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Abstract

We showed that IGF-I deficiency impaired osteoclastogenesis directly and/or indirectly by altering 

the interaction between stromal/osteoblastic cells and osteoclast precursors, reducing RANKL and 

M-CSF production. These changes lead to impaired bone resorption, resulting in high BV/TV in 

IGF-I null mice.

Introduction: Although IGF-I has been clearly identified as an important growth factor in 

regulating osteoblast function, information regarding its role in osteoclastogenesis is limited. Our 

study was designed to analyze the role of IGF-I in modulating osteoclastogenesis using IGF-I 

knockout mice (IGF-I−/−).

Materials and Methods: Trabecular bone volume (BV/TV), osteoclast number, and 

morphology of IGF-I−/− or wildtype mice (IGF-I+/+) were evaluated in vivo by histological 

analysis. Osteoclast precursors from these mice were cultured in the presence of RANKL 

and macrophage-colony stimulating factor (M-CSF) or co-cultured with stromal/osteoblastic 

cells from either genotype. Osteoclast formation was assessed by measuring the number of 

multinucleated TRACP+ cells and pit formation. The mRNA levels of osteoclast regulation 

markers were determined by quantitative RT-PCR.

Results: In vivo, IGF-I−/− mice have higher BV/TV and fewer (76% of IGF-I+/+) and smaller 

osteoclasts with fewer nuclei. In vitro, in the presence of RANKL and M-CSF, osteoclast number 

(55% of IGF-I+/+) and resorptive area (30% of IGF-I+/+) in osteoclast precursor cultures from 

IGF-I−/− mice were significantly fewer and smaller than that from the IGF-I+/+ mice. IGF-I (10 

ng/ml) increased the size, number (2.6-fold), and function (resorptive area, 2.7-fold) of osteoclasts 

in cultures from IGF-I+/+ mice, with weaker stimulation in cultures from IGF-I−/− mice. In 

co-cultures of IGF-I−/− osteoblasts with IGF-I+/+ osteoclast precursors, or IGF-I+/+ osteoblasts 

with IGF-I−/− osteoclast precursors, the number of osteoclasts formed was only 11% and 48%, 
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respectively, of that from co-cultures of IGF-I+/+ osteoblasts and IGF-I+/+ osteoclast precursors. In 

the long bones from IGF-I−/− mice, mRNA levels of RANKL, RANK, M-CSF, and c-fms were 

55%, 33%, 60%, and 35% of that from IGF-I+/+ mice, respectively.

Conclusions: Our results indicate that IGF-I regulates osteoclastogenesis by promoting their 

differentiation. IGF-I is required for maintaining the normal interaction between the osteoblast and 

osteoclast to support osteoclastogenesis through its regulation of RANKL and RANK expression.
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INTRODUCTION

BONE IS A dynamic tissue, being continually resorbed and reformed to maintain bone 

mass and skeletal homeostasis. Two specialized cells are responsible for bone remodeling. 

osteoblasts synthesize and deposit bone matrix, whereas osteoclasts resorb bone. Therefore, 

bone mass is dependent on the relative function of these types of cells. An imbalance 

between osteoclast and osteoblast activities can result in skeletal abnormalities characterized 

by a net loss (osteoporosis) or gain (osteosclerosis)(1-4) IGF-I has been shown to be an 

important factor in coupling bone remodeling.(5-7) Skeletal IGF-I originates from two 

sources: de novo synthesis by bone forming cells, and the circulation and/or marrow. It acts 

in diverse patterns, through a combination of endocrine, autocrine, and paracrine modes of 

action, to regulate the functions of both osteoblasts and osteoclasts.(8-10) Compared with the 

comprehensive studies on the role of the IGF-I in regulating osteoblast function, information 

regarding its effects on osteoclasts is limited and conflicting.(5,10) As reported, osteoclasts 

are multinucleated cells derived from hematopoietic stem cells (HSCs).(11,12) These cells 

give rise to monocyte/macrophage progenitor cells and differentiate into mononuclear 

osteoclasts. The mononuclear osteoclasts already have bone-resorbing activity and express 

various osteoclastic molecules such as integrin αv β3, TRACP, calcitonin receptor (CTR), 

and matrix metalloproteinase 9 (MMP9).

They then fuse with each other to form multinuclear osteoclasts. The cytoskeletal 

system is reorganized in multi-nuclear osteoclasts to generate osteoclast-specific structures 

such as the sealing zone and ruffled borders and to develop a transcytosis system 

to discharge the resorbed bone debris.(2,13) The interactions between osteoblasts/bone 

marrow stromal cells and osteoclast precursors are required for osteoclast formation.(14) 

Two molecules that are produced by osteoblasts/marrow stromal cells are essential and 

sufficient to support osteoclastogenesis: macrophage colony-stimulating factor (M-CSF) 

and RANKL.(1,15) Many genes and factors have been shown to positively or negatively 

regulate osteoclastogenesis and osteoclast activation directly and/or indirectly through the 

interactions between the osteoblasts/bone marrow stromal cells and osteoclast precursors.
(15,16) These genes and factors exert their effects at various stages of osteoclast development 

and activation. Disruption of these genes and factors may block the development and/or 

function of the mature osteoclast. Type I IGF-I receptor is present on both osteoblasts 

and osteoclasts,(17) suggesting that IGF-I may directly or through its action on osteoblasts/

bone marrow stromal cells stimulate osteoclast formation and function.(18) Our previous 
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study showed that, in IGF-I null mice, the balance of remodeling between formation and 

resorption is altered in favor of formation,(6) resulting in high trabecular bone volume 

(BV/TV). Thus, IGF-I deficiency may lead to a relative decrease in bone resorption. To 

determine the role of IGF-I in bone resorption, we analyzed the bone structure and osteoclast 

morphology by histology, evaluated the direct effects of IGF-I on osteoclastogenesis in vitro, 

and determined the impact of IGF-I deficiency on the ability of the osteoblast to stimulate 

osteoclastogenesis.

MATERIALS AND METHODS

Mice

The IGF-I–deficient mice used in this study were developed by Lyn Powell-Braxton at 

Genentech (San Francisco, CA, USA)(19) and were backcrossed into a CD-1 genetic 

background. The construct used for the homologous recombination contained a neomycin 

cassette inserted into exon 3 of the IGF-I gene. Genotyping of the offspring used PCR to 

identify either the intact exon 3 or neomycin as described.(19) The IGF-I+/+ and IGF-I−/− 

mice used in this study were littermates. These studies were approved by the Animal Use 

Committee of the San Francisco Veterans Affairs Medical Center, where the animals were 

raised and studied.

Histology

For histological analyses, femurs and tibias from IGF-I+/+ and IGF-I−/− mice were fixed 

overnight at 4°C in 4% paraformaldehyde in PBS (4% PFA/PBS), rinsed in PBS, dehydrated 

through an ethanol series, cleared in xylene, embedded in paraffin, and cut into 5-μm 

sections. The sections were stained with H&E or with TRACP using a kit (produce number 

387; Sigma) according to the manufacturer’s instructions. Mature osteoclasts were defined 

as TRACP+ multinucleated cells that contained at least three nuclei.

Hematopoietic osteoclast precursor culture

As a source of osteoclast precursors, spleen hematopoietic cells from 3-week-old IGF-

I+/+ and IGF-I−/− mice were harvested, the erythrocytes lysed with RBC lysis buffer 

(0.16 M NH4Cl, 0.17 M Tris; pH 7.65) for 2 minutes at room temperature, and the 

remaining cells cultured in α-MEM (Mediatech, Herndon, VA, USA), supplemented with 

10% heat-inactivated FBS (Atlanta Biologicals, Norcross, GA, USA), 100 U/ml penicillin/

streptomycin (Mediatech), and 0.25 μg/ml fungizone (Life Technologies, Rockville, MD, 

USA; primary medium) overnight. Pilot experiments showed that this medium contained no 

detectable biologically active IGF-I. Nonadherent osteoclast precursors were transferred to 

24-well plates (5 × 105/well) and cultured with RANKL 30 ng/ml (Sigma) and 10 ng/ml 

M-CSF (Sigma) for an additional 7 days, with addition of fresh media every 3 days. Human 

recombinant IGF-I (10 ng/ml) or vehicle was added when cells were transferred to 24-well 

plates and with each medium change. In some experiments, we determined whether the 

effects of IGF-I on osteoclast differentiation would be neutralized by IGF-I antibody. Mouse 

monoclonal IGF-I antibody (Upstate Cell Signaling Solutions, Lake Placid, NY, USA) was 

added to the cultures (0–15 μg/ml) from the IGF-I+/+ mice at the same time as vehicle or 

IGF-I. TRACP staining was performed using a commercial kit (387 A; Sigma).
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Co-culture of hematopoietic cells and osteoblasts

As a source of osteoblasts, bone marrow stromal cells from 3-week-old IGF-I+/+ or IGF-I−/− 

mice were flushed out with a syringe and 26-gauge needle and collected in primary culture 

medium. The marrow cell suspension was gently drawn through an 18-gauge needle to 

mechanically dissociate the mixture into a uniform single cell suspension and then cultured 

in T-75 flasks at a density of 100 × 106 cells/flask. When the cultures reached 70–80% 

confluence, the cells (stromal/osteoblastic cells) were harvested by 1× trypsin-EDTA (0.05% 

trypsin, 0.53 mM EDTA; Cellgro), replated at 20,000 cells/well in 24-well plates (n = 

3–6 wells), and incubated in primary medium supplemented with ascorbic acid 50 μg/ml 

(secondary medium) for 4 or more days, with media changes every 2 days. Spleen cells 

(including osteoclast precursors, stromal cell free) were prepared from a separate group of 

3-week-old IGF-I+/+ or IGF-I−/− mice, previously cultured for 2 days and added (1 × 106 

cells/well) to the stromal/osteoblastic cell cultures to create stromal/osteoblastic cell-spleen 

cell co-cultures. The co-cultures were carried for 7 days in secondary media, with media 

changes every 2 days. On day 7 of the co-culture, the cells were rinsed with PBS and 

prepared for TRACP staining. To study the effects of addition of exogenous IGF-I on 

osteoblasts, stromal/osteoblastic cells were pretreated by IGF-I (10 ng/ml) at the beginning 

of the cell culture and up until the time when osteoclast precursors were added.

Resorption assays

Osteoclast precursors (spleen cells) were harvested as described above. Cells (5 × 104) 

were plated on dentine discs (IDS, Tyne and Wear, UK) in 96-well plates and treated with 

RANKL 70 ng/ml and M-CSF 10 ng/ml for 5–10 days. Media were changed every 3 days. 

Dentine discs were washed once, and the cells were removed with Kim Warp before staining 

with 1% toluidine blue in 0.5% sodium tetraborate solution. Resorption pits were visualized 

by light microscopy, and digital images were recorded. The resorption area was determined 

by NIH Imaging J software.

Quantitative real-time PCR

RNA was extracted from the long bones (bone marrow flushed out) of IGF-I+/+ and IGF-I−/− 

mice. mRNA levels of osteoclast differentiation markers were determined by quantitative 

real-time PCR as described before.(20) Primers and probes are as follows: GAPDH (forward: 

5′-TGCACCACCAACTGCTTAG-3′; reverse: 5- GGATGCAGGGATGATGTTC-3′; 
probe: 5′-CAGAAGACTGTGGATGGCCCCTC-3′), RANKL (forward: 5′-
GGCCACAGCGCTTCTCAG-3′; reverse: 5′-GAGTGACTTTATGGGAACCCGAT-3′; 
probe: 5′-CAGCTATGATGGAAGGCTCATGGTTGGA-3′), osteoprotegrin 

(OPG) (forward: 5′AG-TCCGTGAAGCAGGAGTG-3′; reverse: 5′-
CCATCTGGACATTTTTTGCAAA-3′; probe: 5′-TGCAAGCTGGAACCCCAGAGCC-3′), 
RANK (forward: 5′-GGTCTGCAGCTCTTCCATGAC-3′; 
reverse: 5′-GAAGAGGAGCAGAACGATGAGACT-3′; probe: 5′-
ACCACCCAAGGAGGCCCAGGCTTA-3′), calcitonin receptor (forward: 5′-
TCCAAGGAGGTCCAGAGTGAA-3′; reverse: 5′-TGGGCTCACTAGGGAGCAGGA-3′; 
probe: 5′-CGGAATCTCCGCAAAACCGAAGATG-3′), c-fms (forward: 5′-
CATCCACGCTGCGTGAAG-3′; reverse: 5′-GGGATTCGGTGTCGCAATAT-3′; 
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probe: 5′-CCACCAGGAGCCAGGCTCTCCC-3′), and M-CSF 

(forward: 5′-TTCAAGCTCTTTCTGAACCGTGTA-3′; reverse: 5′-
GCCTTGTTTTGTGCCATTAAGAAG-3′; probe: 5′-AGGCCTCAGAGGCGGGCCA-3′).

RESULTS

In vivo skeletal findings

A striking phenotype of the IGF-I−/− mice was an obvious dwarfism, including small body 

size (body weight, 3.9 ± 0.9 g in IGF-I−/− versus 10.9 ± 2.4 g in IGF-I+/+; p < 0.05) and 

short limbs. Our previous study identified higher BV/TV in the IGF-I−/− mice than in the 

IGF-I+/+ mice by μCT.(6) In this study, we further analyzed the bone structures of these mice 

by histological analysis. By H&E staining, tibial sections from the 3-week-old IGF-I−/− mice 

showed significantly higher trabecular bone volume (Figs. 1A and 1B) but did not exhibit 

severe osteopetrosis. BV/TV of IGF-I−/− mice was 30% higher than that of IGF-I+/+ mice 

(Fig. 1C). To determine whether the high trabecular bone volume in the IGF-I−/− mice was 

caused by abnormalities in the osteoclasts, the tibial sections from the IGF-I+/+ and IGF-I−/− 

mice were stained for the osteoclast specific marker, TRACP. TRACP+ cells were readily 

detected in the primary and secondary spongiosa of both IGF-I+/+ and IGF-I−/− mice (Figs. 

2A and 2B), although the number of TRACP+ cells/bone surface (BS) was significantly 

less in the IGF-I−/− mice (76% of WT, p < 0.05). The morphology and size of TRACP+ 

cells observed in the IGF-I−/− mice were dramatically different from those observed in the 

IGF-I+/+ mice (Fig. 2B). In the IGF-I+/+ mice, TRACP+ cells were predominantly (60 ± 

12%) multinucleated (Fig. 2A). In contrast, significantly fewer (28 ± 5%) multinucleated 

TRACP+ cells were identified in IGF-I−/− mice (Fig. 2B). These results indicated that IGF-I 

is important for bone resorption and osteoclast formation.

Impaired osteoclastogenesis in the absence of IGF-I

The following experiments were performed to determine whether the defects in osteoclast 

formation in IGF-I−/− mice were intrinsic to the osteoclast precursors and/or to the 

osteoblasts. First, osteoclastogenesis was evaluated by TRACP staining of the osteoclast 

precursors (spleen cells) in cultures from the IGF-I+/+ and IGF-I−/− mice in response to 

M-CSF and RANKL. In the cultures from the IGF-I+/+ mice, TRACP+ mononuclear and 

binuclear pre-osteoclasts and a few small multinuclear osteoclasts appeared by day 3 (data 

not shown). Large multinucleated TRACP+ osteoclasts were formed by day 7 (Fig. 3A). 

However, in the cultures from the IGF-I−/− mice, fewer TRACP+ cells were observed (55% 

of IGF-I+/+ mice, p < 0.05), their size was smaller than that observed in the culture from the 

IGF-I+/+ mice, and most of them were mononuclear or binuclear (Fig. 3B). Very few fully 

differentiated multinuclear osteoclasts were observed in the cultures from IGF-I−/− mice 

(230 ± 33 nuclei/100 TRACP+ cells in IGF-I−/− versus 560 ± 49 nuclei/100 TRACP+ cells in 

IGF-I+/+, n = 6 wells in each group, p < 0.05; Fig. 3B). We verified if the abnormalities of 

osteoclasts in the culture from IGF-I−/− mice could be rescued by IGF-I treatment. IGF-I (10 

ng/ml) significantly increased the number (2.0-fold in IGF-I−/− versus 2.6-fold in IGF-I+/+) 

and size of TRACP+ cells in cultures from both IGF-I+/+ and IGF-I−/− mice (Figs. 3C and 

3D), but in the cultures from the IGF-I−/− mice, the effects were weaker than those from the 

IGF-I+/+ mice. The number of nuclei increased in the cultures from the IGF-I−/− mice (230 
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± 33 nuclei/100 TRACP+ cells in vehicle-treated cells versus 298 ± 35 nuclei/100 TRACP+ 

cells in IGF-I–treated cells; Fig. 3D), but was not as substantial as the increase in nuclei in 

the cultures from the IGF-I+/+ mice (560 ± 49 nuclei/100 TRACP+ cells in vehicle-treated 

cells versus 736 ± 80 nuclei/100 TRACP+ cells in IGF-I–treated cells; Fig. 3C). Most of the 

TRACP+ cells in the cultures from the IGF-I−/− mice were still mononuclear or binuclear 

(Fig. 3D). To further confirm the local effects of IGF-I on osteoclasts, we added neutralizing 

antibody to IGF-I to osteoclast precursors from the IGF-I+/+ mice to test if the antibody 

could block osteoclastogenesis. IGF-I antibody dose-dependently blocked the basal rate of 

osteoclastogenesis and the stimulatory effects of IGF-I (Fig. 4A). Multinucleation was also 

reduced (Figs. 4B-4E). These results mimic the effects of IGF-I deficiency in vivo. Finally, 

we determined the effects of IGF-I on osteoclast function by measuring pit formation (Fig. 

5). The resorptive pits generated by osteoclasts derived from the IGF-I−/− mice were very 

small (33% of IGF-I+/+) compared with osteoclasts from the IGF-I+/+ mice. IGF-I (10 

ng/ml) significantly increased the resorptive areas in the cultures from both genotypes. 

These data indicate that the defects of osteoclastogenesis in the IGF-I−/− mice are at least 

in part intrinsic to the osteoclast lineage. Local IGF-I directly affects osteoclast progenitor 

differentiation in vitro. Similar results are obtained when bone marrow stromal cells were 

used instead of spleen cells as a source of osteoclast precursors (data not shown). The 

next question is whether IGF-I deficiency also alters the ability of osteoblasts to regulate 

osteoclastogenesis.

Osteoblastic cells from IGF-I−/− mice are defective in supporting osteoclast differentiation

To determine whether osteoblast induction of osteoclastogenesis is also defective in the 

IGF-I−/− mice, we performed in vitro co-culture experiments in which the generation of 

functional osteoclasts from the hematopoietic precursors (spleen cells) is dependent on 

supportive stromal cells/ osteoblasts. As shown in Fig. 6, in cultures of the osteoblast/

stromal cells from the IGF-I−/− mice and the osteoclast precursors (spleen cells) from 

the IGF-I+/+ mice (KOOB:WTSP), the number of osteoclasts was significantly decreased 

to 11% of the co-cultures of the osteoblast/stromal cells and spleen cells from the 

IGF-I+/+ mice (WTOB:WTSP). Osteoclast formation was less affected when IGF-I+/+ 

osteoblasts were co-cultured with spleen cells from IGF-I−/− mice (WTOB:KOOC; number 

of osteoclasts was 48% of WTOB:WTSP). The defect in the ability of IGF-I−/− osteoblast/

stromal cells to support osteoclastogenesis was partially rescued by adding IGF-I 10 ng/ml 

to the osteoblast/stromal cells (number of osteoclasts was 58% of WTOB:WTOC). These 

results indicate that the defects in osteoclastogenesis in the IGF-I−/− mice involved both the 

osteoblasts and osteoclast precursors but appear more profound in the IGF-I−/− osteoblasts. 

The results are comparable when cells from the bone marrow are used instead of spleen cells 

as the source of osteoclast precursors (data not shown).

Impaired expression of osteoclastic markers in the absence of IGF-I

We assessed the expression of osteoclast-specific genes by quantitative real-time PCR in 

the bones from IGF-I−/− (KO) and IGF-I+/+ (WT) mice. As shown in Fig. 7, mRNA levels 

of RANKL and its receptor RANK were significantly less in the IGF-I−/− mice (55% and 

33% of WT, respectively), whereas its decoy receptor OPG was not significantly affected 

(78% WT). We found a comparable reduction (58% of WT) in RANKL mRNA in osteoblast 
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cultures from IGF-I−/− mice compared with IGF-I+/+ mice and in RANK mRNA levels 

(35% of WT) in osteoclast culture. mRNA levels of M-CSF and its receptor c-fms were 

also reduced in the bone of IGF-I−/− mice (60% and 35% of WT, respectively), as were the 

mRNA levels of nuclear factor of activated T cell c1 (NFATc1; 18% of the WT). Calcitonin 

receptor (CTR) mRNA levels were also reduced (63% of WT), but the reduction did not 

reach statistical significance (p > 0.05). These results are consistent with the reduction of 

osteoclasts in the bone of IGF-I−/− mice, a reduction in the signaling within the osteoclast 

precursors that leads to osteoclast formation, and a reduction in those factors produced by 

the osteoblasts that stimulate osteoclastogenesis.

DISCUSSION

In this study, in vivo histological analysis showed that IGF-I−/− mice exhibited high 

trabecular bone volume associated with reduced numbers and size of osteoclasts. In vitro 

experiments revealed that, in the absence of IGF-I, the defects of osteoclastogenesis reside 

both in the osteoclast and in the osteoblast/stromal cells that induce osteoclastogenesis.

IGF-I maintains bone mass by coupling bone resorption to bone formation in vivo

Bone formation and bone resorption are coupled and under strict control for maintaining 

normal bone mass. A surprising observation from our previous(6,20) and current studies is 

that the IGF-I−/− mouse has a decreased bone formation rate,(20) but increased trabecular 

bone volume. These mice have fewer and smaller osteoclasts with fewer nuclei, suggesting 

that bone resorption is also reduced in these mice. IGF-I deficiency apparently decreases 

bone resorption more than bone formation. Such results confirm that IGF-I plays an 

important role in coupling bone resorption to bone formation.(21)

IGF-I directly stimulates osteoclast differentiation and function

During osteoclastogenesis, hematopoietic stem cell precursors acquire the potential to 

become either osteoclasts or macrophages. After proliferation, committed precursors 

differentiate to become either cell type. Deletion of genes encoding critical molecules that 

regulate osteoclastogenesis (e.g., PU.1 or c-fos) during this sequence results in a failure 

of osteoclast formation with or without an impact on macrophage production.(22,23) IGF-I 

seems not to be critical for the initial commitment to osteoclast or macrophage lineages, 

because in the presence of RANKL and M-CSF, the hematopoietic stem cell precursors 

from the IGF-I−/− mice form osteoclasts, although these osteoclasts are fewer in number 

with marked morphological and functional abnormalities. Thus, the defects in osteoclasts 

observed in the IGF-I−/− mice likely occurred later in their differentiation process. Takeshita 

et al.(24) divided the osteoclast differentiation process into three stages: the pro-osteoclast 

(spindle-shaped macrophage cells), the pre-osteoclast (small round mononucleated TRACP+ 

cells), and the mature osteoclast (multinucleated TRACP+ cells, formed by the fusion of 

mononuclear pre-osteoclast). IGF-I deficiency apparently affects multinucleation of these 

cells, because in the presence of M-CSF and RANKL, osteoclast precursors from IGF-I−/− 

mice formed only mononuclear osteoclasts. The RANK signaling pathway is important 

for the multinucleation of osteoclast precursor through upregulation of NFATc1 expression.
(25-27) In the IGF-I−/− mice, absence of IGF-I was associated with decreased expression 

Wang et al. Page 7

J Bone Miner Res. Author manuscript; available in PMC 2023 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of RANK and NFATc1, blunting the RANKL/RANK signaling transduction resulting in 

decreased multinucleation. Although mononuclear TRACP+ cells are able to resorb bone,
(16) their bone resorptive ability is lower than multinucleated osteoclasts,(28,29) resulting in 

smaller pit formation in dentine and high BV/TV in mice. Pre-osteoclasts and osteoclasts 

express the IGF-I receptor(17,30) and produce IGF-I.(31) In the hematopoietic osteoclast 

precursor culture system (stromal cell free), IGF-I may act directly in an autocrine manner 

on osteoclast precursors to stimulate their differentiation. This was shown in hematopoietic 

osteoclast precursor cultures from the IGF-I+/+ mice in which blocking endogenous IGF-I 

by neutralizing antibody impaired multinucleation of the osteoclast, similar to that seen 

in the cultures from the IGF-I−/− mice. However, IGF-I treatment only partly restored the 

defect in osteoclast formation and multinucleation in the cultures from the IGF-I−/− mice. 

This may reflect a reduction in osteoclast precursors in the IGF-I−/− and/or a defect in 

signaling downstream of RANK or c-fms leading to reduced NFATc1 expression that can 

not be reversed by the acute addition of IGF-I in vitro. Our data are consistent with both 

possibilities, and current efforts in the laboratory are directed at resolving this issue.

IGF-I maintains the normal interaction between the osteoblast and osteoclast to support 
osteoclastogenesis

Osteoblast/stromal cells produce RANKL, M-CSF, IGF-I, and other local factors providing 

the microenvironment for osteoclast formation. In our co-culture experiments, osteoblast/

stromal cells derived from IGF-I−/− mice lacked the ability to support the differentiation 

of osteoclast precursors into mature osteoclasts. Pretreating these cells with IGF-I can 

partly rescue this ability, indicating that IGF-I is important in maintaining the interaction 

between osteoblast/stromal cells and osteoclast precursors to support osteoclast precursor 

differentiation. As in the osteoclast precursors cultures, the inability of IGF-I to fully restore 

osteoclastogenesis may reflect changes in either the osteoclast precursor or the osteoblast 

that can not be reversed completely by the acute administration of IGF-I. Osteoblast/stromal 

cells may affect osteoclast formation in an IGF-I–dependent fashion in at least two ways. 

First, osteoblast/stromal cells produce IGF-I, and the IGF-I may act as a paracrine factor to 

bind to its receptors on the surface of osteoclast precursors to promote their differentiation 

including expression of c-fms and RANK. Second, osteoblast/stromal cells express the IGF-

I receptor, and IGF-I may act as an endocrine/paracrine/autocrine factor to simulate RANKL 

and M-CSF production by the osteoblasts required for osteoclast differentiation.(32,33) The 

lower production of M-CSF and RANKL from osteoblast/stromal cells, combined with the 

reduced expression of their receptors c-fms and RANK in osteoclasts, leads to decreased 

osteoclast formation in IGF-I−/− mice.

In summary, we showed that, in bone remodeling, IGF-I is important in coupling bone 

resorption to bone formation to maintain normal bone mass. At the cellular level, IGF-I 

stimulates osteoclastogenesis. IGF-I is required to maintain the normal interaction between 

the osteoblast and osteoclast precursor to support osteoclast formation through its regulation 

of RANKL/RANK and M-CSF/c-fms expression and signaling transduction.
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FIG. 1. 
Effects of IGF-I on trabecular bone volume. Compared with (A) IGF-I+/+, (B) IGF-I−/− have 

more trabecular bone. (c) BV/TV in IGF-I−/− mice (KO, open bars) is significantly higher 

than that in IGF-I+/+ mice (WT, hatched bars). Results are expressed as means ± SD in C. *p 
< 0.05, kO vs. WT. Bar = 25 μm in A and B. n = 4 in each group.
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FIG. 2. 
Effects of IGF-I on osteoclasts in vivo. (B) IGF-I–deficient mice (IGF-I−/−) have fewer 

and smaller osteoclasts with fewer nuclei compared with (A) wildtype (IGF-I+/+) mice. 

Osteoclast numbers/bone surface (N.OCL/BS) are expressed as means ± SD. n = 3 in each 

group; bar = 50 μm.
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FIG. 3. 
IGF-I regulates osteoclastogenesis. Osteoclast precursors (spleen cells) from (A) IGF-I+/+ 

mice treated with 30 ng/ml RANKL and 10 ng/ml M-CSF readily formed multi-nucleated 

TRACP+ osteoclasts (arrows). (B) Osteoclast precursors from the IGF-I−/− mice formed only 

mononuclear or binuclear TRACP+ osteoclasts (arrows) and in lesser numbers. (C) IGF-I 

(10 ng/ml) further increased osteoclast number and size and number of nuclei in the IGF-I+/+ 

cultures, (D) but was much less effective in the cultures from IGF-I−/− mice. Osteoclast 

numbers/well (N. OCL) are expressed as means ± SD. Ap < 0.05 vs. vehicle-treated IGF-

I+/+; Bp < 0.05 vs. vehicle-treated IGF-I−/−. n = 4 in each group. Bar = 50 μm.
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FIG. 4. 
Neutralizing antibody to IGF-I blocks the effects on osteoclastogenesis. Osteoclast 

precursors from the wildtype mice were cultured in the presence of 50 ng/ml RANKL 

and 10 ng/ml M-CSF and treated with vehicle or IGF-I 10 ng/ml. (A) Neutralizing antibody 

to IGF-I was added to the culture at doses of 0–15 μg/ml. IGF-I antibody dose-dependently 

blocked the local effects of IGF-I on osteoclastogenesis in both vehicle (open bars) and IGF-

I treated (hatched bars) cultures. Results are expressed as means ± SD. (B–E) Representative 

pictures of blocking effects of neutralizing antibody to IGF-I at the dose of 15 μg/ml in (B 

and D) vehicle or (C and E) IGF-I–treated cultures. (D and E) Multinucleation was also 

blocked by IGF-I antibody. n = 4 wells in each group.
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FIG. 5. 
IGF-I stimulates osteoclast function. Osteoclast precursors from (A and C) IGF-I+/+ and (B 

and D) IGF-I−/− mice were cultured on whale dentine slices in the presence of (C and D) 

IGF-I 10 ng/ml or (A and B) vehicle for 10 days. Bone resorptive ability was decreased 

in the osteoclasts from the IGF-I−/− mice. IGF-I (10 ng/ml) significantly increased bone 

resorptive ability of osteoclasts from both genotypes. (E) Resorptive areas (%) are expressed 

as means ± SD. Ap < 0.05 vs. IGF-I+/+; Bp < 0.05 vs. IGF-I−/−. n = 3 in each group. Bar = 

100 μm.
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FIG. 6. 
IGF-I is required for maintaining the interaction between osteoblasts (OBs) and osteoclast 

precursors (spleen cells [SPs]). The following sets of co-cultures were performed: IGF-I+/+ 

(WT) osteoblasts and osteoclast precursors (WtOB:WTSP); IGF-I−/− (KO) osteoblasts and 

WT osteoclast precursors (KOOB-:WTSP); WT osteoblasts and KO osteoclast precursors 

(WTOB- :KOSP); KO osteoblasts pretreated by IGF-I 10 ng/ml for 9 days (KOOB + IGF-I) 

and WT osteoclast precursors (KOOB + IGF-I:WTSP). The number of osteoclasts formed in 

these cultures was determined. Osteoclast numbers per well are expressed as means ± SD. 
Ap < 0.05 vs. WTOB:WTSP; Bp < 0.05 vs. KOOB:WTSP. n = 4 wells in each group.
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FIG. 7. 
IGF-I deficiency decreases bone resorption markers. RNA was extracted from the long 

bones (bone marrow flushed out) of IGF-I+/+ and IGF-I−/− mice. The mRNA levels of (A) 

RANKL, (B) RANK, (C) OPG, (D) M-CSF, (E) c-fms, (F) NFATc1, and (G) CTR were 

detected by quantitative real-time PCR. Results are expressed as percentage of wildtype, and 

all values have been normalized to GAPDH mRNA levels in the same sample. *p < 0.05 

comparing IGF-I−/− mice (KO, open bars) vs. IGF-I+/+ mice (WT, hatched bars). n = 8 in 

WT group; n = 9 in KO group.
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