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Abstract
Backgrounds underlying the age-related bone loss can be classified into two categories: systemic abnormality and osteoblast dysfunction. The former includes 
insufficiency of vitamin D or estrogen, causing a negative balance of calcium metabolism. We propose the contribution of an ageing-suppressing gene, klotho, as a 
novel systemic factor, since the mouse deficient in the klotho gene exhibits multiple aging phenotypes including osteopenia with a low bone turnover. As a factor 
intrinsic to osteoblasts, we investigated the role of PPARγ, a key regulator of adipocyte differentiation, based on the facts that osteoblasts and adipocytes share a 
common progenitor. Heterozygous PPARγ-deficient mice exhibited high bone mass by stimulating osteoblastogenesis from bone marrow progenitors, and this effect 
became prominent with ageing, indicating involvement of PPARγ-dependent bone formation 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 ageing. 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 the age-related osteoporosis.
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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 (Figure 1); each of these has 
an independent mechanism. Regarding the mechanisms underlying 
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 (Figure 2). The 
former includes insufficiency of active vitamin D or estrogen, which 
decreases calcium absorption from G.I. 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], transforming growth factor-β [14] 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 
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Figure 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.
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Figure 2. Possible mechanisms underlying bone loss by ageing.
IL-11, interleukin-11; TGF-β, transforming growth factor-β; BMP, bone morphogenetic 
protein; G.I., gastrointestinal; PTH, parathyroid hormone
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in the reverse and 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-γ (PPARγ), and a local factor IGF-I by way of its 
adaptor molecule insulin receptor substrates (IRS), in age-related bone 
loss primarily from our recent mouse genetics approaches. 

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 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 osteopenia, especially in the cortex bones, just like human 
senile osteoporosis (Figure 3A), and suffered premature death around 
two 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 (Figure 3B), 
indicating 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-I (Figure 3C). Since extended life 
span upon negative regulation of insulin and IGF-I signaling is an 
evolutionarily conserved mechanism 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 association 
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.

PPARγ 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, 
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Figure 3. Bone phenotype of KL-/-mice (A & 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 8 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-I signalings.
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being driven by respective key molecules Runx2 and PPARγ [28-
31] (Figure 4A). In addition, ageing is associated with a reciprocal 
decrease of osteogenesis and an increase of adipogenesis in bone 
marrow [32-34] (Figure 4B). Based on these facts, we investigated 
the physiological role of PPARγ in bone metabolism [35], using 
heterozygous PPARγ-deficient (PPARγ+/-) mice [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 (Figure 5A). The time course of the 
bone volume revealed that bone mass was decreased with ageing in 
both PPARγ+/- and WT littermates; however, the difference of bone 
volume between the two genotype mice became more prominent 
at 52 weeks (Figure 5B), indicating the involvement of the PPARγ 
signaling in the pathophysiology of human age-related osteoporosis 
[35]. In fact, a previous association study between bone density 
and a genetic polymorphism of PPARγ in postmenopausal women 
implies the involvement of PPARγ in bone loss [38]. Ex vivo culture 
of bone marrow cells derived from PPARγ+/- and WT showed that 
PPARγ haploinsufficiency caused not only a decrease in the number of 
adipocytes, but also an increase of osteoblasts, indicating that PPARγ 
signaling in marrow progenitors functions as a potent suppressor of 
commitment to osteoblastic lineage [35].

In addition to the role of PPARγ as an intracellular molecule, a 
recent report suggested that PPARγ could have an antiosteogenic 
endocrine role, since severely lipodystrophic PPARγhyp/hyp mice which 
have a hypomorphic mutation at the PPARγ 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 PPARγ-
related systemic signaling in bone formation.

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-I 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-1-/- mice) or the IRS-2 gene (IRS-2-/- mice) revealed 
that these knockout mice exhibited severe osteopenia with distinct 
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Figure 4. Backgrounds for possible involvement of PPARγ in age-related bone loss.

(A) Mesenchymal precursor cells in bone marrow can differentiate into both osteoblasts 
and adipocytes through respective key molecules Runx2 and PPARγ. (B) X-ray (top) and 
normal pictures (bottom) of bone marrow in proximal femurs of young (34 yrs.) and aged 
(86 yrs.) females, both of whom underwent surgical operations due to fracture. In the aged 
marrow, a reciprocal decrease of bone mass and an increase of adipose tissue. 
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Figure 5. Radiological analyses of PPARγ+/- and WT littermates at indicated ages
(A) Plain X-ray images of femora and tibiae of representative PPARγ+/- 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 8mice / group 
for PPARγ+/- and WT. Significant difference from WT; *P<0.05, #P<0.01, determined by 
post-hoc testing using Bonferroni’s method.
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mechanisms: IRS-1-/- mice showed a low bone turnover in which both 
bone formation and resorption were decreased [47], whereas IRS-2-
/- mice showed an uncoupling status with decreased bone formation 
and increased bone resorption [48]. It therefore seems that under 
physiological conditions IRS-1 is important for maintaining bone 
turnover, 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 (Figure 6).

Conclusion
We hereby propose new players, klotho, PPARγ, 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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