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Qrsemr

The osteocyte has long been considered to be the primary mechanosensory cell in the
bone. Recent evidence has emerged that the osteocyte is also a key regulator of various
bone and mineral metabolism and that its regulatory effects are in part mediated
through locally produced osteocyte-derived factors, such as sclerostin, receptor activa-
tor of nuclear factor-kappa B ligand (RANKL), and fibroblast growth factor (FGF)-23. Os-
teocytes secrete large amounts of insulin-like growth factor (IGF)-I in bone. Although
IGF-I produced locally by other bone cells, such as osteoblasts and chondrocytes, has
been shown to play important regulatory roles in bone turnover and developmental
bone growth, the functional role of osteocyte-derived IGF-I in the bone and mineral me-
tabolism has not been investigated and remains unclear. However, results of recent
studies in osteocyte Igf1 conditional knockout transgenic mice have suggested potential
regulatory roles of osteocyte-derived IGF-I in various aspects of bone and mineral me-
tabolism. In this review, evidence supporting a regulatory role for osteocyte-derived
IGF-I in the osteogenic response to mechanical loading, the developmental bone
growth, the bone response to dietary calcium depletion and repletion, and in fracture
repair is discussed. A potential coordinated regulatory relationship between the effect of
osteocyte-derived IGF-l on bone size and the internal organ size is also proposed.

Key Words: Bone regeneration, Bone remodeling, Fracture healing, Insulin-like growth
factor |, Osteocytes

INTRODUCTION

Mammalian bones have two remarkable features. First, they have the unique
ability to adjust their shape and size to adapt to changes in mechanical strains on
the skeleton, in that they may widen or change axis of the bone by removal or ad-
dition of bone to the appropriate surfaces in response to the shift of mechanical
forces. This mechanical adaptation of shaping and re-shaping of the bone struc-
ture is carried out by a process known as the bone modeling that involves inde-
pendent actions of osteoblasts and osteoclasts.[1] Bone modeling occurs not only
during developmental growth to allow the bone to acquire the most mechanical-
ly favorable architectural structure to provide the required bone strength for
structural support and protection of internal organs.[2] Bone modeling also oc-
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curs in the adult in response to a mechanical load, such as
in tennis players, in whom the radius of the playing arm
has a thicker cortex and a larger periosteal circumference
than the contralateral radius. The second distinctive fea-
ture is the ability of the bone to constantly “rejuvenate” or
“renew” itself through a process known as the bone re-
modeling. Contrary to bone modeling, bone remodeling is
accomplished by the collaborative and sequential actions
of osteoclasts and osteoblasts to regulate bone resorption
and formation in a coupled manner.[3] This process not
only provides a cellular mechanism to replace damaged or
fatigued bone with new, mechanically sound, bone to
maintain the bone integrity but also serves to offer an ac-
cess to the skeletal reservoir of essential minerals for main-
tenance of mineral homeostasis.

Although osteoblasts and osteoclasts, the principle cell
types that mediate bone formation and resorption, respec-
tively, are major participants of the bone modeling and re-
modeling process, osteocytes have key regulatory func-
tions in both processes.[4] Osteocytes, derived from termi-
nally differentiated osteoblasts as they become fully en-
trapped by matrix,[5] are the most abundant cell types in
bone with a very long life span of up to 25 years.[6] A
unique morphologic feature of osteocytes is that each os-
teocyte occupies a single lacunae and each has an exten-
sive network of dendritic processes that extend through a
series of interconnected canaliculi to make contact with
other osteocytes, periosteal and endosteal lining cells, os-
teoclasts, and bone marrow cells.[7] This interconnected
lacunae/canaliculi network provides tissue fluids and spac-
es for nutrition and metabolic exchange for the bone cells
and also allows soluble signaling molecules and vesicles
freely migrated from osteocytes to other bone cells. Thus,
osteocytes are ideally positioned throughout the bone
matrix to be key regulators of bone modeling and remod-
eling. Osteocytes also release paracrine factors, such as
sclerostin (SOST)[8] and receptor activator of nuclear fac-
tor-kappa B ligand (RANKL),[9,10] to locally regulate bone
formation and resorption, respectively. They can even
function as an endocrine organ to secrete soluble factors
(e.g., fibroblast growth factor [FGF]-23) to distant organs
(e.g., the kidneys[11]) to regulate other bodily functions,
such as phosphate and vitamin D homeostasis.[12,13]

The molecular mechanism by which osteocytes influ-
ence bone modeling and remodeling likely involves osteo-
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cyte-derived factors. One such potential mediator is the
osteocyte-derived insulin-like growth factor (IGF)-l. Bone is
one of the major target organs for IGF-1,[14-16] which is a
potent growth factor that promotes bone formation, de-
velopmental bone growth,[17,18] and bone resorption.
[19] Like other bone cells, osteocytes produce significant
amounts of IGF-1.[20] While the locally-produced bone-de-
rived IGF-I contributes little to the circulating IGF-I level,
bone-derived IGF-I functions as an autocrine/paracrine ef-
fector to regulate bone turnover, and may play a more im-
portant regulatory role than the circulating liver-derived
IGF-1 in bone modeling and remodeling. Accordingly,
global disruption of the Igf1 gene in rodents resulted in
impaired longitudinal and periosteal bone expansion dur-
ing postnatal growth,[18] whereas the disruption of he-
patic IGF-I, which reduced the circulating IGF-I level by
>75%, had no significant impact on bone growth at early
life.[21] The fact that the developmental bone growth in
the mutants with IgfT conditional deletion in type 1a2 col-
lagen-expressing osteoblasts were blunted at as early as 2
weeks of age,[22] while the conditional ablation of Igf1
from type 2a1 collagen-expressing chondrocytes did not
suppress bone growth until the animals were at 8 weeks of
age,[23] suggests that IGF-I derived from different bone
cells may have different regulatory role in the overall bone
homeostasis.

In this review, we will discuss the potential regulatory
role of osteocyte-derived IGF-I in bone modeling and re-
modeling, by focusing on our recent findings in transgenic
mice with targeted deletion of IgfT gene in osteocytes. We
will address the effects of deficient expression of osteo-
cyte-derived IGF-I on the bone response to mechanical
loading, the developmental bone growth, bone turnover
response to calcium stress, and fracture repair. We will also
briefly discuss the preliminary evidence that osteocyte-de-
rived IGF-I may function as an endocrine factor to deter-
mine the size of key internal organs.

1. Osteocyte-derived IGF-l is an essential
mediator of mechanosensitivity in the bone
Mechanical loading is a key physiological regulatory
mechanism for bone modeling.[24] While osteoblasts and
other cell types are capable of sensing mechanical stimu-
i,[25-28] the osteocyte is believed to be the primary mech-
anosensory cell type in the bone. Osteocytes are strategi-
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cally distributed throughout the entire bone to detect
changes in loading stresses/strains; and they have the abil-
ity to communicate with and send signals to the bone sur-
face osteoblasts and osteoclasts through the wide-spread
dendritic processes connected at gap junctions.[29,30]
When osteocytes sense an increase in mechanical strain as
a result of loading, they send biochemical signals to the
bone surface osteoblasts to stimulate bone formation and
to osteoclasts to inhibit bone resorption. When the me-
chanical strain is reduced during unloading, osteocytes
communicate with osteoclasts to initiate bone resorption
to remove excessive bone. The findings that transgenic
mice with ablation of osteocytes were unresponsive to un-
loading and had an impaired mechanotransduction[31]
further exemplify the importance of osteocytes in the bone
mechanosensitivity.

Previous in vitro studies have shown that the mechano-
transduction mechanism in bone cells is very complex and
involves a large numbers of signaling mediators and path-
ways.[32-34] Recent findings that targeted disruption of
kinesin family member 3A (Kif3A),[35] polycystic kidney
disease-1 (Pkd1),[36] Stat3,[37] or connexin 43[38] gene in
osteocyte conditional knockout (KO) mice each markedly
suppressed the bone formation response to loading in vivo
indicate that mechanotransduction in osteocytes is also
highly complex. There are compelling reasons to suspect
that osteocyte-derived IGF-I is an important mediator of
the osteogenic response to loading. Accordingly, the IGF-I
signaling is a major mechanotransduction component in
bone.[33] The upregulation of IGF-I expression in osteo-
cytes is one of the earliest bone response to mechanical
loading.[20,39,40] The long bones of transgenic mice with
overexpression of IGF-l in bone showed enhanced osteo-
genic response to in vivo mechanical loading.[41] Adminis-
tration of IGF-I protein stimulated bone formation only in
the loaded, but not in the unloaded, bone.[42,43] Condi-
tional disruption of IgfT gene in type | collagen-expressing
mature osteoblasts resulted in drastic loss of the osteogen-
ic response to loading.[44] Osteocytes are descendants of
mature osteoblasts. It is reasonable to assume that dele-
tion of the Igf1 gene in mature osteoblasts would also de-
lete the Igf1 gene in osteocytes. Thus, studies with osteo-
blast Igf1 conditional KO mice could not allow definitive
conclusion on whether the loss of the loading-induced os-
teogenic response was due to deficient osteoblast-derived
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IGF-I or to the lack of osteocyte-derived IGF-, or both.

To evaluate whether osteocyte-derived IGF-I functions
as a key determining factor of osteogenic response to
loading, we recently generated osteocyte Igf1 conditional
KO mice and corresponding wild-type (WT) littermates by
crossbreeding Igf1 floxed mice with Dmp1-Cre transgenic
mice.[45,46] The homozygous conditional KO mice re-
duced the number of IGF-l-expressing osteocytes in both
cortical and trabecular bones each by >50% and the bone
Igf1 mRNA level by >60%. In contrast, the numbers of IGF-
I-expressing osteoblasts and osteoclasts on the bone sur-
face or IGF-I-expressing chondrocytes at the growth plate
did not differ from those in corresponding WT littermates.
[46] When an equivalent loading strain in the form of two-
week four-point bending exercise was applied to the tibia,
the loading induced a robust periosteal bone formation
response in WT littermates as expected, but this loading
regimen failed to elicit an osteogenic response in osteo-
cyte Igf1 conditional KO mice.[45] The lack of an osteogen-
ic response was not due to inadequate loads or to reduced
numbers of osteocytes in the bone.[45]. Because the Igf1
expression in osteoblasts derived from these conditional
KO mutants was not different from that in isolated osteo-
blasts of WT littermates,[45] the inability of these mutant
mice to respond to loading was not due to deficient IGF-|
expression in osteoblasts. Thus, we conclude that osteo-
cyte-derived IGF-l indeed plays an important role in deter-
mining the bone mechanosensitivity.

Conditional disruption of IgfT gene in osteocytes blocked
the loading-induced expression of early mechanorespon-
sive genes, i.e., cyclooxygenase-2 (Cox2), Igf1, and c-Fos,[45]
indicating that osteocyte-derived IGF-I is a very early up-
stream regulator in the context of mechanotransduction.
[20,39,40] The loading regimen not only did not reduce (as
was seen in WT loaded bones) but in fact increased SOST
expression (an inhibitor of the Wnt signaling) in osteocyte
Igf1 conditional KO mutants. This, along with the findings
that deficient osteocyte-derived IGF-I reduced the loading-
induced upregulation of Wnt10b,[45] suggests that osteo-
cyte-derived IGF-l is a mediator of the loading-induced ac-
tivation of the canonical Wnt signaling mechanism. We
have proposed a model for the molecular mechanism for
the osteocyte-derived IGF-I-mediated osteogenic response
to loading (Fig. 1). This model proposes that mechanical
stimuli upregulate Igf1 expression in osteocytes. The osteo-
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Fig. 1. A proposed molecular model for the role of osteocyte-derived
insulin-like growth factor-I (IGF-I) in the mechanotransduction be-
tween osteocytes and osteoblasts. SOST, sclerostin; Cox2, cyclooxy-
genase-2; PGE;, prostaglandin E;; IGF-I, insulin-like growth factor-1.
[Modified from "Osteocyte-derived insulin-like growth factor | is es-
sential for determining bone mechanosensitivity", by Lau KH, Baylink
DJ, Zhou XD, Rodriguez D, Bonewald LF, Li Z, Ruffoni D, Miiller R, Ke-
savan C, Sheng MH, 2013, Am J Physiol Endocrinol Metab, 305(2),
pp. E271-81. Copyright 2013 by the The American Physiological Soci-
ety. Reprinted with permission].

cyte-derived IGF-I then acts as an autocrine effector to rap-
idly upregulate Cox2 and Wnt10b expression, and at the
same time to suppress SOST expression. The secreted os-
teocyte-derived IGF-I and prostaglandin E; (PGE) in turn
act on bone surface osteoblasts to activate their IGF-I sig-
naling and PGE; pathway, respectively. The elevated
Wnt10b production and the reduced release of sclerostin
then activate the canonical Wnt signaling in osteoblasts.
The collective consequence of these actions leads to a syn-
ergistic increase in bone formation. Thus, osteocyte-derived
IGF-I may be an integral component of the circuitry for nor-
mal loading activation response in osteoblasts.

2. Osteocyte-derived IGF-l is a key regulator of

developmental bone growth

Mammalian bones continue to grow in length and width
from birth until adulthood. Longitudinal bone growth takes
place at the growth plate and is carried out by a process
known as endochondral ossification.[47] In contrast, the
bone width (size) increases at the periosteum through a
process called periosteal expansion, which significantly in-
creases bone strength, independently of increases in areal
bone mineral density (BMD).[48,49] The longitudinal bone
growth and periosteal expansion together are responsible
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for the large increase in bone mass during pre-pubertal
and pubertal growth.[50,51] Developmental bone growth
is governed by a complex interplay among various systemic
hormones, local growth factors, nutritional factors, and me-
chanical factors.[47,52,53] It is widely accepted that IGF-I
plays a critically important role in developmental bone
growth.[53-55] Since conditional deletion of Igfl gene in
hepatic cells, which reduced circulating IGF-I levels by
>75%, had no effects on bone length and size,[21] but tar-
geted disruption of /gfT gene in mature osteoblasts[22] or
chondrocytes[23] greatly reduced bone length and size
without affecting the circulating IGF-I level, it appears that
locally produced bone-derived IGF-I, and not the circulat-
ing liver-derived IGF-I, is essential for the developmental
bone growth.

Osteocyte Igf1 conditional KO mice displayed a bone
phenotype of shorter bones associated with smaller peri-
osteal circumference and cross-sectional bone area,[46]
implying that osteocyte-derived IGF-I has an important
regulatory role in developmental bone growth. Transgenic
mice with conditional disruption of /gf1 in type | collagen-
expressing mature osteoblasts[22] or in type Il collagen-
expressing chondrocytes[23] also exhibited a phenotype
of small bone and size, but there are significant differences
between osteocyte Igf1 conditional KO mutants and os-
teoblasts or chondrocyte Igf1 conditional KO mutants. For
example, the reduced bone size in osteocyte Igf1 condi-
tional KO mutants was associated with decreases in perios-
teal bone formation rate (BFR) and mineral appositional
rate (MAR),[46] whereas the periosteal or endosteal BFR
and MAR were not affected in chondrocyte Igf1 conditional
KO mutants.[23] Osteoblast Igf1 conditional KO mice had
lower BMD, but the BMD in osteocyte conditional KO mu-
tants was not altered. Thus, osteocyte-derived IGF-I may
have distinct functions than osteoblast- or chondrocyte-
derived IGF-I in developmental bone growth.

The mechanism by which osteocyte-derived IGF- influ-
ences developmental bone growth remains speculative.
Both bone formation and resorption parameters in osteo-
cyte Igf1 conditional KO mice were reduced, but each to a
similar extent.[46] Thus, it appears that the impairment in
developmental bone growth was associated with reduced
bone turnover. Previous studies have shown that osteo-
cytes regulate function and apoptosis of osteoblasts and
osteoclasts partly through cell-cell contact or communica-
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tion at gap junctions via widespread dendritic cellular pro-
cesses.[29,30] Thus, it is conceivable that inadequate IGF-I
expression in osteocytes could disrupt these cell-cell com-
munication, resulting in reduced bone turnover. However,
although this possibility could account for the impaired
periosteal bone expansion, it does not explain why osteo-
cyte Igf1 conditional KO mice would impair longitudinal
bone growth, since growth plate chondrocytes are not in
close proximity to osteocytes.[5] We speculate that the os-
teocytes-derived IGF-I-dependent regulation of longitudi-
nal bone growth may involve osteocyte-derived soluble
factors. A potential candidate is the IGF binding proteins
(IGFBPs). IGF-I has paracrine effects on bone cell production
of IGFBPs,[56] and many IGFBPs have IGF-dependent and -
independent actions on bone turnover.[56,57] Changes in
Igf1 expression in a number of cell types have been associ-
ated with alterations in the IGFBPs expression profile. For
example, target disruption of /gf1 in chondrocytes reduced
IGFBP5 expression in the growth plate cartilage.[23] Condi-
tional disruption of /gf1 in mature osteoblasts decreased
bone levels of IGFBP3 and IGFBP4. Conversely, conditional
disruption of Igf1 in osteocytes increased plasma IGFBP3
level and decreased plasma IGFBP5 level,[46] raising the in-
triguing possibility that the reduced bone production of
the stimulatory IGFBP5 and the increased bone production
of the inhibitory IGFBP3 in osteocyte conditional KO mu-
tants may in part contribute to the reduced longitudinal
bone growth. Alternatively, because loading enhances lon-
gitudinal bone growth[58] and the IGF-I signaling is essen-
tial for the loading-induced osteogenic response,[33,44]
the blunted longitudinal bone growth may be an indirect
consequence of reduced bone mechanosensitivity.[45]

3. Osteocyte-derived IGF-I has marginal effects
on the bone remodeling response to low
calcium stress

There is increasing evidence that osteocytes contribute
significantly to regulation of bone mineral homeostasis. Ac-
cordingly, the osteocyte is a major source of sclerostin,[8]
which is a key inhibitor of the Wnt[59] and the bone mor-
phogenetic protein (BMP) signaling.[8] The osteocyte is also

a regulator of osteoclast maturation and function through

modulation in osteocyte production of RANKL[9,10] and/or

osteoprotegerin (OPG).[60] The osteocyte production of

RANKL and sclerostin was each upregulated during calcium
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stress,[61,62] resulting in an increase in bone resorption
and an inhibition of bone formation, respectively. Under
conditions of severe calcium deficiency or an excess para-
thyroid function, osteocytes can also act directly to resorb
bones around their lacunae and canaliculi through a pro-
cess known as osteocytic remodeling.[63] This controversial
concept[64,65] is supported by recent findings that 1) lacta-
tion was associated with large increases in lacunar area in
tibiae and lumbar vertebrae, 2) these increases were re-
versed after 7 days of cessation of lactation[66], 3) this re-
versible lacunar remodeling was mimicked by parathyroid
hormone-related protein (PTHrP)[66] or parathyroid hor-
mone (PTH),[67,68] and 4) it was abolished by targeted de-
letion of type | PTH receptor in osteocytes.[66] The osteo-
cytic remodeling is mediated by the sclerostin-mediated
upregulation of carbonic anhydrase 2 in osteocytes[69] in a
RANKL signaling-dependent fashion.[60] There is evidence
that the osteocyte also functions as secretory cells to se-
crete FGF-23 to act on the kidneys to regulate phosphate
and vitamin D metabolism.[11-13]

Our motivation to investigate the role of osteocyte-de-
rived IGF-I in the osteocyte regulation of bone remodeling
was based on the facts that IGF-I is a critical mediator of
the skeletal response to PTH in bone cells[70] and that the
PTH/PTHYrP receptor signaling in the osteocyte regulation
of periosteal bone formation and intracortical remodeling.
[71,72] Accordingly, we have recently performed a prelimi-
nary study to assess the effects of targeted disruption of
Igf1 in osteocytes on the bone and mineral homeostasis in
response to the dietary calcium challenge.[73] In this study,
four-week-old female osteocyte Igf1 conditional KO mice
and WT littermates were subjected to a diet with low calci-
um content (<0.01%) for two weeks, followed by one week
of normal (1.2%) calcium diet. After the dietary calcium de-
pletion, both WT littermates and conditional KO mutants
experienced severe calcium stress (reflected by a marked
elevation in the plasma PTH level and reduction in the plas-
ma calcium level). The lack of osteocyte-derived IGF-I did
not affect the severity of the calcium stress. Both mouse
strains lost significant amounts of bone mass and increased
the number of osteoclasts along the bone surface, but
there were no significant mouse strain-related differences.
Although the relative increase in bone resorption (as re-
flected by an increase in plasma CTx level) in the condi-
tional KO mutants was slightly greater than that in WT lit-
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termates, two-way ANOVA revealed that the effect due to
deficient osteocyte Igf1 expression was only marginal (P=
0.064). After one week of dietary calcium repletion, both
WT littermates and conditional KO mutants showed an in-
crease in endosteal bone formation attended by a sharp
reduction in osteoclast number on bone surface. Conse-
quently, osteocyte-derived IGF-I does not appear to be es-
sential in the osteocyte regulation of bone and calcium ho-
meostasis in response to dietary calcium stress. In addition,
because osteocyte Igf1 conditional KO mutants showed a
normal bone and calcium responses to calcium depletion
and repletion, despite a complete lack of osteogenic re-
sponse to mechanical loading,[45] it implies that there is a
dichotomy between the mechanisms involved in bone for-
mation responses to loading and the bone response to the
dietary calcium repletion following a low dietary calcium
challenge (Fig. 2). Accordingly, while osteocyte-derived
IGF-1 is an important mediator of mechanosensitivity of the
bone, this osteocytic growth factor only has marginal effect
on the osteocyte regulation of bone repletion response to a
low calcium challenge. The mechanistic reason(s) contribut-
ing to the lack of a significant role in osteocyte-derived IGF-
I-mediated bone repletion after a severe calcium stress is
unclear. However, this severe calcium stress led to develop-
ment of hyperparathyroidism and high levels of circulating
1,25-dihydroxy-vitamin D3 (1,25[0H].Ds). Both of these sys-
temic hormones are potent stimulators of bone turnover.

350 - P<0.05 I WT littermates

1
300 P<0.05

Osteocyte Igf1
- conditional KO

250

200

150

100

Endosteal BFR (% Corresp. Control)

50
Mechanical
loading response

Bone repletion
response

Fig. 2. The conditional disruption of the /gfT gene in osteocytes had
contrasting effects on the bone formation response (i.e., the relative
endosteal bone formation rate) to a two-week loading regimen in the
form of 4-point-bending exercise at the tibia and on the bone forma-
tion response to the one-week of dietary calcium repletion that fol-
lowed a two-week dietary calcium restriction. WT, wild-type; KO,
knockout.
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We speculate that the local effect of deficient osteocyte-de-
rived IGF-I on bone turnover was probably masked by the
huge systematic effects of hyperparathyroidism on bone
turnover and bone loss. In any case, it is possible that while
osteocyte-derived IGF-l is a potent local regulator of bone
formation and resorption, it does not participate in the
mechanism of systemic hormones to stimulate bone turn-
over. Nevertheless, much additional work is needed to re-
solve this intriguing discrepancy.

4. Osteocyte-derived IGF-I may function as a
potential negative regulator of bone fracture
repair
Recent evidence indicates that osteocyte-derived factors,

particularly sclerostin, have important modulating roles in
fracture healing. Accordingly, targeted deletion of the SOST
gene in osteocytes has shown to enhance bone callus for-
mation and fracture healing.[74,75] The expression of SOST
gene in the fractured bone was down-regulated during the
early phase of fracture healing,[76] and systemic adminis-
tration of anti-sclerostin monoclonal antibody promoted
fracture healing.[77,78] There are three reasons to specu-
late that osteocyte-derived IGF-I may have a mediating role
in fracture repair. First, because IGF-I is a critical mediator of
the skeletal response to PTH,[71] and PTH has been shown
to promote fracture healing.[79,80] Second, IGF-I treatment
has been shown to promote fracture healing.[81,82] Third
and importantly, mechanical loading is believed to have
beneficial effects on fracture repair,[83,84] and osteocyte-
derived IGF-I is essential in determining the bone mecha-
nosensitivity.[45]

To assess the potential role of osteocyte-derived IGF-I in
fracture repair, we have performed a preliminary study to
determine the effect of deficient Igf1 expression in osteo-
cytes on the healing of tibial fractures.[85] In this study,
single tibial fractures were created on 10 weeks-old male
osteocyte Igf1 conditional KO and WT mice by three-point
bending, and fracture healing was monitored by micro-
computed tomography (u-CT), peripheral quantitative CT
(P-QCT), and histology examination. At 21 and 28 days of
healing the fracture callus in each conditional KO mice ex-
hibited significant increases in the callus bone volume frac-
tion and trabecular number. p-CT analysis suggested that
bony union of the fracture gap appeared to be improved in
the osteocyte Igf1 conditional KO fractures.[86] Histology
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showed that the conditional KO fracture produced a frac-
ture callus with more trabecular-like bone, an increase that
was not due to an increase in trabecular thickness or a dif-
ferent basal bone formation. There was also a 85% de-
crease in % cartilage and >2 fold increase in the number
of osteoclasts within the conditional KO callus, suggesting
that the endochondral bone in the conditional KO callus
had been remodeled more rapidly than WT callus, resulting
in an accelerated bony bridging of the fracture gap. The
mRNA levels of the bone formation genes (e.g., cbfal,
BMP2, and osteocalcin) in the conditional KO callus were
also increased more than those in WT calluses.[85] These
results, together, suggest that targeted deletion of Igf7 in
osteocytes would result in an increase in bone callus re-
modeling with a balance shifted toward bone formation;
the end result being an accelerated fracture healing includ-
ing bridging. This preliminary study, which indicates that
targeted deletion of IgfT in osteocytes not only did not im-
pede but in fact promoted fracture repair is unexpected
and suggests that osteocyte-derived IGF-I may have a nov-
el inhibitory function in fracture repair. The molecular
mechanism by which osteocyte-derived IGF-I regulates
negatively bone fracture healing is unclear and needs
much further investigations. Nevertheless, because osteo-
cyte Igf1 conditional KO mice were unresponsive to me-
chanical loading with an increase in bone formation,[45]
the apparent enhanced fracture repair in the absence of
loading osteogenic response in osteocyte Igf1 conditional
KO mutants challenges the generally accepted dogma that
loading is essential for an optimal fracture healing.

Role of Osteocyte-derived IGF-lin Bone Metabolism |

5. Potential role of osteocyte-derived IGF-l in

the determination of internal organ size

The osteocyte Igf1 conditional KO mice, in addition to
8-12% shorter bone length and small bone size, have a cor-
responding 9-20% decrease in body weight and body size
in as early as 2 weeks of age. The reduction in body weight
and size was sustained throughout the entire growth peri-
od (Fig. 3). Because a major function for the skeleton is to
provide space and strength to house and protect internal
organs, it would make physiological sense that the size of
internal organs in these osteocyte Igf1 conditional KO mice
are also reduced in relative proportion in scale. Thus, we
evaluated the effect of deficient osteocyte-derived IGF-I
expression on the size of several key internal organs, such
as the kidney, liver and spleen,[87] and found that the
weight of these organs (Fig. 4) was also correspondingly re-
duced by 14-20% compared to those of WT littermates. The
organ (e.g., kidneys) weight correlated strongly and posi-
tively with the body weight, bone size and length of the
animals (Fig. 5). The apparent effect of osteocyte-derived
IGF-I on the size of internal organs is exciting and suggests
that the osteocyte and/or osteocyte-derived IGF-I may have
regulatory endocrine actions on the development growth
of internal organs. There is increasing evidence that the
bone as well as osteocytes may function as an endocrine
organ to influence the functions of other key organs, since
it has been reported that the bone synthesizes and releases
into circulation under-carboxylated osteocalcin, which mi-
grates to the pancreas to increase the number and activity
of pancreatic B-cells to produce insulin to improve glucose
tolerance and fat metabolism.[88] More importantly, the
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Fig. 3. The phenotype of smaller bone size in osteocyte /gf7 conditional knockout (KO) mice persists with age and no evidence for catch-up
growth. To determine the age effect of targeted disruption of the /gf7 gene in osteocytes on the bone size, body weight (left panel) and various
parameters of bone size, i.e., femur length (middle panel) and periosteal circumference at the mid-shaft of femur (right panel), of female KO mice
of various age, ranging from 4 to 16 weeks of age, were determined and compared with those of corresponding age-and sex-matched wild-type
(WT) littermate mice (n=5-14 per group). Results are shown as mean= SEM. *P<0.05. **P<0.001 vs. WT littermates, by two-tailed Student's t-

test.
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development of a functional organ requires not only pat-
terning mechanisms that confer proper identities for its
constituent cells, but also growth-regulatory mechanisms
that specify the final size of the organ. Precise control of or-
gan size is crucial for the animal development and organ
regeneration. Consequently, this preliminary study not only
solidifies the concept that osteocytes are an endocrine or-
gan but also provides insights into a potential mechanism
of the osteocyte to accomplish the coordinated growth of
the skeleton with key internal organs during developmen-
tal growth. It also suggests that osteocyte-derived IGF-I
may play a regulatory role in the osteocyte-mediated coor-
dinated growth of bone and internal organs.

When contemplating body growth in organ growth, one
immediately considers the growth hormone (GH)/IGF-| axis.
According to this concept, a system in which GH produces
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IGF-1, IGF-I has receptors throughout all nucleated cells in
the body. This would seem to explain how there is safe-
guard against in continuity of organ size in the developing
mammals. This model system would tend to explain why.
For example, the heart would not grow too large for the
bony chest cavity. However, as mentioned above circulating
plasma IGF-I does not appear to account for all changes in
body growth. Moreover, organ growth in our preliminary
study was reduced without any reduction in plasma IGF-I.
[46] Because serum IGF-I level is a surrogate marker of cir-
culating GH level, this raises the possibility that the skeleton
has a mechanism, in addition to the GH/IGF-I axis, to deter-
mine the growth rate of internal organ size and thereby
prevents incongruently in organ size compared to skeletal
size, which functions to protect internal organs. The analo-
gy would be that the system will not function properly if
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the protective glove is too small for the corresponding
hand. This raises the possibility that there are other mecha-
nisms that fine-tune the coordination between the protec-
tive skeleton and soft tissue organs.

Coordinated growth throughout the body of the various
organ system in such an important process that more than
one mechanism would seem to be required in order to en-
sure appropriate coordination. Several core signaling path-
ways, including the Notch, Wnt, transforming growth factor
(TGF)B, Hedgehog, receptor protein-tyrosine kinases, nucle-
ar receptors, and Jak/State pathways,[89] have been sug-
gested to mediate the majority of cell fate decision. Howev-
er, in reviewing the biology of organ size control, one im-
mediately encounters the Hippo (Hpo) pathway. The Hpo
signaling pathway is highly conserved from Drosophila to
humans and is a major molecular pathway that determines
the organ size.[90] The Hpo signaling pathway is a potent
mechanism that restricts organ size by limiting cell prolifer-
ation and promoting apoptosis. At the core of this signaling
mechanism in Drosophila is a protein kinase cascade con-
sisting of protein kinases: Hpo and Warts (Wts) and their
scaffold proteins: Salvador (Sal) and Mats. In this pathway,
the Hpo-Sav complex phosphorylates and activates Wts-
Mats complex, which in turn phosphorylates and inacti-
vates the pro-growth transcriptional coactivator Yorkie (Yki).
The 14.3.3 proteins sequester phosphorylated Yki, and pre-
vent nuclear translocation of Yki, wherein it acts as a coacti-
vator for the transcription enhancer factor (TEAD/TEF) fam-
ily transcription factor Scalloped (Sd) and induces expres-
sion of growth-promoting genes. In humans, the homologs
of Hpo, mammalian Ste20-like (MST)1/2, phosphorylate the
Wts homologs, large tumor suppressor (LATS)1/2, leading
to the phosphorylation of the Yki homologs, YAP and TAZ.
The Hpo signaling in organ size is studied extensively in
the liver.[91-93] The Hpo pathway is regulated by cell po-
larity, cell adhesion and cell junction proteins.[94] There-
fore, it seems tenable that osteocyte-derived IGF-I some-
how communicates with soft tissue organs to regulate the
local Hpo pathway. Whatever the mechanism, we believe
that it is crucial that bone (or the osteocyte) has a mecha-
nism to establish the size of other organs, so that it can ap-
propriately accomplish its protective function.

We have advanced an interesting, albeit highly specula-
tive, mechanistic model by which osteocytes elaborate en-
docrine regulation of internal organ size (Fig. 6). We postu-

http://dx.doi.org/10.11005/jbm.2014.21.1.41

Role of Osteocyte-derived IGF-lin Bone Metabolism |

Spleen Liver

Mot e

Regulate i =i
Spleen Size - =
" Regulate

\ Aleer sueA’ney Size

“SCALOTROPHIN”

Kidney

Osteocyte-derived IGF-I ?
Osteocyte-
derived IGF-I

Osteocyte
Regulate
Bone Size

CL N\-"

o

Fig. 6. A proposed model for osteocyte-mediated endacrine regulation
of internal organ size. It is postulated that osteocytes produce insulin-
like growth factor- (IGF-) locally to regulate bone size during develop-
mental growth. Osteocytes, either independently or upon stimulation
by osteocyte-derived IGF-I, produce a putative endocrine agent, which
we tentatively called it as the “Scalotrophin”. This putative “Scalotro-
phin” is then secreted into the circulation and travels to sites of inter-
nal organs, such as kidney, liver, and spleen, to mediate the propor-
tional growth in size of these internal organs.

late that osteocyte-derived IGF-I is an important local reg-
ulator of the bone size; the evidence for which has been
summarized above. We further speculate that osteocytes
secrete a putative regulatory hormone (which we for the
purpose of convenience called "scalotrophin”) in relative
proportion to the bone size in osteocyte-derived IGF-I-de-
pendent manner. This putative "scalotrophin” will then
serve as an endocrine effector to travel to distant internal
organs to restrict their size during developmental growth.
We speculate that "scalotrophin" controls the organ size
primarily through modulation of the Hpo signaling. It
should be emphasized that there is currently no evidence
for the existence of this "scalotrophin". Nevertheless, this
very interesting model merits further investigations.

CONCLUSION

Emerging evidence has indicated that osteocytes are
multifunctional cells that help coordinate the various as-
pects of local regulation of bone metabolism and systemic
regulation of phosphate and vitamin D metabolism. These
regulatory functions of osteocytes are mediated in part
through several key osteocyte-derived factors, including
sclerostin,[8] RANKL,[9] OPG,[10] and FGF-23.[12] In this
regard, IGF-l is a potent bone growth factor that regulates

http://e-jbm.org/ 49



I Matilda H. C. Sheng, et al.

bone formation and bone turnover and osteocytes have
been shown to express and secrete a large amounts of IGF-
I, but our understanding of the functional role of osteo-
cyte-derived IGF-I in bone and mineral metabolism is lim-
ited. As summarized in this review, our recent studies on
transgenic mice with conditional disruption of the Igf1
gene in osteocytes have provided strong evidence that the
osteocyte-derived IGF-1 may have important regulatory
roles in various aspects of bone and mineral metabolism.
On the one hand, some of the suggested regulatory func-
tions of the osteocyte-derived IGF-I are predictable. For ex-
ample, the findings that osteocyte-derived IGF-l is a criti-
cally important regulator of bone mechanosensitivity is
not surprising, since the osteoblast-derived IGF-I has been
shown to be an essential regulator of the bone formation
response to loading.[44] In addition, the concept that the
osteocyte-derived IGF-I is an important regulatory of de-
velopmental bone growth is also not unexpected, since re-
cent studies have demonstrated that locally produced os-
teoblast-derived IGF-I1[22] or chondrocyte-derived IGF-|
[23] are important regulators of the developmental bone
growth. On the other hand, several findings of our studies
relevant to the potential functions of osteocyte-derived
IGF-I are surprising and thought provoking. First, because
the bone-derived IGF-l is a potent bone growth factor that
stimulates bone formation and bone turnover,[14-19] and
because osteocyte-derived IGF-| appears to have an essen-
tial regulatory role in the bone formation and resorption
during developmental bone growth,[46] the finding that
conditional disruption of the Igf7 gene in osteocytes had
only marginal effects on the bone response to depletion/
repletion[73] is a big surprise. However, because the bone
turnover response to dietary calcium depletion/repletion
is largely regulated by systemic hormones, such as PTH
and 1,25(0H).Ds, the lack of a large effect on the bone re-
sponse to dietary calcium depletion/repletion in osteocyte
Igf1 conditional KO mice may suggest that osteocyte-de-
rived IGF-l is important for local regulation, but not for sys-
temic regulation, of bone and mineral metabolism. If this
conclusion is confirmed by subsequent studies, it may im-
ply that osteocyte-derived IGF-I is a local, rather than sys-
temic, modulator. Second, deficient expression of IGF-I in
osteocytes not only did not impair, but appeared to en-
hance the bone regeneration process of fracture healing.
These findings raises a novel concept that osteocyte-de-
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rived IGF-I functions as a potent negative modulator of en-
dochondral bone formation in the fracture repair. This con-
cept is novel and also thought provoking. IGF-I is a well-
known bone growth factor that stimulates bone forma-
tion, and IGF-I-based therapies[95] have been suggested
to have promote fracture repair. Consequently, a good un-
derstanding of the molecular mechanism by which osteo-
cyte-derived IGF-I acts to impede fracture repair would not
only help to define a functional role of osteocyte-derived
IGF-l in fracture repair but could also provide a novel target
for further development of novel therapeutic agents for
fracture repair. Finally, the more intriguing observation is
the findings that deficient in osteocyte-derived IGF-I de-
creased not only the bone size but also the size of key in-
ternal organs proportionally. The mechanism to limit organ
size is one of the most fundamental questions in develop-
mental biology. Accordingly, understanding of the mecha-
nism by which osteocyte-derived IGF-I helps to determine
the organ size would not only provide answers to this very
important developmental question but may also lead to
development of innovative concepts to promote regenera-
tion of internal organs. In summary, osteocyte-derived IGF-
I is a novel and important mediator of osteocyte regulation
of bone and mineral metabolism. Further investigations of
this osteocytic growth factor are warranted.
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