing have been indicated to be responsible for osteoblast
dysfunction, IGF-I is the most probable candidate whose
serum level is decreased with ageing and positively related
to bone density of aged populations [10-12]. IGF-I initiates
cellular responses by binding to its cell-surface receptor
tyrosine kinase IGF-1 receptor, which then activates
essential adaptor molecule IRS followed by downstream
signaling pathways like phosphatidylinositol-3 kinase
(PI3K)/Akt and mitogen-activated protein kinases
(MAPKs) [46]. The mammalian IRS family contains at
least four members: ubiquitous IRS-1 and IRS-2, adipose
tissue-predominant IRS-3, and IRS-4 which is expressed in
the thymus, brain and kidney. We previously reported that
IRS-1 and IRS-2 are expressed in bone [47, 48]. Our further
studies on mice lacking the IRS-1 gene (IRS-/—/- mice) or
the IRS-2 gene (/RS-2—/- mice) revealed that these
knockout mice exhibited severe osteopenia with distinct
mechanisms: /RS-/—/— mice showed a low bone turnover
in which both bone formation and resorption were
decreased [47], whereas IRS-2—/— mice showed an uncou-
pling status with decreased bone formation and increased
bone resorption [48]. It therefore seems that under
physiological conditions IRS-1 is important for maintaining
bone tumover, while IRS-2 for retaining the predominance
of anabolic function over catabolic function of osteoblasts.
IGF-I may up-regulate bone formation without affecting
bone resorption through the balance of the two signalings

(Fig. 6).

5 Conclusion

We hereby propose new players, klotho, PPARYy, and IGF-I
through IRS-1 and IRS-2 signalings, in the mechanism of
age-related osteoporosis, using mouse genetics approaches.
These signalings may constitute a network with other
molecules like vitamin D, estrogen, Runx2, other cytokines,
etc. to maintain bone mass. In addition, there may be a
complex interaction among the signalings. For example,
considering that the insulin/IGF-I/IRS signaling exhibits a
bone anabolic action as described above, the inhibitory
action of klotho on the insulin/IGF-I/IRS signaling is
inconsistent with the osteopenic phenotype of KL—/~ mice.
We believe that there are signal pathways other than the
insulin pathway for the klotho action on bone metabolism.
One of the next tasks ahead of us will be to elucidate the
network system of these many factors involved in age-
related bone loss.
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