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Abstract

Balancing bone resorption and formation is the quintessential component for the prevention of
osteoporosis. Signals that determine the recruitment, replication, differentiation, function, and
apoptosis of osteoblasts and osteoclasts direct bone remodeling and determine whether bone tissue
is gained, lost, or balanced. Therefore understanding the signaling pathways involved in the
coupling process will help develop further targets for osteoporosis therapy, by blocking bone
resorption or enhancing bone formation in a space and time dependent manner. Insulin-like
growth factor type 1 (IGF-1) has long been known to play arolein bone strength. It is one of the
most abundant substances in the bone matrix, circulates systemically and is secreted localy, and
has a direct relationship with bone mineral density. Recent data has hel ped further our
understanding of the direct role of IGF-1 signaling in coupling bone remodeling which will be
discussed in this review. The bone marrow microenvironment plays a critical role in the fate of
MSCs and HSCs and thus how |GF-1 interacts with other factors in the microenvironment are
equally important. While previous clinical trials with IGF-1 administration have been unsuccessful
at enhancing bone formation, advancesin basic science studies have provided insight into further
mechanisms that should be considered for future trials. Additional basic science studies dissecting
the regulation and the function of matrix IGF-1 in modeling and remodeling will continue to
provide further insight for future directions for anabolic therapies for osteoporosis.
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INTRODUCTION

Bone remodeling is atightly regulated process resulting in the coordinated resorption and
formation of skeletal tissue and is an essential process to ensure the integrity of the skeleton.
Bone mass peaks in mid to late adolescence, plateaus for several years and then declines
over time, increasing skeletal fragility [1-5]. Factors that affect peak bone mass, length of
the maintenance phase, and rate of decline all predict osteoporosis risk, amajor cause of
morbidity and mortality through its association with age-related fractures [6-9]. The
hypothesis that factors deposited in the bone matrix act as delayed paracrine agents to
couple bone remodeling began over 30 years ago [10-15]. Briefly, latent TGF- stored in
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the matrix is released and activated by osteoclasts [16]. Active TGF-B1 then recruits MSCs
to the bone-resorptive sites [17]. Similarly, during bone resorption, significant amounts of
IGFs are released from storage in either free form or bound to an IGFBP ([18]. IGF-1
produces an osteogenic microenvironment inducing the differentiation of recruited MSCs
[19], closely linking bone resorption with formation (Figure 1).

This review will focus specifically on bone matrix |GF-1, both the source and rolein
coupling remodeling as revealed by clinical and basic science investigations. We also
discuss current gaps in our knowledge that may be prohibiting the successful use of IGF-1 as
an anabolic agent.

BONE MASS IS TEMPORALLY AND SPATIALY REGULATED

Bone remodeling occurs in basic multicellular unitsin cycles consisting of three phases:
bone resorption by osteoclasts, new bone formation by osteoblasts, and termination of this
process. Osteoclasts are multinucleated cells derived from hematopoietic stem cells (HSC),
and osteoblasts are mononuclear cells derived from mesenchymal stem cells (MSC) [20]. In
order to maintain bone mass, this process must be tightly regulated. The processis
coordinated temporally as M SCs are recruited during and after osteoclast resorption. It is
also coordinated spatially as M SCs are recruited to the precise site of recent bone resorption
for subseguent osteoblast differentiation and bone formation [4;5;21]. Signals that determine
the recruitment, replication, differentiation, function, and apoptosis of cells of both lineages
direct bone remodeling and are likely regulated by endocrine and paracrine factors,
including secretion by local cells and release from the bone matrix, and/or direct cell-cell
contact.

CLINICAL OBSERVATIONS

The clinical correlation between |GF-1 and bone massis well documented. Numerous
studiesin humans have shown that serum IGF-1 and several of its binding proteins correlate
with the pattern of bone mass accrual, maintenance, and loss. Patients with osteoporosis
have reduced serum IGF-1 levels, serving as independent predictors for the risk of
osteoporosis and fractures [22—37]. Bone marrow | GF-1 concentrations are 40% lower in
people with osteoporosis compared to age-matched controls [19]. Skeletal IGF-1 content in
human bone declines almost 60% between 20 and 60 years of age [38] and correlates even
more strongly with bone volume than serum IGF-1 [39]. Diseases that result in low IGF-1
concentrations a so have a higher incidence of low bone mass and osteoporosis compared to
the general population and have been comprehensively reviewed by others [25;40;41].
Briefly, anorexia nervosa, a severe eating disorder that |eads to progressive malnutrition, is
associated with decreased serum IGF-1 levels, hypogonadism, and osteopenia[40]. People
with adult onset GH deficiency (a0GHD) may develop alow bone turnover osteoporosis
with reduced bone mass and increased fracture risk, correlating with the severity of GHD
and circulating levels of IGF-1 [41]. The opposite is aso partially true with excess IGF-1
levels, such as seen in acromegaly with overproduction of GH. Acromegaly is associated
with increased cortical BMD and increased bone matrix IGF-1, IGF-2, and IGF-BP5 and a
high rate of bone turnover, suggesting both osteoblast and osteoclast effects [41;42].
Normalization of GH/IGF-I concentrations is associated with rapid reductionsin turnover
markers [41].

SOURCE OF IGF-1

AsIGF-1 iskey to mediating bone modeling and remodeling, many studies have focused on
identifying the source of IGF-1. Over the past 15 years the classic somatomedin hypothesis
has been modified as tissue specific genetic knockout or overexpression of the IGF-1 ligand
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has provided further insight to the importance of the source of IGF-1. IGF-1 is synthesized
by the liver and circulates acting as an endocrine factor. IGF-1 aso acts as a paracrine
factor, synthesized by cells such as pre-osteoblasts, mature osteoblasts, osteocytes, and
osteoclasts. The contribution of endocrine versus paracrine IGF-1 in bone modeling and
remodeling remains an active area of research.

Genetic manipulations of tissue-specific IGF-1 in mouse models have helped delineate the
role of endocrine versus paracrine |GF-1. When hepatic 1gf-1 expression is prevented (i.e.,
liver Igf-1-deficient mice), serum Igf-1 concentrations decline by 75% and cortical bone
volume isreduced by 26%, with a greater effect on the periosteum in comparison to the
endosteum. However, femur length, body weight, and trabecular bone volumes are
minimally effected [43]. Transgenic hepatic 1gf-1 mice have an earlier acquisition of peak
bone mass, but no overall change in bone mass in adults [44]. Similarly, when transgenic
hepatic Igf-1 expressionisin an Igf-1 null background, although mice are small at birth, the
bone phenotype is normalized by adulthood [44;45]. Deletion of Igf-1 in osteoblasts using a
collagen 1a2-Cre resultsin smaller mice, both in weight and length, and decreased
mineralization of the skeleton. Reduced osteoblast numbers and activity are suggested, but
overall bone volume/tissue volume is unchanged compared to wild type, indicating smaller,
compact bones [46]. Overexpression of Igf-1 using an Osteocalcin promoter result in
increased rate of bone formation and bone volume/tissue volume at 3 and 6 weeks of age,
but the effect islost by 24 weeks[47]. Overexpression of Igf-1 using a different promoter,
Collal, showed a similar phenomenon in that by 8 weeks of age, no difference was noted in
trabecular bone volume despite a higher mineral apposition rate and greater number of
osteoblasts on the bone surface [48]. Deletion of Igf-1 in osteocytes using a Dmp1-Cre
results in decreased body size with lower bone mass, but normal BMD, suggesting alow
bone turnover state [49]. Deletion of Igf-1 in osteoclast precursors reduces the number of
osteoclasts, but the model system used to study this effect precluded further analysis of other
bone cells and parameters [50].

While each mouse model has its own limitations, altogether these studies suggest that
paracrine |GF-1 has a greater role in body size compared to endocrine IGF-1, but both
endocrine and paracrine IGF-1 help regulate bone mass as enhancement of either can make
up for the deficit of the opposite. Importantly, overexpression of IGF-1 does not lead to
greater BMD in adult mice, but only speeds up the time to attainment of peak bone mass.

REGULATION OF BONE MATRIX IGF-1

Bone matrix |GF-I concentrations have been found to correlate with age-related changesin
bone volume more strongly than serum |GF-1 concentrations [19;38]. IGF-1 is one of the
most abundant growth factors deposited in the bone matrix [18;39;51-53] and can be
released during bone resorption, coupling bone remodeling. However, no studies to date
with genetic manipulation of cell-specific IGF-1 expression have evaluated the effect on
bone matrix IGF-1 or IGFBP content. Therefore, the source of matrix IGF-1 and
mechanisms that regulate its deposition into the skeleton remain unknown, although there is
suggestive evidence that both endocrine and paracrine IGF-1 may play arole. Multiple
factors have been shown to enhance (PTH, GH, estrogen, T3, BMP2) or suppress
(glucocorticoids, PDGF, FGF) IGF-1 transcription in osteoblasts and are associated with
higher and lower bone masses, respectively (comprehensively reviewed in [25]). Systemic
injection of IGF-1 alone or plus alGFBP can increase bone mass [19;54-56]. |mportantly,
for the endocrine IGF-1 effects, only IGF-1 plus IGFBP results in coupled bone formation
[19], suggesting that the transport of endocrine IGF-1 may be key to directing the site of
IGF-1 action. About 75% of systemic IGF-1 circulatesin a 150- to 200-kDatertiary
complex, consisting of IGF-1 + IGFBP + acid labile subunit (ALS). The binding proteins
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extend the half life of IGF-1 but binding with ALS prohibits transport across the vascular
border [57]. About 20-25% of IGF-1 isin asmaller 40- to 50-kDa binary complex (IGF-1 +
IGFBP) which can cross the vascular border and may mediate end-target effects [57-59].
Lessthan 5% of systemic IGF-1isin the 7.5 kDafree active form. Theratio of binary to
tertiary | GF complexes may regulate endocrine |GF-1 effects. Evidence supporting this
hypothesisis the observation that |GF-1 plus |GFBP-4, traditionally thought of as inhibitory
binding protein, enhances bone mass in mice [54;60;61].

PHYSIOLOGIC FUNCTION OF BONE MATRIX IGF-1

|GFBPs regulate | GF activity, generally favoring storage, while cleavage of the binding
protein leads to activation. In general, IGFBP-1, -2, -4, and -6 inhibit and IGFBP-3 and -5
stimulate osteoblast function [62]. While IGFBP-3 is the most abundant binding proteinin
the circulation, osteoblasts express al six IGFBPs, but IGFBP-4 and -5 most abundantly. All
IGFBPs and several IGFBP proteases are found in the skeletal matrix [62]. Transgenic

| GFBP4 mice have shorter femoral lengths and decreased bone volumes [61] demonstrating
that IGFBP-4 primarily inhibits bone formation by binding and blocking IGF-1 from its
receptor [63]. IGFBP-5 stimulates | GF action by either associating with proteins on the cell
surface and/or increasing local concentrations of IGFsin the vicinity of the IGF receptors
[63]. Preosteoblasts preferentially express IGFBP-2 and -5, whereas mature osteobl asts
preferentially express IGFBP-3, -4, and -6 [64], suggesting temporal regulation. Osteoblasts
have been found to express multiple specific and non-specific IGFBP proteases. bone
morphogenetic protein 1 degrades | GFBP3, pregnancy-associated plasma protein-A
degrades | GFBP4, and disintegrin and metalloproteinase domain-containing protein 9
degrade | GFBP-5 [65-68], whereas matrix metall oproteinases can degrade multiple IGFBPs
[69]. Osteoclast expression of IGFBP proteases is unknown. Matrix IGF-1 is likely activated
by cleavage of IGFBPs by osteoblasts upon resorption of bone matrix by osteoclasts,
thereby spatially regulating | GF-1 effects. Mature osteoblasts secrete | GFBPs, which may
sequester | GF-1 for deposition into the bone matrix and help terminate the remodeling cycle.
If thisistrue, then the activity of bone matrix |GF-1 released during osteoclast resorption
would directly depend on the concentrations/ratio of the IGFBPsin the bone matrix and
proteases on target cells.

IGF-1 has multiple roles in promoting bone formation through its actions on cellsin the
osteoblast lineage. Although migration of M SCs/osteoprogenitors has been suggested by in
vitro studies, in vivo studies have not confirmed this role. Specifically, in cell culture, IGF-1
has been shown to enhance expression of genes that promote cell migration, such as
chemokine receptor type 4 [70] and activation of Rac and p21-activated protein kinases [71],
but how the ligand would increase at the bone resorption site remains unknown. We recently
found that M SC migration to the bone remodeling surface was not impaired using an
inducible Nestin-CreER::Igf1r knockout mouse model [72]. Direct effects on
osteoblastogenesis and osteoblast function have been confirmed in vivo. Using an Osterix-
Cre::lgflr mouse, we found that knockout mice had reduced numbers of mature osteoblasts
with lower bone mass and mineral deposition rates than wild type mice, which suggests that
IGF-1 released from the bone matrix during bone remodeling stimulates osteoblastic
differentiation of MSCs. Further investigation of the cell signaling pathway showed that
IGF-1 stimulated osteoblast differentiation was due to activation of mammalian target of
rapamycin (mTOR) through the PI3K/Akt pathway [19]. Furthermore, the sensitivity of
osteoblast lineage cellsto IGF-1 appears to be temporally regulated. Runx2 promotes Pl 3K -
Akt signaling by up-regulating the protein levels of PI3K subunits and Akt, increasing
osteoblast differentiation, which can be abrogated by treatment with | GF-1 antibody [73].
The spatia differentiation of osteoblasts at the bone remodeling site is also mediated
through regulation of IGF-1 signaling. Osteoclasts express the transmembrane protein,
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semaphorin 4D (SemadD). SemadD hinds to its receptor, Plexin-B1 on osteoblasts,
inhibiting the RhoA-Rho associated protein kinase (ROCK) pathway, which normally
phosphorylates IRS-1, akey factor in the PI3K/Akt/mTOR pathway [74]. These findings
suggest that osteoclasts prohibit osteoblast differentiation of cells that come into contact
with the osteoclasts, creating a boundary between bone resorption and formation. IGF-1
signaling has also been shown to enhance the function of mature osteoblasts in young mice.
Transgenic overexpression of IGF-1 in mice driven by an osteocalcin promoter increased the
bone formation rate and trabecular and cortical bone volumesin 3 week-old mice [47].

IGF-1 signaling also influences osteoclast number/function. However, the mechanisms how
|GF-1 signaling regulates osteoclast migration, differentiation, and function remain unclear,
with the abundance of data being limited to cell culture and indirect measures. |GF-1 has
been implicated to mediate morphological changesin osteoclasts that are typical of
locomotor cells[75], implying arolein cell migration. IGF-1 null mice show reduced
numbers of osteoclasts and reduction of expression markers known to enhance
osteoclastogenesis, specifically receptor activator of nuclear factor kappa-B ligand
(RANKL), its receptor (RANK) and macrophage colony stimulating factor (M-CSF)
[50;76]. However, IGF-1 in culture can only increase the number of mature osteoclasts when
co-cultured in the presence of osteoblasts [77-80]. I GF-1 can enhance osteoblast expression
and secretion of RANKL in vitro and osteoprotegerin (OPG), a decoy receptor for RANKL,
both in vitro and in vivo [81], suggesting osteobl ast-dependent effects on osteoclastogenesis.
Data are conflicting on the effect of IGF-1 on osteoclast function. Some studies have shown
agreater area of resorption pits with IGF-1 administration [77;79], whereas others have
shown either no effect or an inhibitory effect [78;80]. It is speculated that the discrepancy
may be partially mediated through specific downstream signaling events, particularly
through IRS-1 and IRS-2 specific signaling pathways. Global IRS-1~/~ mice display alow-
turnover osteopenia characterized by decreased number of both osteoblasts and osteoclasts,
where osteoblast RANKL expression and secretion are decreased [82]. Oppositely, global
IRS-2~/~ mice are characterized by high turnover uncoupled bone remodeling with
decreased bone formation and increased bone resorption, partly due to the impaired function
of osteoblasts but a retained ability to produce RANKL [83]. In vivo studies are needed to
clarify these discrepancies.

BONE REMODELING REQUIRES ORCHESTRATION OF SIGNALING
NETWORK

To maintain the integrity of the skeleton, crosstalk between signaling pathways is essential.
PTH has been found to orchestrate the signaling network of many local osteotropic factors
including TGFBs [84], Wnts [85;86], and BMPs [87], coupling bone remodeling. |GF-1 and
PTH also work in concert to regulate bone remodeling. The paracrine/autocrine effects of
IGF-I are required for the anabolic action of PTH in bone [88;89] through an IRS-1
mediated pathway [90]. Both PTH and IGF-1 regulate cortical bone formation and thickness
with synergistic actions. Some effects of the anabolic actions of PTH are mediated by local
production of IGF-1 [52;91-95]. IGF-1 also interacts with other hormone signaling
pathways. For example, estradiol enhances |GF-1 synthesisin rat bone cells transfected with
estrogen receptors [96]. However, in the setting of ovariectomy in rats, IGF-1 treatment
results in lower bone volumes compared to untreated ovariectomized mice [97], suggesting a
detrimental effect of IGF-1 in the absence of estradiol. Other cells present in the bone
marrow, such as T cells may also contribute to changesin the microenvironment. IGF1IR
signaling inhibits apoptosis of T cells and enhanced T cell activity is seen in acromegaly
[98-100], which secrete multiple cytokines that may impact bone cells.
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CLINICAL APPLICATIONS

Many clinical trials have explored the use of GH and IGF-1 as anabolic agents. Treatment of
specific disease states has resulted in positive results; however, more broad application has
been disappointing. Systemic administration of recombinant GH in patients with aoGHD
increases bone matrix content of IGF-1 [101], however GH treatment of patients with either
normal BMD or osteoporosis have resulted in conflicting results [25]. Females with anorexia
nervosa with hypogonadism and osteopenia can only increase BMD with both estrogen and
|GF-1 replacement [102]. Elderly women who were treated with a combination of IGFBP-3/
IGF-I for 8 weeks following a hip fracture had improved functional recovery and no net loss
of femoral bone mass [103]. The use of IGF-1 for the general population in short term trials
as measured by increased serum markers of bone turnover has been promising [104-106],
particularly one study found that alow dose of IGF-1 preferentially increased serum markers
of bone formation over bone resorption [107]. However, along term trial aimed to treat
healthy postmenopausal women without osteoporosis with low dose IGF-1 for 1 year was
stopped early as no benefit in BMD, body composition, nor strength was seen [108].

The significant progress that has been made in understanding the role of IGF-1 signaling in
bone remodeling has identified potential limitations of these trials. The majority of clinical
trials to date have targeted an older population, whereas mouse models with transgenic
IGF-1 expression show aloss of benefit in increasing skeletal mass once adulthood is
reached [44;45;47;48]. The lack of benefit seen in the older population may be due to the
natural down-regulation of the IGF-1 pathway or up-regulation of counter-regulatory
mechanisms and account for the relative unresponsiveness. Future trials may need to target
younger populations. The duration of therapy required to see an effect is dependent on age
and some studies may have been too short based on the age of study participants. For
example, the skeletal anabolic effects of GH in the elderly are not seen until 24-36 months,
whereas benefits can be seen in children as early as 6 months [109-114]. Mechanical
loading has shown to be essential for skeletal responseto IGF-1in mice [115;116].
Therefore, IGF-1 treatment may be more beneficial targeting people who can endure weight-
bearing activities. IGF-1 may be more beneficia if administered in conjunction with a
binding protein [19;54-56;103] to prolong the half-life and potentially allow for amore
precise delivery for the action of IGF-1. IGF-1 enhances bone resorption through increased
osteoblast production of RANKL. Combination therapy with an antiresorptive, such asa
RANKL inhibitor or bisphosphonate, may improve the outcome. Drug development aimed
to modify the expression or activity of IGFBPs may have potentia therapeutic implications,
similar to the drug devel opments targeting BMP and Wnt signaling pathways.

Caution is required when considering pursing IGF-1 as a potential anabolic agent. Higher
levels of IGF-1 have been associated with an increased risk of specific types of cancer,
including prostate and premenopausal breast cancer [117]. Long term data evaluating the
safety of GH treatment in childhood, which aims to normalize |GF-1 concentrations, has not
shown an overall increase in morbidity or mortality [118-121]. More importantly, the rate of
recurrence or development of a second malignancy in survivors of childhood cancer with
GH deficiency is the same regardless of whether or not the child is treated with GH [122—
124]. Populations that are treated with higher GH doses, such as small for gestational age,
and result in supranormal 1GF-1 concentrations may be at risk of adverse outcomes [119].
Therefore, extreme care should be used in exclusion criteria and safety monitoring in future
trials. Other limitations are the expense of the medication and the route of administration.
The only anabolic agent currently FDA approved is PTH which requires the same route of
administration. PTH is limited to postmenopausal women and leaves no option for children
or premenopausal women with low bone mass/osteoporosis that, interestingly, may be more
likely to respond to IGF-1.
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KEY APPROACHES FOR FUTURE RESEARCH

Coupling of bone resorption with formation is a critical step for the maintenance of bone
mass in the aging skeleton. As high lethality is associated with globa knockout models,
studies on the role of IGF-1 in this area have progressed by meticulous analysis using the
Crellox mouse model, which continues to remain an invaluable tool in assessing cell specific
effects. As one of the limiting factorsin the clinical application of IGF-1 is enhancement of
bone resorption, more complete in vivo studies of IGF-1 effects on osteoclastogenesis and
osteoclast activity are needed. Mechanisms regulating | GF-1 signaling also need to dissect
temporal-spatial effects as the rate and efficiency of bone remodeling changes with age.
Careful consideration in the choice of genetic mouse models is needed to comprehensively
study temporal effects. Alternative strategies for defining the interaction between IGF-I and
bone acquisition have been developed, particularly using congenic models, which may
identify novel genesinvolved in the regulation of IGF-1 signaling.

The orchestration of bone remodeling also requires many additional signaling factors (i.e.
RANK/RANKL, TGF-B, Sema4D, plexin B-1, PTH) from osteoblasts, osteoclasts,
osteocytes, and skeletal matrix that are also time-, tissue-, and dose-dependent [125].
Understanding the interactions between these pathways is essential to understanding how the
bone turnover rate is balanced. As growth factors are ubiquitously expressed, interactions
with agents that act specifically on skeletal cells, such as PTH, will provide potential insight
into how these agents may be used to manipulate the bone microenvironment.

The age decline in skeletal IGF-1 content suggests that the pool of 1GFs may not be
sufficiently available for new bone formation as aging ensues and highlights the importance
of adequate |GF-1 deposition into the skeleton during modeling and remodeling. Further
studies aimed at understanding mechanisms involved in the deposition of IGF-1 into the
skeleton are needed.

SUMMARY

Osteoporosisis amajor cause of morbidity and mortality through its association with age-
related fractures [6-9]. Although most fracture prevention efforts have been directed at
inhibition of age-related bone loss, evidence is growing that PBM is an important
contributor to bone strength during later life [36;39]. Total skeletal matrix |GF-1 and the
amount of IGF-1 released during bone resorption may determine the amount of new bone
formation in each cycle of bone remodeling, making it an essential growth factor for the
maintenance of skeletal mass. Studies done to date provide insight regarding the role of
IGF-1 in the acquisition of PBM and coupled bone remodeling. Successful translation for
clinical application still requires answersto several key basic science questions that will help
modify clinical designs. Therefore, the continued study of the coordination of bone
remodeling at the cellular signaling level, including ways to enhance bone mass, continue to
remain a great interest and significance in bone biology and clinical application.
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Figure 1. Role of matrix growth factorsin coupling bone resor ption and for mation
TGF-B1 and IGF-1 are released from the bone matrix in response to osteoclastic bone
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resorption. TGFB1 induces migration of MSCs and |GF-1 induces the differentiation and
enhances the function of osteoblasts. In response to IGF-1 signaling via IRS-1, osteoblasts
enhance expression and secretion of RANKL. RANKL promotes osteoclastogenesis. As a
result, new bone formation occurs at bone resorption sites to maintain the microarchitecture
and mechanical integrity of the bonein each cycle of bone remodeling, thereby spatially and
temporally regulating bone remodeling. IGF-1 —insulin like growth factor type 1; IGFBP —
insulin like growth factor binding protein; TGF-p— transforming growth factor-p; LAP —
latency associated protein; RANKL - Receptor activator of nuclear factor kappa-B ligand,;

RANK - receptor for RANKL.
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