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ABSTRACT
Insulin-like growth factor (IGF)-I is important in the acquisition and maintenance of both soft and hard tissues. Skeletal remodeling requires

energy and recent work has demonstrated that bone can influence insulin sensitivity and thereby regulate metabolic processes. New insights

from mouse models into the role of IGF-binding proteins (IGFBPs) as more than mere depots for the IGFs has reignited investigations into the

metabolic targets influenced by the IGF regulatory system and the pathways that link bone to adipose tissue. Although there remains

continued uncertainty about the relative balance between the effects of circulating versus tissue IGF-I actions, the role of the IGFBPs has been

redefined both as modulators of IGF-I action and as independent signaling factors. This review highlights several recent findings that shed

new light on the physiologic role of the IGF regulatory system and its influence on skeletal and fat metabolism. J. Cell. Biochem. 111: 14–19,

2010. � 2010 Wiley-Liss, Inc.
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T he insulin-like growth factor (IGF) regulatory system consists

of IGFs (IGF-I and IGF-II), Type I and Type II IGF receptors,

and regulatory proteins including IGF-binding proteins (IGFBP-1-6)

and the acid-labile subunit (ALS) [Rosen et al., 1994]. The ligands in

this system (i.e., the IGFs) are potent mitogens, and in some

circumstances differentiation factors, that are bound in the

circulation and interstitial fluid as binary (to IGFBPs) or ternary

complexes (IGF-ALS-IGFBP-3 or -5) with little free IGF-I or -II. IGF

bio-availability is regulated by the interaction of these molecules at

the receptor level; hence changes in any component of the system

will have profound effects on the biologic activity of the ligand. The

IGFBPs have a particularly important role in regulating IGF-I access

to its receptor since their binding affinity exceeds that of the IGF

receptors. What makes the IGF system unique is that the IGFBPs are

regulated in a cell-specific manner at the pericellular micro-

environment such that small changes in their concentrations could

strongly influence the mitogenic activity of IGF-I [Jones and

Clemmons, 1995; Hwa et al., 1999; Firth and Baxter, 2002].

In addition to the ubiquitous expression of the IGFs in virtually all

tissues, these growth factors also circulate in high concentrations.

The main source of circulating IGF-I in mammals is the liver and its

role as an endocrine mediator of growth hormone (GH) has been

established for half a century. Although nearly 80% of the

circulating IGF-I comes from hepatic sources, bone and fat both

synthesize IGF-I and these tissues may contribute to the total

circulating pool. The expression diversity of IGF-I and the IGFBPs in
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a tissue-specific manner coupled with a large circulating pool adds

several levels of complexity to our understanding of the role of the

IGF-I/IGFBP system in metabolic homeostasis. However, there is

little doubt that IGF-I signaling is requisite for proper skeletal

accrual and adipose tissue development. On the other hand, the

function of the IGFBPs and ALS in skeletal and adipose tissue

development still remains unclear. Notwithstanding, emerging

evidence points to both tissues as secretory organs that work in

concert through endocrine, autocrine, and paracrine signaling

pathways to fine tune metabolic status. IGF-I is clearly one such

factor. In this review, we will discuss the interrelationship of skeletal

and adipose tissue through the IGF-I/IGFBPs regulatory system.

ROLE OF IGF-I IN ADIPOGENESIS

Adipogenesis is regulated by multiple cascades that involve many

transcriptional regulators. The first step begins with lineage

commitment of pluripotent mesenchymal stem cells, followed by

the expansion of preadipocytes [Rosen and Spiegelman, 2000;

Rosen andMacDougald, 2006]. Differentiation of preadipocytes into

adipocytes has been extensively studied using preadipocyte cell

lines, such as 3T3-L1 cells and 3T3-F442A cells. In early

adipogenesis, preadipocytes undergo clonal expansion, which is

followed by the cessation of cell cycle, and entry into terminal

differentiation. The essential components of this network are the
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transcription factors, Cebpb and Pparg, which initiate a cascade of

other factors that enhance differentiation of adipocytes. PPARg is a

critical transcription factor for adipogenesis as evidenced by the

finding that adipogenesis is completely blocked in Pparg-deficient

mouse embryonic fibroblasts. PPARg dimerizes with retinoic X

receptor alpha (RXRa) and initiates transcription by binding to the

promoter of target genes. Furthermore, the transcriptional activity

of PPARg is also determined by its ligand, and the recruitment of

specific co-activators or co-repressors.

Not surprisingly, several growth factors have been reported to be

involved in adipogenesis. In respect to IGF-1 signaling, accumu-

lating evidence demonstrates the positive effect of IGF-1 on

adipogenesis in vitro [Smith et al., 1988; Christoffersen et al., 1998]

although in a context-specific manner. Boney et al. reported that

MAPK activation by IGF-I is markedly suppressed in differentiating

3T3-L1 cells compared to proliferating 3T3-L1 preadipocytes;

inhibition of MAPK activation by a MEK inhibitor-enhanced

adipogenesis in 3T3-L1 cells. Interestingly, MAPK activation was

not suppressed in response to epidermal growth factor (EGF), which

has been shown to be an inhibitor for adipogenesis in differentiat-

ing preadipocytes, suggesting that impairment of MAPK activation

by IGF-I is specific and critical for adipogenesis [Boney et al., 1998,

2000]. In addition, IGF-1 has been implicated in the regulation of

the clonal expansion of 3T3-L1 cells [Siddals et al., 2002]. Because

the switch from a proliferation phase to a terminal differentiation

phase is accompanied by cell-cycle cessation, down-regulation of

MAPK could be the key process during adipogenesis. Interestingly,

we found that IGF-1 expression during 3T3-L1 adipogenesis

was decreased in early adipogenesis coincident with the period

when 3T3-L1 cells stop their cell cycle, followed by a marked

up-regulation during very late adipogenesis.

Signaling through IRS-1 and -2 also plays an important role in

adipogenesis. Embryonic fibroblasts lacking either IRS-1 or IRS-2,
Fig. 1. Schematic model for IGF-I and IGFBPs action on adipocytes and osteoblasts. IGFB

may also possess IGF-I binding independent action. For example, IGFBP-2 suppresses P

transcriptional activity in adipocytic cells. Circulating IGF-I has a significant impact on

autocrine/paracrine manner. IGF-I stimulates adipogenesis in part through the activation

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrar
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which have impaired PI3K activity, displayed reduced adipogenesis

with lower expression of Pparg and Cebpa versus control cells, and

adipogenic capacity was completely blocked in IRS-1/IRS-2-

deficient cells [Miki et al., 2001]. Unlike IGF-I-induced MAPK

activity, IRS-1 phosphorylation by IGF-I is maintained throughout

adipogenesis [Boney et al., 1998]. Thus, IGF-1 signaling has a dual

role during adipogenesis, and fine tuning of IGF-1 signaling is

critical for proper adipogenesis. In vivo evidence supports the

importance of IGF-I signaling in adipogenesis. First, IGF-I is

expressed in adipose tissue, and could influence adipocyte

metabolism and adipogenesis in a autocrine/paracrine manner

[Villafuerte et al., 2000]. Second, several genetically altered mouse

models of IGF-I signaling provide clues to understanding the role of

IGF-1 in adipogenesis. For example, reduction of IGF-I receptor

expression in adipose tissue has been shown to result in a smaller

volume of adipose tissue [Holzenberger et al., 2001]. Akt1 and Akt2

double knockout mice (Akt-DKO mice) lack the lipid-containing

brown adipocytes in brown adipose tissue [Peng et al., 2003]. In

addition, mouse embryonic fibroblast fromAkt-DKOmouse failed to

show adipogenesis with impaired induction of Pparg [Peng et al.,

2003]. In our mouse model harboring a point mutation in the IRS-1

gene, which results in a truncatedmutation of IRS-1 andmarked loss

of Akt phosphorylation by IGF-I, there is growth retardation, and

reduced amounts of adipose tissue and marrow adiposity

[DeMambro et al., 2010] (Fig. 1).

Preadipocyte factor-1 (Pref-1) is a member of the EGF-like

family of proteins and is abundantly expressed in preadipocytes,

whereas its expression decreases during the process of adipogen-

esis [Sul, 2009]. Pref-1 has been shown to suppress adipogenesis.

Zhang et al. [2003a] reported that IGF-I could bypass the

suppressive effect of Pref-1 on adipogesis. Forced over-expression

of either soluble form or full-length Pref-1 blocked MDI (IBMX,

insulin, and dexamethasone)-induced adipogenesis of 3T3-L1
Ps determine the IGF-I accessibility to its receptor through IGF-I binding, while IGFBPs

TEN expression in osteoblastic cells and IGFBP-3 binds to RXRa and regulates PPARg

adipose and skeletal development, whereas locally produced IGF-I also functions in an

of PI3K pathway and also enhances the maturation of preosteoblasts into osteoblasts.
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cells, but IGF-I antagonized the suppressive effect of Pref-1 in a

dose-dependent manner.

Adipocytes produce a variety of secretory factors, acting on

neighbor cells in a paracrine/autocrine manner. Obesity is now

recognized as a condition with adipocyte hypertrophy and increased

number of adipocytes. Because the expression profile of secretory

factors in hypertrophic adipocytes is different from those in

adipocytes of normal size, it is not surprising that factors produced

by hypertrophic adipocytes can influence and regulate the number

of adipocytes. This occurs by promoting the proliferation and

differentiation of preadipocytes to meet the excess demand for

energy storage. Marques et al. [2000] reported that IGF-I secreted

from adipose tissue of rodents fed a high-fat diet (HFD)-stimulated

proliferation of preadipocytes. These authors collected the condi-

tioned media (CM) from inguinal adipose tissue from rats fed a HFD

or a low-fat diet (LFD), and analyzed the effect of the CM on

preadipocyte proliferation. CM from HFD-fed rat showed greater

proliferation capacity versus LFD-fed rat, and this effect was

attenuated when IGF-I was depleted from the CM [Marques et al.,

2000]. Taken together, it can be concluded that the signaling cascade

exerted by IGF-I, especially the IRS-1/PI3K/Akt pathway, is critical

for adipogenesis, and impairment of this signaling pathway results

in a defect in adipose tissue formation.

RECENT UPDATES OF THE ROLE OF IGF-1 ON
SKELETON

There is clinical evidence that serum IGF-1 concentrations have a

positive correlation with skeletal mass. For example, peak bone

acquisition at puberty is accompanied by the dramatic increase in

IGF-I serum levels [Kawai and Rosen, 2009]. Human cohort studies

in adults also have revealed the positive association between serum

IGF-I levels and bone mass in women [Langlois et al., 1998; Garnero

et al., 2000]. Recent advances inmolecular biology and development

of genetically modified mouse have expanded our understanding of

the role of IGF-1 in skeleton. Global deletion of IGF-I in mice

showed postnatal growth retardation [Liu et al., 1993] althoughmost

of the mice died perinatally. IGF-I heterozygous mice on CD-1

background displayed reduced serum IGF-I levels, altered body

weight and low cortical bone mineral density [He et al., 2006].

Similarly, IGF-IR knockout mice showed organ hypoplasia, delayed

skeletal calcification, severe growth retardation by 45% and

invariably die postnatally due to respiratory dysfunction [Liu

et al., 1993]. Additionally, Akt1 and Akt2 double knock out mice

showed severely delayed skeletal development [Peng et al., 2003].

Thus, IGF-I signaling is clearly an important factor in skeletal

development.

One of the complexities in understanding the role of IGF-I in the

skeleton lies in the presence of both circulating and locally produced

IGF-I. Circulating IGF-1 functions mainly in an endocrine manner,

whereas IGF-1 produced in the skeletal environment functions in a

paracrine/autocrine manner. One of the challenges in this field has

been to clarify the differential roles of circulating and local IGF-I.

Several genetically altered animal models have been developed to

address this issue. Osteoblast-specific IGF-I transgenic mouse
16 IGF-I REGULATORY SYSTEM
showed increased bone mineral density and increased trabecular

bone volume despite normal levels of circulating IGF-1 [Zhao et al.,

2000], but cortical bone volume was not altered. In line with this,

osteoblast-specific deletion of IGF-IR showed reduced trabecular

bone volume [Zhang et al., 2002]. Thus, local IGF-I signaling is

requisite for proper skeletal acquisition. Yakar et al. generated a

liver-specific IGF-I-deficient mice (LID mice) using an albumin

promoter and examined the role of IGF-I produced by liver on the

skeleton [Yakar et al., 1999, 2002]. Although serum IGF-I levels was

reduced by 75% in LID mice, LID mice exhibited relatively normal

development with only a 6% reduction in femur length and body

weight. Of note the skeletal phenotype included a marked reduction

in cortical bone volume and periosteal circumference despite the

lack of trabecular bone phenotype. To further analyze the role of

circulating IGF-I on skeletal mass, these same authors crossed LID

mouse with ALS knockout mice which have a similar reduction in

serum IGF-I level by 65% and low cortical bone volume. The double

knockout mice revealed a reduction in serum IGF-I by 85–90%,

despite normal expression of skeletal IGF-I, and reduced cortical

bone volume. These mice also exhibited severe growth retardation

with disordered growth plates. To better understand the role of

circulating IGF-I, two independent groups generated transgenic

mice expressing IGF-I in liver in an IGF-I null background.

Stratikopoulos et al. [2008] generated a mouse model carrying IGF-I

cDNA in an Igf1 null background which is regulated by a native

promoter/enhancer of IGF-I gene only in liver and showed that

endocrine IGF-I contributed�30% to the adult mouse body size. Elis

et al. [2010] generated Igf1 transgenic mice under the transthyretin

promoter in an Igf1 null background (KO-HIT (Hepatic IGF-1

transgenic mice)) and analyzed the skeletal phenotype in detail. KO-

HIT, with elevated serum IGF-I but no autocrine/paracrine IGF-I,

exhibited approximately threefold increase in serum IGF-I levels.

Body weight of KO-HIT mice was similar to that of controls up to 16

weeks but these mice had shorter femorae at 4 weeks of age and

exhibited catch-up growth by 8 weeks of age. These data suggested

that locally expressed IGF-I is important in the regulation of body

length during first the 4 weeks of life but circulating IGF-I can

compensate for the loss of local IGF-I after that time. In respect to

the skeletal phenotype, KO-HIT mice exhibited shorter femorae and

smaller bone size at 4 weeks of age, but then showed a marked

increase in these parameters. Thus, circulating IGF-I can compensate

for the loss of locally produced IGF-I in a developmentally stage-

specific manner.

ROLE OF IGFBPs IN ADIPOSE TISSUE

IGFBPs aremembers of a highly conserved family andmodulate IGF-

1 action by regulating the access of IGF-I to its receptor in the

pericellular environment. The biological effects of the IGFBPs are

very dependent on their concentration relative to IGF and are tissue

specific [Jones and Clemmons, 1995; Hwa et al., 1999; Firth and

Baxter, 2002]. Generally, IGFBPs have been shown to be negative

regulators for IGF-I signaling. In support of this notion, the Igfbp1

transgenic mouse gained less weight, and showed reduced fat

accumulation and adipocyte size versus wild-type mice under a
JOURNAL OF CELLULAR BIOCHEMISTRY



sucrose-enriched diet [Rajkumar et al., 1999]. IGF-I action on the

proliferation and differentiation of preadipocytes in vitro was

impaired in preadipocytes from the Igfbp1 transgenic mouse

[Rajkumar et al., 1999]. Furthermore, IGFBP-1 has been shown to

inhibit IGF-I-induced clonal expansion of 3T3-L1 cells [Siddals et al.,

2002]. Thus, IGFBP-1 is likely functioning as a negative regulator for

IGF-I during adipogenesis. Similarly, Igfbp2 transgenic mice were

protected from age-related glucose intolerance and obesity. In

addition, these mice were also protected from HFD-induced obesity

and insulin-resistance [Wheatcroft et al., 2007]. In vitro, IGFBP-2

blocked adipogenesis by antagonizing IGF-I, but not insulin, with

reduced expression of Pparg and aP2. Recently, Hedbacker et al.

reported the antidiabetic effects of IGFBP-2. These authors showed

that leptin-induced Igfbp2 expression in the liver, which is insulin

independent, and that adenoviral transduction of IGFBP-2 in liver

improved insulin sensitivity in ob/ob mouse. The antidiabetic effects

of IGFBP-1 and -2 are also evident from human epidemiological

studies [Sandhu et al., 2002; Ahmed et al., 2007; Rajpathak et al.,

2008; Hu et al., 2009]. Sandhu et al. performed a cohort study with

615 normo-glycaemic adults (45–65 years), and analyzed the role of

IGF-I and IGFBP-1 in the development of glucose intolerance. After

4.5 years follow-up, the authors found that the participants with

higher IGF-I concentrations exhibited a reduced risk for the

development of glucose intolerance or type 2 diabetes compared

with those who had lower concentrations of IGF-I and that this

inverse association was independently modified by IGFBP-1,

suggesting the important role of IGF-I and IGFBP-1 in glucose

homoeostasis [Sandhu et al., 2002]. Rajpathak et al. [2008] analyzed

the association of IGFBP-1 with glucose intolerance in 922 adults

(�65 years old) and reported that high serum IGFBP-1 levels were

associated with a reduced risk for the impaired glucose tolerance and

fasting glucose. Hu et al. [2009] also examined serum IGF-I, IGFBP-1,

and IGFBP-2 from 625 adults (�70 years), and demonstrated that

higher IGFBP-1 and -2 were significantly associated with reduced

fasting insulin, fasting glucose, and adiposity. Thus, IGFBP-1 and -2

could be important determinants of glucose metabolism and

adiposity in part by enhancing IGF-I action.

In addition to their role as transport proteins for the IGFs, the

IGFBPs may have IGF-I binding independent functions [Firth and

Baxter, 2002]. Interestingly, IGFBPs possess several functional

motifs including heparin-binding domains and RGD sequences. In

addition, some of the IGFBPs exhibit intracellular localization,

suggesting the possibility that IGFBPs influence glucose metabo-

lism and adiposity in a manner independent of IGF-I action. Chan

et al. [2009] reported that IGFBP-3 suppressed 3T3-L1 adipogenesis

independent of IGF-I binding. Unlike IGFBP-2, IGFBP-3 blocked

3T3-L1 adipogenesis induced by insulin, and an IGFBP-3 mutant,

which has a markedly reduced affinity for IGF-I, also exhibited a

similar effect inwild-type cells, suggesting that the effect of IGFBP-

3 on blocking adipogenesis is independent of IGF-I binding.

Interestingly, these authors showed that IGFBP-3 binding to

retinoid X is a critical step in this inhibition. Wild-type IGFBP-3,

not a mutant IGFBP-3 lacking RXRa binding ability, suppressed

adipogenesis of 3T3-L1 cells, and inhibited PPARg dimerization

with RXRa, resulting in impaired PPARg transcriptional activity

[Chan et al., 2009]. IGFBP-2 has been also shown to be localized
JOURNAL OF CELLULAR BIOCHEMISTRY
intracellularly, but the precise role of this localization remains to be

clarified [Russo et al., 1994; Terrien et al., 2005; Miyako et al.,

2009].

ROLE OF IGFBPs IN SKELETON

IGF-I bioactivity is modulated by the IGFBPs (IGFBP-1-6) and their

role in skeletal acquisition has been also analyzed using genetically

altered mice. IGFBPs primarily work as an inhibitor for IGF-I and

IGFBP-2 also blocks IGF-I binding to its receptor. In vitro, IGFBP-2

inhibits IGF-I-stimulated bone cell proliferation, bone collagen

synthesis and bone formation. Over-expression of Igfbp2 in vivo has

been demonstrated to exhibit reduced bone mass and inhibit GH-

stimulated linear growth in GH transgenic mice, possibly by

antagonizing GH/IGF-I axis [Hoeflich et al., 2001]. Human studies

also have demonstrated the inverse relationship between serum

IGFBP-2 levels and bone mass [Nakaoka et al., 2001; van den Beld

et al., 2003;Amin et al., 2004]. Amin et al. [2004] reported that IGFBP-

2 levels increased with age, and that serum IGFBP-2 levels showed

negative association with bone mineral density both in men and

women. van den Beld et al. [2003] showed that higher serum IGFBP-2

levels were associated with higher degree of disability, a lower

physical performance, muscle strength, bone mineral density of

proximal femur. Despite these studies, there is also growing evidence

of an anabolic effect of IGFBP-2 on the skeleton. Khosla et al. reported

that IGFBP-2-stimulated bone formation in associationwith IGF-II in

patientswith hepatitis C-associated osteosclerosis [Khosla et al., 1998;

Conover et al., 2002]. Additionally, we have recently examined the

bone phenotype of Igfbp2�/� mice. These mice had a gender and

compartment-specific skeletal phenotype. Igfbp2�/� females had

increased cortical thickness with a greater periosteal circumference,

whereas male Igfbp2�/� males had reduced cortical bone size.

Trabecular bone volume was reduced by 20% in male Igfbp2�/�

whereas trabecular bonewas not affected in female Igfbp2�/�mice. In

addition, PTEN expression was up-regulated in osteoblasts isolated

from bone marrow of Igfbp2�/� mice compared to controls. Because

PTEN regulates IGF-I signaling inanegative direction, IGF-I signaling

may be impaired in Igfbp2�/� mice.

IGFBP-3 is the predominant IGFBP forminga tertiary complexwith

IGF-I and ALS. Like other IGFBPs, IGFBP-3 can also inhibit IGF-I

actions. Consistently, skeletal phenotypes of Igfbp3 transgenic mice

demonstrated impaired cortical and trabecular bone mineral density

and reduced trabecular connectivity and size. These changes are

possibly caused by the antagonistic effect of IGFBP-3 on IGF-I

signaling [Silha et al., 2003]. IGFBP-4 is one of the most abundant

IGFBPs synthesized by bone cells. Targeted over-expression of Igfbp4

in bone using the human osteocalcin promoter results in postnatal

growth retardation, altered bone turnover and low bone mass [Zhang

et al., 2003b]. Igfbp4�/� mice also have modest growth retardation at

birth and reduced bone mineral density. IGFBP-5 transgenic mice

under the control of osteocalcin promoter showed decreased bone

volume with low bone formation [Devlin et al., 2002]. These lines of

evidence demonstrate that physiological levels of IGFBPs have an

anabolic effect on skeleton at least in part through targeting IGF-I to

the skeletal micro-environment.
IGF-I REGULATORY SYSTEM 17



CONCLUSION

The IGF-I/IGFBPs system plays an important role regulating bone

mass and adipose tissue homeostasis. Since obesity and osteoporosis

have become serious medical issues, development of new

therapeutic interventions for these diseases are required. Recent

advances in this field suggest that the IGF/IGFBP system is involved

in the pathogenesis of these diseases and provides new insights into

their physiological role. Initially there were very high expectations

for the use of recombinant IGF-I in various neuromuscular and

skeletal disorders. However, pharmacologically, IGF-I has not met

those expectations and has been used therapeutically only in some

individuals with growth failure, particularly those who are GH

resistant. Ironically, the IGFBPs may prove to be more useful in the

treatment of insulin resistance, diabetes, and osteoporosis than IGF-

I. And pharmacologic blockade of the IGF receptors is now a

recognized strategy in combined clinical trials of several different

agents for malignant neoplasms. Further understanding of the IGF/

IGFBP system is likely to shed new light on both the origin of

metabolic diseases and their treatment.
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