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Role of IGF-I Signaling in Muscle Bone Interactions
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1VA Medical Center and University of California San Francisco San Francisco, CA

2National and Kapodistrian University of Athens, Department of Physiology, Medical School, 
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3Department of Applied Physiology and Kinesiology, College of Health and Human Performance, 
University of Florida, Gainesville, FL

Abstract

Skeletal muscle and bone rely on a number of growth factors to undergo development, modulate 

growth, and maintain physiological strength. A major player in these actions is insulin-like growth 

factor I (IGF-I). However, because this growth factor can directly enhance muscle mass and bone 

density, it alters the state of the musculoskeletal system indirectly through mechanical crosstalk 

between these two organ systems. Thus, there are clearly synergistic actions of IGF-I that extend 

beyond the direct activity through its receptor. This review will cover the production and signaling 

of IGF-I as it pertains to muscle and bone, the chemical and mechanical influences that arise from 

IGF-I activity, and the potential for therapeutic strategies based on IGF-I.
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The complexity of IGF-I

The liver is the major source of IGF-I, where approximately 75% of the circulating IGF-I 

originates. This endocrine pool is stabilized in a tertiary complex with ALS (acid-labile 

subunit) and IGF binding protein 3 (IGFBP3), and only a small percentage is free. In 

addition to the liver, most tissues express a local source of IGF-I, such that paracrine and 

autocrine actions of IGF-I may occur. Thus, there is a quandary in the field as to whether 

these sources of IGF-I are indistinguishable from each other, or if there are unique features 

within a given pool of IGF-I that afford greater potency, stability, or tissue specificity. 

Indeed, alternative splicing of the Igf1 gene and post-translational modifications of the 

nascent peptides result in many proteins that arise from this single gene. Further, the 
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extended protein family includes insulin and IGF-II, both of which can bind and activate 

IGF-I receptors, lending an additional layer of complexity to IGF actions. Finally, the IGF-I 

receptors themselves mix and match with the insulin receptor to form hybrid receptors, and 

associate with multiple intracellular docking proteins to mediate growth factor actions. Thus 

every step from production, to ligand binding, and to downstream signaling, can contribute 

to complex tissue specific activity within the IGF-I pathway.

IGF-I Production

The Igf1 gene contains six exons, and its alternative splicing results in multiple isoforms that 

retain the identical sequence for mature IGF-I peptide, but also produce divergent C-

terminal sequences, called the E-peptides (1–4) (Figure 1). Two classes (I and II) arise from 

interchangeable utilization of exons 1 and 2, respectively. These exons encode a portion of 

the signal peptide(s), and their use appears to be dependent on two different promoters (3). 

Exons 3 and 4 encode the remaining part of the signal peptide, the mature IGF-I peptide, and 

a portion of the E peptide. Exons 5 and/or 6 encode multiple E-peptides. Transcripts that 

skip exon 5 and splice exon 4 directly to exon 6 are defined as class A. Human Class B 

transcripts utilize only exon 5, while human class C/rodent class B is produced by the 

inclusion of the entire rodent exon 5 and a portion of human exon 5 via an internal splice 

site; in both cases the insertion causes a frame shift in the reading frame of Exon 6 (4, 5). 

There is strong sequence conservation across all species for the mature IGF-I peptide, as 

well as class A E-peptide. However, the B and C class E-peptides exhibit high variability 

(6). In all tissues studied, roughly 90–95% of the IGF-I transcripts are Class A. The 

significance of the less common splice forms has been a matter of debate, where greater 

potency and IGF-independent activity have been attributed to the E-peptides. In myoblasts 

and osteoblasts, exposure to the EB/EC peptide promotes proliferation and inhibits 

differentiation (7–10); however, E-peptide activity appears to require the IGF-I receptor (9), 

and at least for muscle, there is no functional benefit of treatments based solely on the E-

peptides (11). For this review, we will focus on the most common, class A isoform, as well 

as the actions of the mature IGF-I growth factor for muscle and bone.

Regardless of the isoform transcribed, a pre-pro-peptide is translated, which consists of a 

Class I or II signal peptide directing secretion, the mature IGF-I peptide, and a C-terminal E-

peptide extension (12). Following cleavage of the signal peptide, the pro-IGF-I (mature IGF-

I plus an E-peptide) can be subjected to additional processing prior to secretion. This 

includes cleavage of the E-peptide by intracellular proteases of the pro-protein convertase 

family to release mature IGF-I for secretion (13), maintenance of pro-IGF-I to be secreted 

without cleavage (14–17), or N-glycosylation in the E-peptide of the predominant IGF-I 

isoform (IGF-IA) (18), followed by secretion. Hence, three forms of IGF-I protein could 

exist in the extracellular milieu: mature IGF-I, non-glycosylated pro-IGF-I, and 

glycosylated-pro-IGF-I. Figure 2 schematizes the post-translational processing steps 

associated with production of the IGF-I forms, and shows the divergence of these forms in 

liver, muscle, and the circulation.

Cell-based assays have been used to show that pro-IGF-I has improved IGF-I receptor 

activity compared to mature IGF-I, whereas glycosylated pro-IGF-I has significantly lower 
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activity (16). Further, pro-IGF-I has been attributed with greater matrix association (19). For 

muscle, there is a large proportion of glycosylated pro IGF-I that is retained (Figure 2), 

suggesting that this form also has enhanced storage capacity. Comparable studies of the 

forms stored in bone have not been performed to date. However, given that the liver is 

thought to secrete primarily mature IGF-I stabilized by ALS and IGFBP3, this provides a 

molecular distinction between the endocrine pool of IGF-I (made by the liver), and the 

autocrine/paracrine pool provided by the tissue. Whether these represent functionally 

separable pools of IGF-I has not been addressed.

IGF-I Receptors

For IGF-I to promote growth, it must bind to and activate receptors on the membrane 

surface. IGF-I acts predominantly via the IGF-I receptor (IGF-IR), a transmembrane protein 

consisting of two extracellular α-subunits, which contain the IGF-I binding site, and two 

transmembrane β-subunits that have a cluster of three tyrosine residues (Y1135, Y1131, and 

Y1136) (Figure 3). These undergo phosphorylation upon IGF-I binding and activation of the 

intrinsic kinase domain (aa 956-1256) to mediate canonical signaling pathways necessary 

for cell survival and growth (20–22). Tyrosine phosphorylation is needed to create multiple 

docking sites for a variety of endogenous substrates including members of the insulin 

receptor substrate (IRS) family, which associate with IGF-IR via PTB and SH2 domains, 

growth receptor binding protein-2 (Grb2), which binds to specific motifs in the IGF-1 

receptor as well as in IRS, and the p85 subunit of phosphatidyl inositol 3 kinase (PI3K) 

which binds to other specific motifs within IRS. Both IRS-1 and IRS-2 are expressed in 

bone (23, 24) and skeletal muscle (25), and both appear to be required for the full actions of 

IGF-I. Their roles differ, however. Deletion of IRS-1 results in decreased bone formation 

and resorption (23), whereas deletion of IRS-2 results in reduced bone formation but 

increased bone resorption (24). In muscle, IRS-1 and IRS-2 are not functionally 

interchangeable and IRS-1 appears to have a major role (25). Specifically, IRS-1 is required 

for IGF-I mediated hypertrophy: IGF-I overexpression failed to increase skeletal muscle 

mass in IRS-1+/− mice, in contrast to the rescue of growth deficits in other tissues (26). Shc, 

when tyrosine phosphorylated in response to IGF-I, binds to the SH2 domain of Grb2, which 

in turn forms a complex with Sos, a guanine nucleotide exchange factor that mediates 

GDP/GTP exchange in Ras and thus activates it. Ras then activates Raf (MAPKKK), which 

phosphorylates and activates MEK (MAPKK), which in turn phosphorylates and activates 

ERK1/2 (MAPK). These are serine/threonine phosphorylations. Activated ERK enters the 

nucleus to phosphorylate and so activate transcription factors (e.g. elk-1 and c-jun) leading 

to increased cyclin D1 and reduced p21cip and p27kip expression. The increased levels of 

cyclin D1 and reduced levels of the cell cycle inhibitors p21cip and p27kip stimulate cell 

cycle progression from G1 to S, thus completing the pathway by which IGF-I and other 

growth factors promote proliferation. Activation of PI3K sets up a different pathway. PI3K 

phosphorylates PIP2 to PIP3 in the membrane, recruiting PDK1/2 to the membrane where it 

phosphorylates and partially activates AKT at Thr 308 (27). MTORC2, discussed below, 

phosphorylates AKT on Ser 473 to fully activate this molecule (28).

Activated AKT has a number of substrates important for bone and muscle. The activated 

AKT phosphorylates and inactivates Bad, a pro-apoptotic member of the bcl-2 family. This 
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blocks apoptosis. AKT phosphorylates FOXO family members, keeping them out of the 

nucleus, thus reducing the induction of genes such as atrogin-1 (also known as MAFbx), 

MuRF1, and Cbl-b, which are ubiquitin ligases involved in protein degradation. AKT 

increases protein synthesis via its actions on mTOR and p70S6 kinase (29, 30). mTOR 

exists in two distinct complexes. mTORC1 is comprised of mTOR, Raptor (the regulatory 

component of mTOR), mLST8/GβL (G-proteinβ subunit-like protein), and DEPTOR. This 

complex is rapamycin sensitive and controls protein synthesis via phosphorylation of 

substrates p70S6K and 4E-BP (eukaryotic initiation factor 4E-binding protein). mTORC2, 

which is not rapamycin sensitive, is comprised of mTOR, Rictor (rapamycin insensitive 

component), mLST8/GβL, mSIN1 (mammalian stress-activated protein kinase-interacting 

protein 1) and PROTOR (protein observed with Rictor). mTORC2, as noted above, can 

activate AKT. GSK-3β (glycogen synthetase kinase) is also a substrate of AKT, and when 

phosphorylated at Ser 9 and 21 it is inactivated. When active, GSK-3β phosphorylates β-

catenin at Thr 41, Ser 37, and Ser 33, leading to its proteosomal degradation. Thus, 

inactivating GSK-3β potentiates wnt/β-catenin signaling and so promotes proliferation (31). 

Hypoxia inducible factor (HIF)α is induced by IGF-I through the PI3K/AKT/mTOR 

pathway, leading to increased VEGF-A production and vascular invasion in the growth plate 

(32). Moreover, PI3K and AKT can enter the nucleus and by phosphorylating critical 

transcription factors lead to increased cyclin D1 levels. Thus, the signaling pathways of IGF-

I are multiple and complex, but the net result is to promote cell proliferation and 

differentiation while blocking protein degradation and apoptosis.

Activated AKT has a number of substrates important for bone and muscle. The activated 

AKT phosphorylates and inactivates Bad, a pro-apoptotic member of the bcl-2 family. This 

blocks apoptosis. AKT phosphorylates FOXO family members, keeping them out of the 

nucleus, thus reducing the induction of genes such as atrogin-1, MuRF1, and Cbl-b, which 

are ubiquitin ligases involved in protein degradation. AKT increases protein synthesis via its 

actions on mTOR and p70S6 kinase (29). mTOR exists in two distinct complexes. mTORC1 

is comprised of mTOR, Raptor (the regulatory component of mTOR), mLST8/GβL (G-

proteinβ subunit-like protein), and DEPTOR. This complex is rapamycin sensitive and 

controls protein synthesis via phosphorylation of substrates p70S6K and 4E-BP (eukaryotic 

initiation factor 4E-binding protein). mTORC2, which is not rapamycin sensitive, is 

comprised of mTOR, Rictor (rapamycin insensitive component), mLST8/GβL, mSIN1 

(mammalian stress-activated protein kinase-interacting protein 1) and PROTOR (protein 

observed with Rictor). mTORC2, as noted above, can activate AKT. GSK-3β (glycogen 

synthetase kinase) is also a substrate of AKT, and when phosphorylated at Ser 9 and 21 it is 

inactivated. When active, GSK-3β phosphorylates β-catenin at Thr 41, Ser 37, and Ser 33, 

leading to its proteosomal degradation. Thus, inactivating GSK-3β potentiates wnt/β-catenin 

signaling and so promotes proliferation (31). Hypoxia inducible factor (HIF)α is induced by 

IGF-I through the PI3K/AKT/mTOR pathway, leading to increased VEGF-A production and 

vascular invasion in the growth plate (32). Moreover, PI3K and AKT can enter the nucleus 

and by phosphorylating critical transcription factors lead to increased cyclin D1 levels. 

Thus, the signaling pathways of IGF-I are multiple and complex, but the net result is to 

promote cell proliferation and differentiation while blocking protein degradation and 

apoptosis.
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Necessity of IGF-I: Lessons from knockout mice

A rich history examining the importance of IGF-I for organismal growth exists. In the 

absence of any IGF-I, growth is severely impaired, demonstrated initially by gene targeting 

of the IGF-I locus (IGF-I−/− mouse) (33, 34), and is also evident in patients with short 

stature with mutations in the IGF-I pathway members (35). Ablating IGF-I expression 

globally causes severe growth retardation, which is evident as early as 13.5 dpc (33, 34, 36). 

The KO mice develop smaller skeletons with a significant delay in mineralization at 14.5 

dpc and onward. Despite that, all of their skeletal elements are present (37), indicating 

normal skeletal patterning. The skeletal defects in the KO mice are caused, at least in part, 

by reduced proliferation, delayed differentiation, and increased apoptosis in the growth plate 

(38). Most of the IGF-I KO mice die immediately after birth. Studies of the few surviving 

KO mice (less than 5%) show continually retarded bone growth (34, 36), indicating that 

IGF-I signaling is also essential for skeletal development during post-natal growth. Ablating 

the IGF-IR produces a similar but more severe growth retardation and skeletal defects than 

the IGF-I KO mice, with a phenotype comparable to the double knockout of IGF-I and IGF-

IR (34). This indicates the important role of IGF-II during embryonic development. IGF-II 

has 67% homology to IGF-I with comparable affinity for the IGF-IR (39). In humans IGF-II 

circulates at three times the level of IGF-I postnatally, but in rodents its expression in the 

skeleton essentially disappears after birth (40).

Most of the circulating IGF-I is produced by the liver, yet ablation of this source in mice 

does not have a dramatic effect on general postnatal body growth (41–43), indicating that 

tissues can rely on other pools of IGF-I. The general consensus is that limiting liver IGF-I, 

or the proteins in its circulating ternary complex (IGFBP3 and ALS) does not control the 

growth of many of the tissues that make their own IGF-I, such as skeletal muscles, long 

bones, or brain, supporting the hypothesis that local IGF-I is sufficient to sustain normal 

growth of these tissues. One important exception is that reduced circulating IGF-I limits 

bone density (44), where liver-specific deletion of IGF-I in 8–55-week-old mice led to small 

reductions in periosteal bone growth and appendicular skeletal growth leading to thinner 

bones, but with no abnormalities in trabecular bone (45). This suggests that bone growth not 

only relies on paracrine IGF-I (46), but is also dependent on endocrine IGF-I. In the 

complementary experiment, boosting circulating levels of IGF-I by increasing liver 

production (47) or through daily injections of recombinant IGF-I increases body (and 

muscle) weight, supporting the premise that circulating IGF-I can enter the local tissue 

environment and have enhanced anabolic effects. Thus, IGF-I appears to act directly on 

muscle and bone, and potentially indirectly on bone via enhancing muscle mass.

Effects of Muscle IGF-I on Growth

To address the importance of muscle IGF-I, production of IGF-I from muscle was limited 

through muscle specific targeting of the stress protein Glucose Regulated Protein 94 

(GRP94) (48, 49). GRP94 is a member of the HSP90 family of stress proteins whose 

expression is regulated by a variety of metabolic conditions, such as glucose tension, redox 

state and changes to calcium homeostasis (50). GRP94 is required for production of IGF-I 

and IGF-II because it binds to pro-IGF, and this interaction is thought to be required for the 
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proteolytic processing of the pro-form to mature IGF (48). Tissue specific ablation of 

GRP94 was achieved by breeding mice harboring alleles of GRP94 with loxP sites flanking 

the first exon of the gene (51) with mice expressing Cre recombinase driven by the muscle 

creatine kinase (MCK) promoter (52), generating mGRP94−/− mice. Not only did these mice 

exhibit reduced IGF-I content in muscle, they also had diminished circulating IGF-I. 

Intriguingly, the circulating IGF-I was both pro- and mature IGF-I, and pro-IGF-I was 

virtually eliminated from the blood in GRP94 mutant animals. Mice had smaller muscles, 

presumably due to the loss of local IGF-I production, and whole body growth was impaired 

as well. The body length growth curves also showed that mGRP94−/− mice were shorter, 

and consistent with this, skeletal dimensions and bone mineral density were reduced.

This study supports that muscle IGF-I is a critical factor for local and global growth. Given 

that ablation of liver IGF-I production did not reduce skeletal growth to the same extent as 

when muscle IGF-I production was inhibited, we are faced with at least two possible 

interpretations. First, the simplest explanation is that the loss of muscle mass as a 

consequence of limiting muscle IGF-I has a significant effect on bone. However, we cannot 

exclude the second possibility that the IGF-I produced by the muscle has different properties 

on bone than that produced by the liver. One strategy that could address this issue is to 

separate muscle IGF-I production from the muscle response to this growth factor. A mouse 

harboring a dominant negative IGF-IR in striated muscle (53, 54), exhibits muscle 

hypoplasia early in life, even though IGF-I production is normal. These mice have long but 

slender bones due to increased osteoclast activity (55), suggesting that it is the mechanical 

influence of muscle rather than the chemical production of IGF-I that alters bone growth. 

However, a clear interpretation is confounded by the temporal separation of the muscle and 

bone phenotypes, as well as the development of Type 2 diabetes in this model. Thus, a clean 

experiment has not been developed to resolve this issue.

Effects of Bone IGF-I on Growth

Skeletal development is a highly coordinated process, which requires initial recruitment and 

migration of relevant precursors to future bone sites, commitment of the precursors to 

chondrogenic and osteogenic lineages, and their terminal differentiation to acquire a 

complete set of cartilage- or bone-forming functions (56, 57). Skeletal patterning, which 

determines bone numbers and shapes, is controlled by progenitor recruitment and 

commitment, while bone growth rates mainly depend on the proliferation, survival, and 

differentiation of chondrogenic and osteogenic cells (56). It is the latter (ie. growth rates) 

that requires IGF-I signaling.

With the exception of the flat bones of the skull and the clavicle, bone formation in the 

embryo occurs through an endochondral process that begins when mesenchymal stem cells 

form clusters or condensations via adhesion molecules. Most of the cells in these 

condensations differentiate into chondrocytes with cells on the periphery forming a 

perichondrium. Cartilage increases in size through chondrocyte proliferation and secretion 

of a matrix enriched rich in type II collagen and aggrecan. These chondrocytes become 

hypertrophic and begin to synthesize type X collagen to induce mineralization of the 

surrounding matrix while promoting vascular invasion and initiating resorption of the 
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calcified cartilaginous matrix. Hypertrophic chondrocytes also stimulate the perichondrial 

cells to differentiate into osteoblasts, which in turn secrete a characteristic matrix that leads 

to the formation of a bone collar. Eventually, these hypertrophic chondrocytes are thought to 

undergo apoptosis, although this has not been clearly demonstrated, and the alternative 

hypothesis is that these cells differentiate into osteoblasts (58). To examine the role of IGF-I 

signaling during chondrogenesis, a chondrocyte specific knockout of IGF-IR (cartIGF-1R−/−) 

was generated by crossing floxed IGF-IR mice (59) with mice expressing a Cre recombinase 

transgene under the control of the type II collagen promoter (60). The growth of 

the cartIGF-1R−/− mice is less retarded than that of the global IGF-IR KO mice (90% of 

controls vs 45%, respectively), although postnatal survival was still poor. Like the global 

IGF-I KO mice, the skeletons showed decreased mineralization with reduced proliferation, 

delayed differentiation and hypertrophy, and increased apoptosis of the chondrocytes (61). 

To separate the requirement for IGF-I signaling in growth plate development during 

embryonic and postnatal growth, a conditional chondrocyte specific KO model using a 

tamoxifen (Tam)-inducible collagen II driven Cre recombinase (TamCartIGF-IR−/−) (62, 63) 

was examined at 2 weeks of age (1 week post Cre induction with tamoxifen). 

The TamCartIGF-IR−/− mice showed significant growth retardation with a body weight that 

was ≈70% of their control littermates, and severely disorganized growth plates due to 

reduced cell proliferation and delayed differentiation (61). Deletion of IGF-I from 

chondrocytes using a comparable Cre recombinase (64) caused a 25% reduction in growth 

and total bone mineral content at 2–4 weeks. However, only a 40% reduction in IGF-I 

expression was achieved in these cells. These results could indicate that IGF-II compensated 

for the loss of IGF-I during development in this model, but could also reflect the failure to 

fully delete IGF-I expression.

Role of IGF-I in Bone Remodeling

Throughout life, bone is constantly remodeled by cooperative actions of bone-resorbing 

osteoclasts and bone-forming osteoblasts (65, 66). The osteoclasts are derived from 

hematopoietic stem cells (HSC), while osteoblasts differentiate from bone marrow 

mesenchymal stem cells. Bone formation and resorption are tightly balanced to maintain 

structural integrity of the skeleton and to mobilize Ca2+ to meet systemic demands. Studies 

of global IGF-I KO mice (67, 68), which survived to adulthood, show decreased bone 

formation rates, but higher trabecular bone mass (BV/TV), indicating reduction in both 

osteoblastic and osteoclastic activities, and demonstrating the non-redundant role for IGF-I 

signaling in bone remodeling. Recent studies of cell-specific IGF-I and IGF-IR KO mice 

and in vitro cell cultures have begun to reveal detailed molecular actions of those molecules 

in the various populations of skeletal cells.

The osteoblastic lineage begins with mesenchymal progenitors that progress through stages 

of preosteoblasts (Pre-OB), mature osteoblasts (OB), and finally osteocytes (OCY). At each 

stage, cells express specific markers and unique regulators of cell differentiation. 

Osteoprogenitors and preosteoblasts express RUNX2 and osterix (OSX) -- two critical 

transcriptional factors that specify bone cell fates. Early stage osteoblasts produce large 

amounts of type I collagen as a major component of their surrounding matrix. Mature or 

fully differentiated osteoblasts, which express osteocalcin (OCN), acquire functions to 
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mineralize the collagen matrix so formed. Some mature osteoblasts are subsequently 

embedded in the matrix as osteocytes, which express the dentin matrix protein-1 (DMP-1) 

and sclerostin, a protein that inhibits osteoblast proliferation by suppressing the wnt/β-

catenin signaling pathway. OCY are also an important source of RANKL by which they can 

control osteoclastogenesis as well. Other osteoblasts become quiescent on the bone surface 

to function as lining cells that may be subsequently activated by hormones such as 

parathyroid hormone (PTH), or otherwise die by apoptosis (69, 70).

A number of in vitro and in vivo studies have demonstrated the importance of IGF-I 

signaling for normal osteoblast development and function. IGF-I stimulates survival, 

proliferation, differentiation, and matrix production in cultured osteoblast cells (71, 72). 

Animals that overexpress an osteocalcin-driven IGF-I transgene exhibit higher osteocyte 

lacunae occupancy, increased bone formation rate (BFR), bone volume and bone mineral 

density (BMD), but without any change in total osteoblasts or osteoclasts. These findings 

suggest that osteoblast-derived IGF-I primarily exerts its anabolic effects by enhancing 

osteoblast function and osteocyte survival (73). There is also evidence that IGF-I promotes 

phosphate uptake by osteoblasts via the sodium-dependent phosphate transporter, Glvr-1, at 

least in the human osteoblast cell like SaOS-2 (74), which is expected to enhance bone 

formation. The delayed mineralization observed in global IGF-IKO indicates a role for IGF-

I signaling in normal osteoblast maturation and function in vivo. Govoni et al (46) generated 

an osteoblast conditional knockout of IGF-I using Col1α2 promoter driven Cre recombinase 

activity. These animals had a high perinatal mortality with dwarfism and mineralization 

defects characteristic of the global IGF-IKO. However, data from these conditional 

knockouts must be interpreted with caution as the Col1α2 promoter-driven Cre recombinase 

used by these investigators was also highly active in muscle and other non-skeletal tissues 

(46). Their observations could reflect an important but as yet unexplored role for muscle 

derived IGF-I during skeletal development. We (75) used an osteocalcin promoter-driven 

Cre recombinase to delete IGF-IR from mature osteoblasts and osteocytes (ocnIGF-IRKO). 

These mice have excellent postnatal survival with growth rates that resemble wild-type 

animals. Zhang et al (76) characterized the skeletal phenotype of these animals at 3 and 6 

weeks. At 3 weeks the KO display reduced osteoblast and osteoclast numbers and reduced 

BFR compared to wild-type controls suggesting that IGF-I signaling is important in 

promoting osteoblast proliferation, function and survival during the early stages of postnatal 

bone modeling. Moreover, the loss of IGF-IR in the osteoblast also negatively affects 

osteoclast proliferation via mechanisms that will be discussed subsequently. However, such 

differences fail to persist at 6 weeks of age. At 6 weeks, excess osteoid coupled with 

reduced mineralization, fewer trabeculae, and lower trabecular BV/TV is the predominant 

phenotype. These results are consistent with our in vitro observations showing the marked 

reduction in mineralization of bone marrow stromal cell cultures from the ocnIGF-1RKO 

mice but with no reduction in alkaline phosphatase positive colonies(75). However, when 

we (Wang and Bikle, submitted) deleted IGF-IR from osteoprogenitors using an OSX 

promoter driven Cre recombinase (osxIGF-IRKO) the phenotype was more profound, 

although not as severe as mice lacking IGF-IR in their chondrocytes, discussed above. These 

mice grew poorly, although their perinatal mortality is not high unlike the global IGF-I KO 

and cartIGF-IR KO. However, chondrocyte terminal differentiation is delayed, and the 
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development of trabecular bone is blunted. Rather than having increased BV/TV like the 

global IGF-I KO, their trabecular bone is osteoporotic with decreased proliferation of the 

osteoblasts lining the trabeculae. In culture the BMSC from these mice show decreased 

numbers of both alkaline phosphatase and alizarin red positive colonies, unlike BMSC 

fromocnIGF-IRKO, which are deficient only in mineralization. Thus osxIGF-IRKO have 

features of both the chondrocyte specific and osteoblast specific IGF-IRKO, but with less 

severity in chondrocyte proliferation than cartIGF-1RKO and an earlier defect in osteoblast 

proliferation and differentiation than ocnIGF-1RKO. At the other extreme Sheng et al. 

(77)deleted IGF-I from osteocytes using a DMP-1 promoter driven Cre recombinase 

(dmp1IGF-IKO). These mice had a modest reduction in body weight, but their trabecular 

BV/TV was increased, and no reduction in OCY density was observed. Surprisingly, 

the dmp1IGF-IKO showed a significant reduction in growth plate length that was attributed 

to a decrease in the length of the hypertrophic zone with no abnormalities in the proliferative 

zone. Periosteal BFR, especially in the younger mice, was most impacted, and the periosteal 

response to mechanical loading (4 point bending) was markedly blunted (78). However, 

caution in interpreting these data is warranted in that the reduction in IGF-I expressing OCY 

was only 60%, and muscle had an equivalent reduction in IGF-I expression. Thus the failure 

of these mice to respond to mechanical load and the preferential decrease in periosteal BFR 

could reflect a contribution from the surrounding musculature.

Studies of global IGF-I KO mice showed fewer (76% of WT control) and smaller 

osteoclasts with fewer nuclei in the bone (38), indicating impaired osteoclastogenesis and 

bone resorption. These osteoclast defects could explain, at least in part, the increased 

trabecular BV/TV, despite a decreased bone formation rate in the global IGF-I KO mice 

described earlier. These osteoclast defects appear to reside at least in part in the osteoclast 

itself as osteoclast precursors from the global IGF-I KO mice showed a reduced ability to 

differentiate into mature osteoclasts (38). Moreover, co-culturing IGF-1+/+ osteoclast 

precursors (spleen cells from WT mice) with IGF-1−/− osteoblasts (bone marrow stromal 

cells from IGF-I KO mice) produces significantly fewer (by ≈90%) multi-nucleated 

osteoclasts than co-culturing IGF-I+/+ osteoclast precursors with IGF-I+/+ osteoblasts, results 

suggesting that IGF-I from osteoblasts is required to promote osteoclastogenesis. On the 

other hand, co-culturing IGF-I−/− osteoclast precursors with IGF-I+/+ osteoblast precursors 

also produces fewer (by ≈50%) multi-nucleated osteoclasts than co-culturing IGF-I+/+ 

osteoclast precursors with IGF-I+/+ osteoblasts (38), suggesting that the expression of IGF-I 

in osteoclast precursors is also required to fully support osteoclastogenesis. To further define 

the role of IGF-I signaling in osteoclast differentiation, we (Wang and Bikle, unpublished) 

evaluated mice in which IGF-IR was deleted from osteoclast precursors with a TRAP5b 

promoter driven Cre recombinase (trapIGF-IR KO).These mice grow normally but have 

increased trabecular BV/TV and reduced osteoclast number, as seen in the global IGF-I KO 

mice. Similarly, ablation of IGF-IR in cultured osteoclast precursors reduces the number and 

size of osteoclasts and their expression of RANK, c-fms, and NFATc1 (Wang and Bikle, 

unpublished data). These in vitro and in vivo data demonstrate an essential role for IGF-I 

signaling in promoting osteoclastogenesis.
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Role of IGF-1 in Muscle Growth and Repair

For skeletal muscle, IGF-I coordinates with additional growth factors to promote myoblast 

proliferation, differentiation, and fiber formation during normal growth as well as during 

regeneration after injury. Thus, IGF-I is a central therapeutic target for enhancing muscle 

function in aging and disease. Several strategies have been employed to boost IGF-I levels 

in muscle, including tissue-specific transgenic expression (79–81), viral-mediated gene 

transfer (82–84), and directed recombinant IGF-I delivery (85, 86). Increasing IGF-I levels 

can result in functional hypertrophy in young adult animals, maintenance of mass and 

regenerative capacity in senescent animals, and enhancement of muscle recovery to counter 

acute and chronic damage.

The two primary signaling pathways described above are important contributors to muscle 

physiology (87, 88). The PI3K/AKT pathway promotes cell survival as with many tissues 

(89, 90). In addition, activation of Akt is sufficient to induce hypertrophy in vivo via an 

increase in the average cross sectional area of individual muscle fibers caused by an increase 

in activation of protein synthesis pathways. In fact, the hypertrophy caused by active Akt is 

more profound that that with IGF-I stimulation (91), and led to the discovery of Fboxo40, 

which targets IRS-1 for degradation, and reduces the efficiency of the IGF-I signaling 

pathway. The other primary intracellular pathway activated by IGF-1 (Ras-Raf-ERK 

pathway) has been shown to increase cell proliferation in muscle cell cultures (92).

Since muscle fibers are post-mitotic, muscle repair relies on muscle satellite cells (93), a 

stem cell like population that is a source for replenishing the nuclear content of the muscle 

fibers (94). After their activation, the satellite cells divide and can undergo differentiation, 

fusing to damaged sites on muscle fibers, or forming new fibers, thus providing an extra 

boost required for the increased protein synthesis during repair (95–101) or hypertrophy (85, 

102, 103). These processes have been thought to be a predominant mechanism that leads to 

increase in muscle mass (103, 104). Satellite cell division is enhanced by high levels of IGF-

I resulting in increased cell availability for growth and repair (105), but one limitation is that 

satellite cells express IGF-I receptor only after activation. Whether satellite cells are 

necessary for muscle fiber hypertrophy has been addressed in several studies by using 

irradiation-induced inhibition of satellite cell activation (106, 107), emphasizing an 

obligatory role of these cells during the overload-dependent muscle hypertrophy process. 

More recently, a novel mouse strain (Pax7-DTA) was utilized, which enabled the 

conditional ablation of >90% of satellite cells in mature skeletal muscle (108). This study 

provided new evidence that satellite cells are not needed for skeletal muscle fiber 

hypertrophy and that fibers are capable of mounting a robust hypertrophic response to 

mechanical overload independently of satellite cells. However, satellite cells are necessary 

for both the de novo formation of new fibers and fiber regeneration.

Muscle repair is accompanied by a robust increase in IGF-I. In acute damage generated by 

cardiotoxin injection, not only do the overall levels of IGF-I increase, but there is an 

appearance of mature IGF-I concomitant with increased P-AKT, supporting that the 

presence of mature IGF-I is necessary for mediating repair. Mature IGF-I accumulation 

could arise either from increased production and processing by the muscle and activated 
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satellite cells, through enhanced delivery of mature IGF-I from the circulation, or by 

cleavage of the locally stored forms to release mature IGF-I. Some evidence exists that 

IGF-1 is produced and released by myofibers in response to increased loading or muscle 

damage. Specifically, resistance and/or muscle damaging exercise result in local up-

regulation of IGF-1 and hypertrophy (109–112). A second bout of resistance exercise on 

skeletal muscle can sustain increases of Igf1 transcripts (112, 113), raising the potential for 

optimizing the production of IGF-I as well as the response of muscle to this growth factor 

through consciously timing the intervals between exercise bouts.

Even though there is an increase in locally produced IGF-1 following muscle damaging 

exercise, the data is equivocal with regard to whether it enters the circulation (112, 114, 

115). Moreover, exogenous administration of GH or IGF-1 does not stimulate myofiber 

hypertrophy in the absence of mechanical loading (116, 117). Thus, even with the plethora 

of studies demonstrating that IGF-I drives muscle hypertrophy, where increased muscle 

specific expression of IGF-I through transgenesis or post-natal viral delivery increases 

muscle mass (refs here) the story is not consistent, suggesting that IGF-I plays a marginal 

role in skeletal muscle during chronic exercise (118), and that exercise-induced muscle 

hypertrophy is an intrinsic process independent of hormones and circulating growth factors 

(119). For example, contrary to the follistatin-induced muscle hypertrophy where IGF-1 

signaling appears to be a critical factor in the induction of hypertrophy (120), increased 

mechanical load can activate the AKT/p70S6K pathway and induce muscle hypertrophy 

independently of a functional IGF-1 receptor (121). These findings suggested that IGF-1 

may not be a limiting factor for the overloading-induced muscle hypertrophy. Thus, more 

studies are needed to identify the upstream mechanisms responsible for the activation of 

AKT-mediated signaling in response to muscle loading, and whether IGF-1 is part of those 

mechanisms (121).

Growth Hormone vs IGF-I

The skeletal production of IGF-I postnatally is controlled primarily by growth hormone 

(GH) (122) and parathyroid hormone (PTH) (123, 124), although thyroid hormone (TH) also 

plays a role (125–128). Glucocorticoids, on the other hand, reduce IGF-I expression in 

growth plates (129), likely contributing to their negative impact on skeletal growth. 

Regulation of IGF-I expression during embryologic development is unclear, although 

PTHrP is a good candidate.

GH receptors (GHR) have been demonstrated in chondrocytes (130) and osteoblasts (131), 

where its growth promoting actions are mediated primarily but not exclusively by IGF-I 

(132, 133). This is well demonstrated by the ability of IGF-I antibodies to block the growth 

promoting actions of GH when injected into bone (132), the markedly stunted growth of 

IGF-I or IGF-IR null animals despite the presumed elevated circulating GH (68), and the 

failure of GH to stimulate growth in IGF-I null animals (134). However, we (68) did observe 

a modest increase in periosteal BFR when GH was infused into global IGF-I null mice, and 

Lupu et al. (133) found that mice lacking both GHR and IGF-I were more profoundly 

growth retarded than either knockout alone. Stat 5 appears to mediate the effect of GH/GHR 
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in growth plate chondrocytes (135), and knockout of Stat5b results in growth retardation, 

narrow proliferation zones of the growth plate, and decreased IGF-I expression (136).

Potential IGF-I mediated interactions between muscle and bone

There is growing evidence that covering the fracture site with flaps of muscle is superior to 

using fasciocutaneous flaps with respect to fracture healing even though both tissues provide 

an adequate vascular supply and protection from invading microbes (137). However, it 

remains to be determined why muscle enhances healing, and whether the healing properties 

of muscle can be translated into better results with respect to fracture repair. Earlier studies 

in a mouse fracture model (mid shaft femur) demonstrated that insertion of a semipermeable 

material (Gore-tex or polytetrafluoroethylene, PTFE) that enabled gas transport but not cell 

migration) between the muscle layer and the fracture site markedly retarded fracture repair 

(138). This model was further refined by using nitrocellulose membranes that varied in pore 

size enabling a range of molecules from 3.5kDa to 50kDa to pass through from muscle to 

bone (and vice versa), but excluded cells (139). Regardless of pore size, fracture repair was 

impeded by the membrane. Thus it appears that cellular movement from muscle to bone (or 

vice versa) or direct cell-cell contact is required to facilitate fracture repair, although these 

experiments do not exclude the possibility that trophic factors and/or signaling molecules 

are also required for bone repair in response to muscle.

In the process of fracture repair, the role of stem cells capable of differentiating first into 

chondrocytes that form the soft callus and then into osteoblasts and osteoclasts to form and 

remodel the hard callus is well recognized. In fracture models utilizing bone grafts from 

which muscle has been dissected away, much of the fracture repair is dependent on cells 

within the periosteum (140, 141). The contribution of stem cells from the bone marrow 

and/or vascular supply appears to be of lesser importance (142). However, as noted above, 

when the periosteum is separated from muscle, the repair process is markedly retarded. 

Thus, it seems likely that there is communication between cells in muscle and periosteum 

that is critical for fracture repair. Identifying those cells can lead to cellular therapy 

especially for delayed or non-union fractures.

Muscle itself has a number of different stem-like cells with myogenic and osteogenic 

potential. Cells with osteogenic potential are highlighted by a phenomenon known as 

heterotopic ossification, in which trauma to muscle results in bone formation in the muscle 

generally adjacent to the surface of bone. In addition, labeled implanted myoblasts have 

been found to be incorporated into bone in a bone defect model (143). Similarly, cells 

obtained from muscle overlying a recent (3day) fracture site differentiated into bone forming 

cells in vitro (144). Taken together, these experiments suggest that muscle may provide cells 

to the fracture site in bone to facilitate healing. However, signals from the fracture site are 

needed to recruit these cells to the fracture site and stimulate their differentiation into 

osteoblasts. Among the potential paracrine/autocrine factors that may be involved in such 

signaling is IGF-I. IGF-I is the only paracrine factor that promotes both proliferation and 

differentiation of both osteoblasts and myoblasts (satellite cells, in particular) (88, 145, 146). 

We have shown that deletion of IGF-IR from either chondrocytes or osteoblasts markedly 

retards fracture healing (61, 147). Thus there is tantalizing evidence that muscle and bone 
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talk to each other in the course of their mutual repair processes by exchanging cells and 

paracrine signals.

Therapeutic potential of IGF-I to counter muscle and bone loss

Bone loss and muscle atrophy pose major problems for individuals immobilized or subjected 

to microgravity for prolonged periods of time. Little study of potential interactions between 

muscle and bone during unloading or reloading has been made despite their obvious 

proximity and parallel responses. In both cases IGF-I signaling is perturbed during the 

unloading process resulting in resistance to the anabolic actions of IGF-I on both muscle and 

bone. In particular, activation of IGF-IR is blunted during unloading, with subsequent loss 

of downstream signaling. On the other hand IGF-I expression is increased with muscle 

contraction (148), and IGF-I has been localized along the muscle-periosteal interface (149). 

In bone, integrins play a role in the activation of IGF-IR, as the expression of integrins is 

reduced during unloading. In muscle IGF-I resistance has been attributed to degradation of 

IRS-1 due to upregulation of ubiquitin ligases (the expression of which is inhibited by IGF-

I), but it is possible that these apparently cell specific mechanisms are common to both 

tissues. Second, it is possible that the response of muscle to unloading and reloading 

contributes to the response of bone, and vice versa, providing a coordinated response to 

different conditions of mechanical load of the musculoskeletal unit. Although one could 

postulate a number of possibilities for such interactions, the potential role of IGF-I from 

muscle affecting bone and vice versa during the unloading/reloading process is certainly 

high on the list. As noted above prolonged immobilization causes major problems for the 

musculoskeletal system. Perhaps the most devastating example is that of spinal cord injury 

(SCI). SCI is well known to be accompanied by a high risk of fractures from trivial trauma 

such as getting out of a car. Remobilization if started early is beneficial, but the results 

generally leave much to be desired. Similarly, long periods of immobilization due to 

complicated fractures or illness are frequently accompanied by substantial loss of bone and 

muscle, losses which predispose the individual to further injury on remobilization. IGF-I 

could be explored clinically to hasten the recovery/rehabilitation efforts of individuals 

experiencing prolonged periods of immobilization.

References

1. Rotwein P, Pollock KM, Didier DK, Krivi GG. Organization and sequence of the human insulin-like 
growth factor I gene. Alternative RNA processing produces two insulin-like growth factor I 
precursor peptides. The Journal of biological chemistry. 1986; 261:4828–4832. [PubMed: 2937782] 

2. Shimatsu A, Rotwein P. Mosaic evolution of the insulin-like growth factors. Organization, 
sequence, and expression of the rat insulin-like growth factor I gene. J Biol Chem. 1987; 262:7894–
7900. [PubMed: 3034909] 

3. Adamo ML, Neuenschwander S, LeRoith D, Roberts CT. Structure, Expression, And Regulation Of 
The IGF-1 Gene. Current Directions in Insulin-Like Growth Factor Research. 1994:1–11. Capter. 

4. Barton ER. The ABCs of IGF-I isoforms: impact on muscle hypertrophy and implications for repair. 
Applied physiology, nutrition, and metabolism = Physiologie appliquee, nutrition et metabolisme. 
2006; 31:791–797.

5. Rotwein P. Two insulin-like growth factor I messenger RNAs are expressed in human liver. Proc 
Natl Acad Sci U S A. 1986; 83:77–81. [PubMed: 3455760] 

Bikle et al. Page 13

Bone. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6. Wallis M. New insulin-like growth factor (IGF)-precursor sequences from mammalian genomes: the 
molecular evolution of IGFs and associated peptides in primates. Growth Horm IGF Res. 2009; 
19:12–23. [PubMed: 18571449] 

7. Xin C, Bingbing Z, Yuanliang W, Chengyu X, Li Y, Moyuan D, Qin P, Yuxiao L. Mechano-growth 
factor E peptide inhibits the differentiation and mineralization of osteoblasts. Archives of oral 
biology. 2012; 57:720–727. [PubMed: 22186070] 

8. Deng M, Zhang B, Wang K, Liu F, Xiao H, Zhao J, Liu P, Li Y, Lin F, Wang Y. Mechano growth 
factor E peptide promotes osteoblasts proliferation and bone-defect healing in rabbits. International 
orthopaedics. 2011; 35:1099–1106. [PubMed: 21057789] 

9. Brisson BK, Barton ER. Insulin-Like Growth Factor-I E-Peptide Activity Is Dependent on the IGF-I 
Receptor. PLoS ONE. 2012; 7:e45588. [PubMed: 23029120] 

10. Hill M, Goldspink G. Expression and splicing of the insulin-like growth factor gene in rodent 
muscle is associated with muscle satellite (stem) cell activation following local tissue damage. J 
Physiol. 2003; 549:409–418. [PubMed: 12692175] 

11. Brisson BK, Spinazzola J, Park S, Barton ER. Viral expression of insulin-like growth factor I E-
peptides increases skeletal muscle mass but at the expense of strength. American journal of 
physiology Endocrinology and metabolism. 2014; 306:E965–974. [PubMed: 24569593] 

12. Duguay SJ. Post-translational processing of insulin-like growth factors. Horm Metab Res. 1999; 
31:43–49. [PubMed: 10226780] 

13. Duguay SJ, Milewski WM, Young BD, Nakayama K, Steiner DF. Processing of Wild-type and 
Mutant Proinsulin-like Growth Factor-IA by Subtilisin-related Proprotein Convertases. The 
Journal of Biological Chemistry. 1997; 272:6663–6670. [PubMed: 9045697] 

14. Conover CA, Baker BK, Hintz RL. Cultured human fibroblasts secrete insulin-like growth factor 
IA prohormone. J Clin Endocrinol Metab. 1989; 69:25–30. [PubMed: 2732297] 

15. Conover CA, Baker BK, Bale LK, Clarkson JT, Liu F, Hintz RL. Human hepatoma cells 
synthesize and secrete insulin-like growth factor Ia prohormone under growth hormone control. 
Regul Pept. 1993; 48:1–8. [PubMed: 8265808] 

16. Durzynska J, Philippou A, Brisson BK, Nguyen-McCarty M, Barton ER. The pro-forms of insulin-
like growth factor I (IGF-I) are predominant in skeletal muscle and alter IGF-I receptor activation. 
Endocrinology. 2013; 154:1215–1224. [PubMed: 23407451] 

17. Wilson HE, Westwood M, White A, Clayton PE. Monoclonal antibodies to the carboxy-terminal 
Ea sequence of pro-insulin-like growth factor-IA (proIGF-IA) recognize proIGF-IA secreted by 
IM9 B-lymphocytes. Growth Horm IGF Res. 2001; 11:10–17. [PubMed: 11437469] 

18. Bach MA, Roberts CT Jr, Smith EP, LeRoith D. Alternative splicing produces messenger RNAs 
encoding insulin-like growth factor-I prohormones that are differentially glycosylated in vitro. Mol 
Endocrinol. 1990; 4:899–904. [PubMed: 2233747] 

19. Hede MS, Salimova E, Piszczek A, Perlas E, Winn N, Nastasi T, Rosenthal N. E-peptides control 
bioavailability of IGF-1. PLoS One. 2012; 7:e51152. [PubMed: 23251442] 

20. Le Roith D, Bondy C, Yakar S, Liu JL, Butler A. The somatomedin hypothesis: 2001. Endocr Rev. 
2001; 22:53–74. [PubMed: 11159816] 

21. Guntur AR, Rosen CJ. IGF-1 regulation of key signaling pathways in bone. BoneKEy reports. 
2013; 2:437. [PubMed: 24422135] 

22. Favelyukis S, Till JH, Hubbard SR, Miller WT. Structure and autoregulation of the insulin-like 
growth factor 1 receptor kinase. Nat Struct Biol. 2001; 8:1058–1063. [PubMed: 11694888] 

23. Ogata N, Chikazu D, Kubota N, Terauchi Y, Tobe K, Azuma Y, Ohta T, Kadowaki T, Nakamura 
K, Kawaguchi H. Insulin receptor substrate-1 in osteoblast is indispensable for maintaining bone 
turnover. Journal of Clinical Investigation. 2000; 105:935–943. [PubMed: 10749573] 

24. Akune T, Ogata N, Hoshi K, Kubota N, Terauchi Y, Tobe K, Takagi H, Azuma Y, Kadowaki T, 
Nakamura K, Kawaguchi H. Insulin receptor substrate-2 maintains predominance of anabolic 
function over catabolic function of osteoblasts. The Journal of cell biology. 2002; 159:147–156. 
[PubMed: 12379806] 

25. Sesti G, Federici M, Hribal ML, Lauro D, Sbraccia P, Lauro R. Defects of the insulin receptor 
substrate (IRS) system in human metabolic disorders. Faseb J. 2001; 15:2099–2111. [PubMed: 
11641236] 

Bikle et al. Page 14

Bone. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



26. Pete G, Fuller CR, Oldham JM, Smith DR, D’Ercole AJ, Kahn CR, Lund PK. Postnatal growth 
responses to insulin-like growth factor I in insulin receptor substrate-1-deficient mice. 
Endocrinology. 1999; 140:5478–5487. [PubMed: 10579310] 

27. Rommel C, Bodine SC, Clarke BA, Rossman R, Nunez L, Stitt TN, Yancopoulos GD, Glass DJ. 
Mediation of IGF-1-induced skeletal myotube hypertrophy by PI(3)K/Akt/mTOR and PI(3)K/Akt/
GSK3 pathways. Nat Cell Biol. 2001; 3:1009–1013. [PubMed: 11715022] 

28. Hresko RC, Mueckler M. mTOR. RICTOR is the Ser473 kinase for Akt/protein kinase B in 3T3-
L1 adipocytes. The Journal of biological chemistry. 2005; 280:40406–40416. [PubMed: 
16221682] 

29. Perrini S, Laviola L, Carreira MC, Cignarelli A, Natalicchio A, Giorgino F. The GH/IGF1 axis and 
signaling pathways in the muscle and bone: mechanisms underlying age-related skeletal muscle 
wasting and osteoporosis. The Journal of endocrinology. 2010; 205:201–210. [PubMed: 
20197302] 

30. Bodine SC, Stitt TN, Gonzalez M, Kline WO, Stover GL, Bauerlein R, Zlotchenko E, Scrimgeour 
A, Lawrence JC, Glass DJ, Yancopoulos GD. Akt/mTOR pathway is a crucial regulator of skeletal 
muscle hypertrophy and can prevent muscle atrophy in vivo. Nat Cell Biol. 2001; 3:1014–1019. 
[PubMed: 11715023] 

31. Playford MP, Bicknell D, Bodmer WF, Macaulay VM. Insulin-like growth factor 1 regulates the 
location, stability, and transcriptional activity of beta-catenin. Proceedings of the National 
Academy of Sciences of the United States of America. 2000; 97:12103–12108. [PubMed: 
11035789] 

32. Schipani E, Maes C, Carmeliet G, Semenza GL. Regulation of osteogenesis-angiogenesis coupling 
by HIFs and VEGF. J Bone Miner Res. 2009; 24:1347–1353. [PubMed: 19558314] 

33. Baker J, Liu JP, Robertson EJ, Efstratiadis A. Role of insulin-like growth factors in embryonic and 
postnatal growth. Cell. 1993; 75:73–82. [PubMed: 8402902] 

34. Liu JP, Baker J, Perkins AS, Robertson EJ, Efstratiadis A. Mice carrying null mutations of the 
genes encoding insulin-like growth factor I (Igf-1) and type 1 IGF receptor (Igf1r). Cell. 1993; 
75:59–72. [PubMed: 8402901] 

35. Rosenfeld RG. Biochemical diagnostic strategies in the evaluation of short stature: the diagnosis of 
insulin-like growth factor deficiency. Horm Res. 1996; 46:170–173. [PubMed: 8950616] 

36. Powell-Braxton L, Hollingshead P, Warburton C, Dowd M, Pitts-Meek S, Dalton D, Gillett N, 
Stewart TA. IGF-I is required for normal embryonic growth in mice. Genes & development. 1993; 
7:2609–2617. [PubMed: 8276243] 

37. Wang Y, Nishida S, Elalieh HZ, Long RK, Halloran BP, Bikle DD. Role of IGF-I signaling in 
regulating osteoclastogenesis. J Bone Miner Res. 2006; 21:1350–1358. [PubMed: 16939393] 

38. Wang Y, Nishida S, Sakata T, Elalieh HZ, Chang W, Halloran BP, Doty SB, Bikle DD. Insulin-
like growth factor-I is essential for embryonic bone development. Endocrinology. 2006; 
147:4753–4761. [PubMed: 16857753] 

39. Livingstone C, Borai A. Insulin-like growth factor-II: its role in metabolic and endocrine disease. 
Clinical endocrinology. 2014

40. Bikle DD, Harris J, Halloran BP, Roberts CT, Leroith D, Morey-Holton E. Expression of the genes 
for insulin-like growth factors and their receptors in bone during skeletal growth. American 
Journal of Physiology. 1994; 267:E278–286. [PubMed: 8074208] 

41. Sjogren K, Liu JL, Blad K, Skrtic S, Vidal O, Wallenius V, LeRoith D, Tornell J, Isaksson OG, 
Jansson JO, Ohlsson C. Liver-derived insulin-like growth factor I (IGF-I) is the principal source of 
IGF-I in blood but is not required for postnatal body growth in mice. Proc Natl Acad Sci U S A. 
1999; 96:7088–7092. [PubMed: 10359843] 

42. Yakar S, Liu JL, Fernandez AM, Wu Y, Schally AV, Frystyk J, Chernausek SD, Mejia W, Le 
Roith D. Liver-specific igf-1 gene deletion leads to muscle insulin insensitivity. Diabetes. 2001; 
50:1110–1118. [PubMed: 11334415] 

43. Yakar S, Liu JL, Stannard B, Butler A, Accili D, Sauer B, LeRoith D. Normal growth and 
development in the absence of hepatic insulin-like growth factor I. Proc Natl Acad Sci U S A. 
1999; 96:7324–7329. [PubMed: 10377413] 

Bikle et al. Page 15

Bone. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



44. Yakar S, Rosen CJ, Beamer WG, Ackert-Bicknell CL, Wu Y, Liu JL, Ooi GT, Setser J, Frystyk J, 
Boisclair YR, LeRoith D. Circulating levels of IGF-1 directly regulate bone growth and density. 
The Journal of clinical investigation. 2002; 110:771–781. [PubMed: 12235108] 

45. Sjogren K, Sheng M, Moverare S, Liu JL, Wallenius K, Tornell J, Isaksson O, Jansson JO, Mohan 
S, Ohlsson C. Effects of liver-derived insulin-like growth factor I on bone metabolism in mice. J 
Bone Miner Res. 2002; 17:1977–1987. [PubMed: 12412805] 

46. Govoni KE, Lee SK, Chung YS, Behringer RR, Wergedal JE, Baylink DJ, Mohan S. Disruption of 
insulin-like growth factor-I expression in type IIalphaI collagen-expressing cells reduces bone 
length and width in mice. Physiological genomics. 2007; 30:354–362. [PubMed: 17519362] 

47. Elis S, Courtland HW, Wu Y, Rosen CJ, Sun H, Jepsen KJ, Majeska RJ, Yakar S. Elevated serum 
levels of IGF-1 are sufficient to establish normal body size and skeletal properties even in the 
absence of tissue IGF-1. Journal of bone and mineral research : the official journal of the 
American Society for Bone and Mineral Research. 2010; 25:1257–1266.

48. Ostrovsky O, Ahmed NT, Argon Y. The chaperone activity of GRP94 towards of insulin-like 
growth factor II is necessary for the stress response to serum deprivation. Mol Biol Cell. 2009; 
20:1855–1864. [PubMed: 19158397] 

49. Ostrovsky O, Eletto D, Makarewich C, Barton ER, Argon Y. Glucose regulated protein 94 is 
required for muscle differentiation through its control of the autocrine production of insulin-like 
growth factors. Biochimica et Biophysica Acta. 2010; 1803:333–341. [PubMed: 19914304] 

50. Little E, Ramakrishnan M, Roy B, Gazit G, Lee AS. The glucose-regulated proteins (GRP78 and 
GRP94): functions, gene regulation, and applications. Crit Rev Eukaryot Gene Expr. 1994; 4:1–
18. [PubMed: 7987045] 

51. Yang Y, Liu B, Dai J, Srivastava PK, Zammit DJ, Lefrancois L, Li Z. Heat shock protein gp96 is a 
master chaperone for toll-like receptors and is important in the innate function of macrophages. 
Immunity. 2007; 26:215–226. [PubMed: 17275357] 

52. Jaynes JB, Johnson JE, Buskin JN, Gartside CL, Hauschka SD. The muscle creatine kinase gene is 
regulated by multiple upstream elements, including a muscle-specific enhancer. Mol Cell Biol. 
1988; 8:62–70. [PubMed: 3336366] 

53. Fernandez AM, Dupont J, Farrar RP, Lee S, Stannard B, Le Roith D. Muscle-specific inactivation 
of the IGF-I receptor induces compensatory hyperplasia in skeletal muscle. J Clin Invest. 2002; 
109:347–355. [PubMed: 11827994] 

54. Fernandez AM, Kim JK, Yakar S, Dupont J, Hernandez-Sanchez C, Castle AL, Filmore J, 
Shulman GI, Le Roith D. Functional inactivation of the IGF-I and insulin receptors in skeletal 
muscle causes type 2 diabetes. Genes Dev. 2001; 15:1926–1934. [PubMed: 11485987] 

55. Kawashima Y, Fritton JC, Yakar S, Epstein S, Schaffler MB, Jepsen KJ, LeRoith D. Type 2 
diabetic mice demonstrate slender long bones with increased fragility secondary to increased 
osteoclastogenesis. Bone. 2009; 44:648–655. [PubMed: 19150422] 

56. Hall BK, Miyake T. All for one and one for all: condensations and the initiation of skeletal 
development. Bioessays. 2000; 22:138–147. [PubMed: 10655033] 

57. Horton WA. Skeletal development: insights from targeting the mouse genome. Lancet. 2003; 
362:560–569. [PubMed: 12932391] 

58. Yang L, Tsang KY, Tang HC, Chan D, Cheah KS. Hypertrophic chondrocytes can become 
osteoblasts and osteocytes in endochondral bone formation. Proceedings of the National Academy 
of Sciences of the United States of America. 2014; 111:12097–12102. [PubMed: 25092332] 

59. Dietrich P, Dragatsis I, Xuan S, Zeitlin S, Efstratiadis A. Conditional mutagenesis in mice with 
heat shock promoter-driven cre transgenes. Mammalian genome : official journal of the 
International Mammalian Genome Society. 2000; 11:196–205. [PubMed: 10723724] 

60. Horton W, Miyashita T, Kohno K, Hassell JR, Yamada Y. Identification of a phenotype-specific 
enhancer in the first intron of the rat collagen II gene. Proceedings of the National Academy of 
Sciences of the United States of America. 1987; 84:8864–8868. [PubMed: 3480515] 

61. Wang Y, Cheng Z, Elalieh HZ, Nakamura E, Nguyen MT, Mackem S, Clemens TL, Bikle DD, 
Chang W. IGF-1R signaling in chondrocytes modulates growth plate development by interacting 
with the PTHrP/Ihh pathway. J Bone Miner Res. 2011; 26:1437–1446. [PubMed: 21312270] 

Bikle et al. Page 16

Bone. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



62. Metzger D, Li M, Chambon P. Targeted somatic mutagenesis in the mouse epidermis. Methods in 
molecular biology. 2005; 289:329–340. [PubMed: 15502196] 

63. Nakamura E, Nguyen MT, Mackem S. Kinetics of tamoxifen-regulated Cre activity in mice using a 
cartilage-specific CreER(T) to assay temporal activity windows along the proximodistal limb 
skeleton. Developmental dynamics : an official publication of the American Association of 
Anatomists. 2006; 235:2603–2612. [PubMed: 16894608] 

64. Govoni KE, Wergedal JE, Florin L, Angel P, Baylink DJ, Mohan S. Conditional deletion of 
insulin-like growth factor-I in collagen type 1alpha2-expressing cells results in postnatal lethality 
and a dramatic reduction in bone accretion. Endocrinology. 2007; 148:5706–5715. [PubMed: 
17717052] 

65. Hadjidakis DJ, Androulakis II. Bone remodeling. Annals of the New York Academy of Sciences. 
2006; 1092:385–396. [PubMed: 17308163] 

66. Zaidi M. Skeletal remodeling in health and disease. Nature medicine. 2007; 13:791–801.

67. Bikle D, Majumdar S, Laib A, Powell-Braxton L, Rosen C, Beamer W, Nauman E, Leary C, 
Halloran B. The skeletal structure of insulin-like growth factor I-deficient mice. J Bone Miner Res. 
2001; 16:2320–2329. [PubMed: 11760848] 

68. Bikle DD, Sakata T, Leary C, Elalieh H, Ginzinger D, Rosen CJ, Beamer W, Majumdar S, 
Halloran BP. Insulin-like growth factor I is required for the anabolic actions of parathyroid 
hormone on mouse bone. J Bone Miner Res. 2002; 17:1570–1578. [PubMed: 12211426] 

69. Maes C, Kobayashi T, Kronenberg HM. A novel transgenic mouse model to study the osteoblast 
lineage in vivo. Annals of the New York Academy of Sciences. 2007; 1116:149–164. [PubMed: 
18083926] 

70. Adams SL, Cohen AJ, Lassova L. Integration of signaling pathways regulating chondrocyte 
differentiation during endochondral bone formation. Journal of cellular physiology. 2007; 
213:635–641. [PubMed: 17886256] 

71. Hock JM, Centrella M, Canalis E. Insulin-like growth factor I has independent effects on bone 
matrix formation and cell replication. Endocrinology. 1988; 122:254–260. [PubMed: 3335207] 

72. Hill PA, Tumber A, Meikle MC. Multiple extracellular signals promote osteoblast survival and 
apoptosis. Endocrinology. 1997; 138:3849–3858. [PubMed: 9275074] 

73. Zhao G, Monier-Faugere MC, Langub MC, Geng Z, Nakayama T, Pike JW, Chernausek SD, 
Rosen CJ, Donahue LR, Malluche HH, Fagin JA, Clemens TL. Targeted overexpression of 
insulin-like growth factor I to osteoblasts of transgenic mice: increased trabecular bone volume 
without increased osteoblast proliferation. Endocrinology. 2000; 141:2674–2682. [PubMed: 
10875273] 

74. Palmer G, Bonjour JP, Caverzasio J. Expression of a newly identified phosphate transporter/
retrovirus receptor in human SaOS-2 osteoblast-like cells and its regulation by insulin-like growth 
factor I. Endocrinology. 1997; 138:5202–5209. [PubMed: 9389502] 

75. Wang Y, Nishida S, Boudignon BM, Burghardt A, Elalieh HZ, Hamilton MM, Majumdar S, 
Halloran BP, Clemens TL, Bikle DD. IGF-I receptor is required for the anabolic actions of 
parathyroid hormone on bone. J Bone Miner Res. 2007; 22:1329–1337. [PubMed: 17539737] 

76. Zhang M, Xuan S, Bouxsein ML, von Stechow D, Akeno N, Faugere MC, Malluche H, Zhao G, 
Rosen CJ, Efstratiadis A, Clemens TL. Osteoblast-specific knockout of the insulin-like growth 
factor (IGF) receptor gene reveals an essential role of IGF signaling in bone matrix mineralization. 
The Journal of biological chemistry. 2002; 277:44005–44012. [PubMed: 12215457] 

77. Sheng MH, Zhou XD, Bonewald LF, Baylink DJ, Lau KH. Disruption of the insulin-like growth 
factor-1 gene in osteocytes impairs developmental bone growth in mice. Bone. 2013; 52:133–144. 
[PubMed: 23032105] 

78. Lau KH, Baylink DJ, Zhou XD, Rodriguez D, Bonewald LF, Li Z, Ruffoni D, Muller R, Kesavan 
C, Sheng MH. Osteocyte-derived insulin-like growth factor I is essential for determining bone 
mechanosensitivity. Am J Physiol Endocrinol Metab. 2013; 305:E271–281. [PubMed: 23715728] 

79. Barton ER, Morris L, Musaro A, Rosenthal N, Sweeney HL. Muscle-specific expression of insulin-
like growth factor I counters muscle decline in mdx mice. J Cell Biol. 2002; 157:137–148. 
[PubMed: 11927606] 

Bikle et al. Page 17

Bone. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



80. Coleman ME, DeMayo F, Yin KC, Lee HM, Geske R, Montgomery C, Schwartz RJ. Myogenic 
vector expression of insulin-like growth factor I stimulates muscle cell differentiation and 
myofiber hypertrophy in transgenic mice. J Biol Chem. 1995; 270:12109–12116. [PubMed: 
7744859] 

81. Musaro A, McCullagh K, Paul A, Houghton L, Dobrowolny G, Molinaro M, Barton ER, Sweeney 
HL, Rosenthal N. Localized Igf-1 transgene expression sustains hypertrophy and regeneration in 
senescent skeletal muscle. Nature Genetics. 2001; 27:195–200. [PubMed: 11175789] 

82. Barton ER. Viral expression of insulin-like growth factor-I isoforms promotes different responses 
in skeletal muscle. J Appl Physiol (1985). 2006; 100:1778–1784. [PubMed: 16439513] 

83. Barton-Davis ER, Shoturma DI, Musaro A, Rosenthal N, Sweeney HL. Viral mediated expression 
of insulin-like growth factor I blocks the aging-related loss of skeletal muscle function. Proc Natl 
Acad Sci U S A. 1998; 95:15603–15607. [PubMed: 9861016] 

84. Stevens-Lapsley JE, Ye F, Liu M, Borst SE, Conover C, Yarasheski KE, Walter GA, Sweeney HL, 
Vandenborne K. Impact of viral-mediated IGF-I gene transfer on skeletal muscle following cast 
immobilization. Am J Physiol Endocrinol Metab. 2010; 299:E730–740. [PubMed: 20739512] 

85. Adams GR, McCue SA. Localized infusion of IGF-I results in skeletal muscle hypertrophy in rats. 
J Appl Physiol. 1998; 84:1716–1722. [PubMed: 9572822] 

86. Lynch GS, Cuffe SA, Plant DR, Gregorevic P. IGF-I treatment improves the functional properties 
of fast- and slow- twitch skeletal muscles from dystrophic mice. Neuromuscul Disord. 2001; 
11:260–268. [PubMed: 11297941] 

87. Dupont J, Dunn SE, Barrett JC, LeRoith D. Microarray analysis and identification of novel 
molecules involved in insulin-like growth factor-1 receptor signaling and gene expression. Recent 
Prog Horm Res. 2003; 58:325–342. [PubMed: 12795426] 

88. Philippou A, Halapas A, Maridaki M, Koutsilieris M. Type I insulin-like growth factor receptor 
signaling in skeletal muscle regeneration and hypertrophy. J Musculoskelet Neuronal Interact. 
2007; 7:208–218. [PubMed: 17947802] 

89. Song YH, Li Y, Du J, Mitch WE, Rosenthal N, Delafontaine P. Muscle-specific expression of 
IGF-1 blocks angiotensin II-induced skeletal muscle wasting. J Clin Invest. 2005; 115:451–458. 
[PubMed: 15650772] 

90. Kooijman R. Regulation of apoptosis by insulin-like growth factor (IGF)-I. Cytokine Growth 
Factor Rev. 2006; 17:305–323. [PubMed: 16621671] 

91. Shi J, Luo L, Eash J, Ibebunjo C, Glass DJ. The SCF-Fbxo40 complex induces IRS1 ubiquitination 
in skeletal muscle, limiting IGF1 signaling. Developmental cell. 2011; 21:835–847. [PubMed: 
22033112] 

92. Coolican SA, Samuel DS, Ewton DZ, McWade FJ, Florini JR. The mitogenic and myogenic 
actions of insulin-like growth factors utilize distinct signaling pathways. J Biol Chem. 1997; 
272:6653–6662. [PubMed: 9045696] 

93. Mauro A. Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol. 1961; 9:493–495. 
[PubMed: 13768451] 

94. Hawke TJ, Garry DJ. Myogenic satellite cells: physiology to molecular biology. J Appl Physiol 
(1985). 2001; 91:534–551. [PubMed: 11457764] 

95. Schultz E. Satellite cell behavior during skeletal muscle growth and regeneration. Med Sci Sports 
Exerc. 1989; 21:S181–186. [PubMed: 2691829] 

96. Hurme T, Kalimo H. Activation of myogenic precursor cells after muscle injury. Med Sci Sports 
Exerc. 1992; 24:197–205. [PubMed: 1549008] 

97. Robertson TA, Papadimitriou JM, Grounds MD. Fusion of myogenic cells to the newly sealed 
region of damaged myofibres in skeletal muscle regeneration. Neuropathol Appl Neurobiol. 1993; 
19:350–358. [PubMed: 8232756] 

98. Seale P, Rudnicki MA. A new look at the origin, function, and “stem-cell” status of muscle 
satellite cells. Dev Biol. 2000; 218:115–124. [PubMed: 10656756] 

99. Garry DJ, Meeson A, Elterman J, Zhao Y, Yang P, Bassel-Duby R, Williams RS. Myogenic stem 
cell function is impaired in mice lacking the forkhead/winged helix protein MNF. Proc Natl Acad 
Sci U S A. 2000; 97:5416–5421. [PubMed: 10792059] 

Bikle et al. Page 18

Bone. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



100. Morgan JE, Partridge TA. Muscle satellite cells. Int J Biochem Cell Biol. 2003; 35:1151–1156. 
[PubMed: 12757751] 

101. Karalaki M, Fili S, Philippou A, Koutsilieris M. Muscle regeneration: cellular and molecular 
events. In Vivo. 2009; 23:779–796. [PubMed: 19779115] 

102. Adams GR. Role of insulin-like growth factor-I in the regulation of skeletal muscle adaptation to 
increased loading. Exerc Sport Sci Rev. 1998; 26:31–60. [PubMed: 9696984] 

103. Hawke TJ, Garry DJ. Myogenic satellite cells: physiology to molecular biology. J Appl Physiol. 
2001; 91:534–551. [PubMed: 11457764] 

104. Moss FP, Leblond CP. Satellite cells as the source of nuclei in muscles of growing rats. Anat Rec. 
1971; 170:421–435. [PubMed: 5118594] 

105. Barton-Davis ER, Shoturma DI, Sweeney HL. Contribution of satellite cells to IGF-I induced 
hypertrophy of skeletal muscle. Acta Physiol Scand. 1999; 167:301–305. [PubMed: 10632630] 

106. Rosenblatt JD, Yong D, Parry DJ. Satellite cell activity is required for hypertrophy of overloaded 
adult rat muscle. Muscle Nerve. 1994; 17:608–613. [PubMed: 8196703] 

107. Mitchell PO, Pavlath GK. A muscle precursor cell-dependent pathway contributes to muscle 
growth after atrophy. Am J Physiol Cell Physiol. 2001; 281:C1706–1715. [PubMed: 11600435] 

108. McCarthy JJ, Mula J, Miyazaki M, Erfani R, Garrison K, Farooqui AB, Srikuea R, Lawson BA, 
Grimes B, Keller C, Van Zant G, Campbell KS, Esser KA, Dupont-Versteegden EE, Peterson 
CA. Effective fiber hypertrophy in satellite cell-depleted skeletal muscle. Development. 2011; 
138:3657–3666. [PubMed: 21828094] 

109. Czerwinski SM, Martin JM, Bechtel PJ. Modulation of IGF mRNA abundance during stretch-
induced skeletal muscle hypertrophy and regression. J Appl Physiol (1985). 1994; 76:2026–2030. 
[PubMed: 8063665] 

110. Psilander N, Damsgaard R, Pilegaard H. Resistance exercise alters MRF and IGF-I mRNA 
content in human skeletal muscle. J Appl Physiol (1985). 2003; 95:1038–1044. [PubMed: 
12716875] 

111. Bickel CS, Slade J, Mahoney E, Haddad F, Dudley GA, Adams GR. Time course of molecular 
responses of human skeletal muscle to acute bouts of resistance exercise. J Appl Physiol (1985). 
2005; 98:482–488. [PubMed: 15465884] 

112. Philippou A, Papageorgiou E, Bogdanis G, Halapas A, Sourla A, Maridaki M, Pissimissis N, 
Koutsilieris M. Expression of IGF-1 isoforms after exercise-induced muscle damage in humans: 
characterization of the MGF E peptide actions in vitro. In Vivo. 2009; 23:567–575. [PubMed: 
19567392] 

113. Haddad F, Adams GR. Selected contribution: acute cellular and molecular responses to resistance 
exercise. J Appl Physiol (1985). 2002; 93:394–403. [PubMed: 12070230] 

114. Bamman MM, Shipp JR, Jiang J, Gower BA, Hunter GR, Goodman A, McLafferty CL Jr, Urban 
RJ. Mechanical load increases muscle IGF-I and androgen receptor mRNA concentrations in 
humans. Am J Physiol Endocrinol Metab. 2001; 280:E383–390. [PubMed: 11171591] 

115. Brahm H, Piehl-Aulin K, Saltin B, Ljunghall S. Net fluxes over working thigh of hormones, 
growth factors and biomarkers of bone metabolism during short lasting dynamic exercise. Calcif 
Tissue Int. 1997; 60:175–180. [PubMed: 9056167] 

116. Bamman MM, Clarke MS, Feeback DL, Talmadge RJ, Stevens BR, Lieberman SA, Greenisen 
MC. Impact of resistance exercise during bed rest on skeletal muscle sarcopenia and myosin 
isoform distribution. J Appl Physiol (1985). 1998; 84:157–163. [PubMed: 9451630] 

117. Matheny RW, Merritt E, Zannikos SV, Farrar RP, Adamo ML. Serum IGF-I-deficiency does not 
prevent compensatory skeletal muscle hypertrophy in resistance exercise. Exp Biol Med 
(Maywood). 2009; 234:164–170. [PubMed: 19064939] 

118. Matsakas A, Nikolaidis MG, Kokalas N, Mougios V, Diel P. Effect of voluntary exercise on the 
expression of IGF-I and androgen receptor in three rat skeletal muscles and on serum IGF-I and 
testosterone levels. Int J Sports Med. 2004; 25:502–508. [PubMed: 15459830] 

119. West DW, Burd NA, Staples AW, Phillips SM. Human exercise-mediated skeletal muscle 
hypertrophy is an intrinsic process. Int J Biochem Cell Biol. 2010; 42:1371–1375. [PubMed: 
20541030] 

Bikle et al. Page 19

Bone. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



120. Kalista S, Schakman O, Gilson H, Lause P, Demeulder B, Bertrand L, Pende M, Thissen JP. The 
type 1 insulin-like growth factor receptor (IGF-IR) pathway is mandatory for the follistatin-
induced skeletal muscle hypertrophy. Endocrinology. 2012; 153:241–253. [PubMed: 22087027] 

121. Spangenburg EE, Le Roith D, Ward CW, Bodine SC. A functional insulin-like growth factor 
receptor is not necessary for load-induced skeletal muscle hypertrophy. J Physiol. 2008; 
586:283–291. [PubMed: 17974583] 

122. Isgaard J, Moller C, Isaksson OG, Nilsson A, Mathews LS, Norstedt G. Regulation of insulin-like 
growth factor messenger ribonucleic acid in rat growth plate by growth hormone. Endocrinology. 
1988; 122:1515–1520. [PubMed: 3345724] 

123. Pfeilschifter J, Laukhuf F, Muller-Beckmann B, Blum WF, Pfister T, Ziegler R. Parathyroid 
hormone increases the concentration of insulin-like growth factor-I and transforming growth 
factor beta 1 in rat bone. Journal of Clinical Investigation. 1995; 96:767–774. [PubMed: 
7635970] 

124. Watson P, Lazowski D, Han V, Fraher L, Steer B, Hodsman A. Parathyroid hormone restores 
bone mass and enhances osteoblast Insulin-like growth factor I gene expression in 
ovariectomized rats. Bone. 1995; 16:357–365. [PubMed: 7786639] 

125. Burch WM, Van Wyk JJ. Triiodothyronine stimulates cartilage growth and maturation by 
different mechanisms. American Journal of Physiology. 1987; 252:E176–182. [PubMed: 
3826339] 

126. Ohlsson C, Nilsson A, Isaksson O, Bentham J, Lindahl A. Effects of tri-iodothyronine and 
insulin-like growth factor-I (IGF-I) on alkaline phosphatase activity, [3H]thymidine 
incorporation and IGF-I receptor mRNA in cultured rat epiphyseal chondrocytes. The Journal of 
endocrinology. 1992; 135:115–123. [PubMed: 1431676] 

127. Wang L, Shao YY, Ballock RT. Thyroid hormone-mediated growth and differentiation of growth 
plate chondrocytes involves IGF-1 modulation of beta-catenin signaling. J Bone Miner Res. 
2010; 25:1138–1146. [PubMed: 20200966] 

128. Huang BK, Golden LA, Tarjan G, Madison LD, Stern PH. Insulin-like growth factor I production 
is essential for anabolic effects of thyroid hormone in osteoblasts. J Bone Miner Res. 2000; 
15:188–197. [PubMed: 10703920] 

129. Smink JJ, Gresnigt MG, Hamers N, Koedam JA, Berger R, Van Buul-Offers SC. Short-term 
glucocorticoid treatment of prepubertal mice decreases growth and IGF-I expression in the 
growth plate. The Journal of endocrinology. 2003; 177:381–388. [PubMed: 12773118] 

130. Barnard R, Haynes KM, Werther GA, Waters MJ. The ontogeny of growth hormone receptors in 
the rabbit tibia. Endocrinology. 1988; 122:2562–2569. [PubMed: 3286226] 

131. DiGirolamo DJ, Mukherjee A, Fulzele K, Gan Y, Cao X, Frank SJ, Clemens TL. Mode of growth 
hormone action in osteoblasts. The Journal of biological chemistry. 2007; 282:31666–31674. 
[PubMed: 17698843] 

132. Schlechter NL, Russell SM, Spencer EM, Nicoll CS. Evidence suggesting that the direct growth-
promoting effect of growth hormone on cartilage in vivo is mediated by local production of 
somatomedin. Proceedings of the National Academy of Sciences of the United States of 
America. 1986; 83:7932–7934. [PubMed: 3464007] 

133. Lupu F, Terwilliger JD, Lee K, Segre GV, Efstratiadis A. Roles of growth hormone and insulin-
like growth factor 1 in mouse postnatal growth. Dev Biol. 2001; 229:141–162. [PubMed: 
11133160] 

134. Liu JL, Yakar S, LeRoith D. Mice deficient in liver production of insulin-like growth factor I 
display sexual dimorphism in growth hormone-stimulated postnatal growth. Endocrinology. 
2000; 141:4436–4441. [PubMed: 11108252] 

135. Gevers EF, Hannah MJ, Waters MJ, Robinson IC. Regulation of rapid signal transducer and 
activator of transcription-5 phosphorylation in the resting cells of the growth plate and in the 
liver by growth hormone and feeding. Endocrinology. 2009; 150:3627–3636. [PubMed: 
19359380] 

136. Pass C, MacRae VE, Ahmed SF, Farquharson C. Inflammatory cytokines and the GH/IGF-I axis: 
novel actions on bone growth. Cell Biochem Funct. 2009; 27:119–127. [PubMed: 19330796] 

Bikle et al. Page 20

Bone. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



137. Harry LE, Sandison A, Paleolog EM, Hansen U, Pearse MF, Nanchahal J. Comparison of the 
healing of open tibial fractures covered with either muscle or fasciocutaneous tissue in a murine 
model. J Orthop Res. 2008; 26:1238–1244. [PubMed: 18404722] 

138. Utvag SE, Grundnes O, Reikeras O. Effects of lesion between bone, periosteum and muscle on 
fracture healing in rats. Acta orthopaedica Scandinavica. 1998; 69:177–180. [PubMed: 9602779] 

139. Kaufman H, Reznick A, Stein H, Barak M, Maor G. The biological basis of the bone-muscle 
inter-relationship in the algorithm of fracture healing. Orthopedics. 2008; 31:751. [PubMed: 
19292424] 

140. Colnot C, Huang S, Helms J. Analyzing the cellular contribution of bone marrow to fracture 
healing using bone marrow transplantation in mice. Biochemical and biophysical research 
communications. 2006; 350:557–561. [PubMed: 17022937] 

141. Zhang X, Xie C, Lin AS, Ito H, Awad H, Lieberman JR, Rubery PT, Schwarz EM, O’Keefe RJ, 
Guldberg RE. Periosteal progenitor cell fate in segmental cortical bone graft transplantations: 
implications for functional tissue engineering. J Bone Miner Res. 2005; 20:2124–2137. 
[PubMed: 16294266] 

142. Schindeler A, Liu R, Little DG. The contribution of different cell lineages to bone repair: 
exploring a role for muscle stem cells. Differentiation; research in biological diversity. 2009; 
77:12–18.

143. Day CS, Bosch P, Kasemkijwattana C, Menetrey J, Moreland MS, Fu FH, Ziran B, Huard J. Use 
of muscle cells to mediate gene transfer to the bone defect. Tissue engineering. 1999; 5:119–125. 
[PubMed: 10358219] 

144. Glass GE, Chan JK, Freidin A, Feldmann M, Horwood NJ, Nanchahal J. TNF-alpha promotes 
fracture repair by augmenting the recruitment and differentiation of muscle-derived stromal cells. 
Proceedings of the National Academy of Sciences of the United States of America. 108:1585–
1590. [PubMed: 21209334] 

145. Ten Broek RW, Grefte S, Von den Hoff JW. Regulatory factors and cell populations involved in 
skeletal muscle regeneration. Journal of cellular physiology. 224:7–16. [PubMed: 20232319] 

146. Tahimic CG, Wang Y, Bikle DD. Anabolic effects of IGF-1 signaling on the skeleton. Frontiers 
in endocrinology. 2013; 4:6. [PubMed: 23382729] 

147. Cheng Z, Liang N, Chen TH, Li A, Santa Maria C, You M, Ho H, Song F, Bikle D, Tu C, 
Shoback D, Chang W. Sex and age modify biochemical and skeletal manifestations of chronic 
hyperparathyroidism by altering target organ responses to Ca2+ and parathyroid hormone in 
mice. J Bone Miner Res. 2013; 28:1087–1100. [PubMed: 23239173] 

148. Adams GR, Haddad F, Bodell PW, Tran PD, Baldwin KM. Combined isometric, concentric, and 
eccentric resistance exercise prevents unloading-induced muscle atrophy in rats. J Appl Physiol. 
2007; 103:1644–1654. [PubMed: 17872405] 

149. Hamrick MW, McNeil PL, Patterson SL. Role of muscle-derived growth factors in bone 
formation. Journal of musculoskeletal & neuronal interactions. 2010; 10:64–70. [PubMed: 
20190381] 

Bikle et al. Page 21

Bone. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• IGF-I has both endocrine and local production.

• IGF-I has direct growth effects on skeletal muscle and bone.

• IGF-I has indirect effects on bone via its direct actions on muscle.

• Synergy of IGF-I and mechanical crosstalk creates potential therapeutic 

strategies.
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Figure 1. 
Alternative splicing of the Igf1 gene in rodents and humans. A. The 6 exons in Igf1 exhibit 

alternative splicing at the 5′ and 3′ ends, with exons 1 or 2 plus a portion of 3 encoding two 

classes of signal peptides. Exons 3 and 4 are invariant, containing the sequence for mature 

IGF-I. The remaining sequence generates the E peptide regions. B. Variants generated by 

splicing of exons 4 and exon 6 are referred to as IGF-IA. In humans, retention of the entire 

exon 5 sequence in the absence of exon 6 is referred to as IGF-IB. Transcripts that contain 

exons 4, 5 and 6 are designated as IGF-IC in humans, and IGF-IB in rodents. This form is 

also known as MGF.
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Figure 2. 
Post-translational processing of IGF-I. A. Following translation of the pre-pro-peptide, 

which consists of a signal peptide directing secretion, the mature IGF-I peptide, and a C-

terminal E-peptide extension, the signal peptide is cleaved to release pro-IGF-I (mature IGF-

I plus an E-peptide). Pro-IGF-I can be subjected to cleavage of the E-peptide by intracellular 

proteases of the pro-protein convertase family to produce mature IGF-I for secretion, or 

secreted without cleavage. In addition, N-glycosylation in the E-peptide of the predominant 

IGF-I isoform (IGF-IA) can occur followed by secretion. B. Multiple forms of IGF-I protein 

exist in the extracellular milieu: mature IGF-I, non-glycosylated pro-IGF-I, and 

glycosylated-pro-IGF-I. Immunoblotting of lysates from liver (Liv), serum (Ser), and muscle 

(Mus) display the range of endogenous IGF-I species compared to recombinant mature IGF-

I (IGF).
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Figure 3. IGF1 signaling
The IGF1R is comprised of two α and 2 β subunits. On binding to IGF1, the cytoplasmic 

portion of the β subunits undergo phosphorylation at specific tyrosines, forming binding 

sites for a number of signaling molecules. The Shc/Grb2/SOS complex activates Ras leading 

to activation of the MAPK pathway. ERK1/2 phosphorylation enables these molecules to 

enter the nucleus to activate various transcription factors such as Jun/Fos. IRS-1 when 

phosphorylated can facilitate the activation of PI3K that leads in turn to PIP2 

phosphorylation to PIP3, which brings PDK2 and AKT to the membrane where AKT is 

phosphorylated and activated. AKT has a number of substrates including BAD that when 

phosphorylated inactivates this proapoptotic molecule, mTOR which stimulates protein 

synthesis by activating p70sk6, and FOXO which when phosphorylated is prevented from 

entering the nucleus and stimulating various ubiquitin ligases such as atrogin-1/MAFbx. 

AKT can also phosphorylate and inactivate GSK-3β, an important regulator of wnt/β-catenin 

signaling.
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