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ABSTRACT Serum insulin-like growth factor (IGF) -1
is secreted mainly by the liver and circulates bound to
IGF-binding proteins (IGFBPs), either as binary com-
plexes or ternary complexes with IGFBP-3 or IGFBP-5
and an acid-labile subunit (ALS). The purpose of this
study was to genetically dissect the role of IGF-1
circulatory complexes in somatic growth, skeletal integ-
rity, and metabolism. Phenotypic comparisons of con-
trols and four mouse lines with genetic IGF-1 deficits—
liver-specific IGF-1 deficiency (LID), ALS knockout
(ALSKO), IGFBP-3 (BP3) knockout, and a triply defi-
cient LID/ALSKO/BP3 line—produced several novel
findings. 1) All deficient strains had decreased serum
IGF-1 levels, but this neither predicted growth potential
or skeletal integrity nor defined growth hormone secre-
tion or metabolic abnormalities. 2) IGF-1 deficiency
affected development of both cortical and trabecular
bone differently, effects apparently dependent on the
presence of different circulating IGF-1 complexes.
3) IGFBP-3 deficiency resulted in increased linear
growth. In summary, each IGF-1 complex constituent
appears to play a distinct role in determining skeletal
phenotype, with different effects on cortical and
trabecular bone compartments.—Yakar, S., Rosen,
C. J., Bouxsein, M. L., Sun, H., Mejia, W., Kawashima,
Y., Wu, Y., Emerton, K., Williams, V., Jepsen, K.,
Schaffler, M. B., Majeska, R. J., Gavrilova, O., Gutier-
rez, M., Hwang, D., Pennisi, P., Frystyk, J., Boisclair, Y.,
Pintar, J., Jasper, H., Domene, H., Cohen, P., Clem-

mons, D., LeRoith, D. Serum complexes of insulin-like
growth factor-1 modulate skeletal integrity and carbo-
hydrate metabolism. FASEB J. 23, 000–000 (2009)

Key Words: cortical bone � trabecular bone � osteoblast � osteo-
clast � ternary complex � binary complex

The growth hormone (gh)/insulin-like growth fac-
tor (IGF) -1 axis is a major regulator of postnatal
growth (1); however, understanding its roles in devel-
opment and physiology is complicated by two interde-
pendent factors. First, IGF-1 exerts both endocrine and
autocrine/paracrine effects. IGF-1 is produced both by
the liver, primarily under pituitary GH control and by
extrahepatic tissues, under regulation by tissue-specific
factors (CCAAT/enhancer-binding protein �, latency-
associated protein, hepatic nuclear factor-1�, hepatic
nuclear factor-3�, and CCAAT/enhancer-binding pro-
tein �) as well as GH (2–4). Second, circulating IGF-1
forms complexes with a family of high-affinity IGF-
binding proteins (IGFBPs) that protect it from proteo-
lytic degradation (5) and also regulate its ability to
activate receptors on its target cells. Circulating IGF-1
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from both liver and extrahepatic tissues mostly exists as
a high molecular weight (�150 kDa) complex with
IGFBP-3 and an acid-labile subunit (ALS), both of
which are predominantly produced by the liver under
GH regulation (6–9). It is believed that once the
ternary complex dissociates, the binary complexes of
IGFBP-IGF cross the endothelium and interact with
target tissues. ALS remains in the vascular compart-
ment, suggesting that its main role is to increase the
half-life of circulating IGF-1/IGFBP complexes (10).

At target tissues, IGFBPs may either reduce or en-
hance the effectiveness of IGF-1. IGFBPs can limit
access of IGF-1 to cell surface IGF-1 receptors (IGF-
1Rs), as IGFBPs have higher affinity for IGF-1 than this
receptor does (11, 12). In addition, IGFBPs can act as
reservoirs that slowly release ligand, allowing prolonged
IGF action in local microenvironments (13, 14). Fur-
thermore, some IGFBPs can have IGF-1-independent
effects on cells (15, 16).

To distinguish endocrine from autocrine/paracrine
effects of IGF-1 and to define the influence of various
IGFBPs on IGF function, we and others have used
animal models in which IGF-1 or its binding proteins
were genetically ablated. Liver-specific deletion of the
igf-1 gene (LID mouse) abolished IGF-1 mRNA expres-
sion in liver and dramatically reduced (80%) circulat-
ing IGF-1 levels with no apparent changes in extrahe-
patic IGF-1 mRNA expression (17). Lacking enough
IGF-1 to provide feedback inhibition, serum GH levels
were elevated 4-fold in LID mice (17). LID mice also
had a 50% decrease in IGFBP-3. Surprisingly, overall
growth of LID mice, as determined by body weight, was
not different from that of their control littermates.
However, LID mice showed both a modest shortening
in bone length (6%) and a marked reduction in
femoral volumetric bone mineral density (BMD) (18).
Carbohydrate metabolism was also altered, as LID mice
exhibited a 4-fold increase in serum insulin, plus insu-
lin resistance in liver, muscle, and white adipose tissue
(19). These alterations were attributed to increased GH
levels, which antagonize insulin action in peripheral
tissues (20). These findings confirmed that hepatic
IGF-1 is the major source of circulating IGF-1 in mice
and provided direct evidence for the importance of
extrahepatic IGF-1 in growth and development.

Genetic inactivation of the mouse ALS gene [ALS
knockout (ALSKO)] produced a “serum phenotype”
resembling LID mice in IGF-1 and IGFBP-3 levels (21),
but a different phenotype in terms of growth and
metabolism. Despite a 60% reduction in circulating
IGF-1 and a 90% reduction in IGFBP-3, ALSKO mice
showed no increase in serum GH (18). Moreover,
despite similar (7%) reductions in bone length in LID
and ALSKO mice, ALSKO mice exhibited a greater
reduction in cortical bone (18). Finally, insulin levels
and insulin sensitivity in ALSKO mice were similar to
those of controls (22).

Inactivation of the IGFBP-3 gene, the main IGF-1
binding protein in serum, resulted in a 40% decrease in
serum IGF-1 levels with no detectable increases in

serum GH and no differences in body weight compared
with controls (23). On the other hand, overexpression
of IGFBP-3 produced paradoxical phenotypes. In some
mouse models, IGFBP-3 overexpression resulted in
selective organomegaly, attributed to high levels of the
binary IGF-1/IGFBP-3 complex in the circulation (24–
26); however, in other models in which systemic expres-
sion was achieved, both in utero and postnatal growth
retardation occurred (27).

Although useful in defining the role of IGF-1 in
linear skeletal growth, animal models using genetically
modified levels of IGF-1 and/or binding proteins still
have substantial limitations, including the ability to
achieve only partial reductions in serum IGF-1 levels.
Even with the most dramatic reduction in serum IGF-1
levels (80% in LID mice), sufficient circulating IGF-1
remains to preclude unambiguous assignment of ef-
fects to locally produced vs. circulating IGF-1. In the
present study, we combined LID, ALSKO, and BP3KO
mouse models to 1) achieve more complete reductions
in circulating IGF-1 and 2) compare directly IGF-1
actions when combined with different sets of binding
proteins. Our results indicate that the mode of IGF-1
presentation to target tissues, depending on the bind-
ing proteins available for complex formation, plays a
greater role in determining the biological actions of
IGF-1 than its absolute levels in serum. Furthermore, we
show that each IGF-1 complex constituent plays a
distinct role in determining skeletal phenotype, with
different effects on cortical and trabecular bone.

MATERIALS AND METHODS

Animals

LID, ALSKO, and BP3KO mouse strains were crossed to
produce new double mutant strains (in all combinations) and
a triple mutant [LID/ALSKO/BP3KO (LAB)]. All mouse
strains in this study were backcrossed at least 6 generations to
a C57BL6/J background. Mice were housed 4/cage in a clean
mouse facility, fed standard mouse chow (Purina Laboratory
Chow 5001; Purina Mills, St. Louis, MO, USA) and water ad
libitum, and kept on a 12-h light/dark cycle. Animal care and
maintenance were provided through the National Institutes
of Health and Mount Sinai School of Medicine Association
for Assessment and Accreditation of Laboratory Animal Care-
accredited animal facility. All procedures were approved by
the Animal Care and Use Committees of the National Insti-
tute of Diabetes and Digestive and Kidney Diseases and the
Mount Sinai School of Medicine.

Determination of serum hormone levels

Mice were bled through the mandibular vein, and serum
samples were collected at 4, 8, and 16 wk of age. Serum
IGF-1, GH, leptin, and insulin levels were determined using
commercial radioimmunoassays (18, 20, 28). A ligand blot
assay was performed as described previously (19). Serum
levels of mouse IGFBP-2, IGFBP-3, and ALS were deter-
mined using ELISA assays developed at UCLA, with recom-
binant mouse proteins from R&D Systems (Minneapolis,
MN, USA) and monoclonal antibodies as described previ-
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ously (29). IGFBP-5 levels were determined by Western blot
analysis using IGFBP-5-specific antibody developed at the
Division of Endocrinology, University of North Carolina
(Chapel Hill, NC, USA) (30).

Determination of 125I-IGF-1 half-life in serum
of IGF-1-deficient mice

Mice were injected with 0.3 �Ci of 125I-IGF-1 through the tail
vein and bled from the tail vein (20–30 �l) at the indicated
time points, according to the Institutional Animal Care and
Use Committee protocol for multiple blood sampling (31).
Initial (time 0) samples were taken 2–5 s after injection. Each
mouse was processed individually, and therefore the time
between injection and bleeding was similar among mice. In
preliminary experiments, i.v. injections of toluidine blue
verified rapid distribution to the peripheral tissues). Serum
was separated and 10-�l aliquots were incubated with 10 �l of
10 mg/ml BSA, precipitated with 10% trichloroacetic acid
and counted. Values are plotted as a percentage of time 0
counts.

Determination of serum IGF-1 ternary complex formation

As adopted from Baxter et al. (32), 100-�l serum samples were
incubated overnight at 22°C with 125I-IGF-1 (final concentra-
tion 10 ng/ml) and then cross-linked with disuccinimidyl
suberate (33). Complexes were separated using HiPrep 16/60
Sephacryl S-200 HR columns, and 1-ml fractions were col-
lected and counted.

Determination of body composition

Body adiposity levels were measured using a Bruker mq10
minispec nuclear magnetic resonance analyzer (Bruker Op-
tics, Woodlands, TX, USA) in nonanesthetized mice.

Determination of bone microarchitecture

Trabecular and cortical bone microarchitecture in the distal
femur and femoral diaphysis, respectively, were analyzed by
microcomputed tomography (�CT 40, Scanco Medical AG,
Basserdorf, Switzerland), as described previously (28, 34). For
trabecular bone regions, the bone volume fraction (BV/TV,
%), trabecular thickness (�m), trabecular number (mm�1),
and trabecular separation (�m) were assessed. For cortical
bone at the femoral midshaft, we measured average total
cross-sectional area inside the periosteal envelope (mm2), the
cortical bone and medullary area within this same envelope
(mm2), the bone area fraction (%), the polar moment of
inertia (m4), and the average cortical thickness (�m).

Gene expression studies

Total RNA from livers and bone marrow cultures was ex-
tracted (TRIzol; Invitrogen, Carlsbad, CA, USA), and RNA
integrity was verified (2100 Bioanalyzer, Bio Sizing software
version A.02.12 SI292; Agilent Technologies, Santa Clara, CA,
USA). RNA samples (1 �g) were reverse-transcribed using
oligo(dT) primers (Invitrogen) and quantitative real-time
PCR was performed following the manufacturer’s instructions
using the QuantiTect SYBR Green PCR kit (Qiagen, Valencia,
CA, USA) in ABI PRISM 7900HT sequence detection systems
(Applied Biosystems, Foster City, CA, USA). Each transcript
in each sample was assayed three times and the fold change
ratios between experimental and control samples were calcu-
lated relative to �-actin. Primers were the following: IGF-1:

forward 5�-GGCATTGTGGATGAGTGTTG and reverse 5�-
TCTCCTTTGCAGCTTCGTTT; 179-bp IGFBP-3: forward
5�-ATTCCAAGTTCCATCCACTC and reverse 5�-AGGAGA-
AGTTCTGGGTGTC; 119-bp ALS forward 5�-CCTGCAGAA-
TCTCTACCATCT and reverse 5�-CAAACTGAGTGAAGCC-
AGAC; 99-bp receptor activator of nuclear factor-�B ligand
(RANKL) forward 5�-GCTCCGAGCTGGTGAAGAAA and re-
verse 5�-CCCCAAAGTACGTCGCATCT; 82-bp osteocalcin:
forward 5�-CGC CTA CAA ACG CAT CTA TG and reverse
5�-AGC TGC TGT GAG ATC CAT AC; and osteoprotegerin
(OPG) forward 5�-AGT CCG TGA AGC AGG AGT and
reverse:5�-CCA TCT GGA CAT TTT TTG CAA A.

Statistical analysis

Differences in morphological, growth, and cell behavior-
related trait values were assessed by ANOVA followed by
Tukey’s post hoc multiple comparison tests (GraphPad Soft-
ware Inc., San Diego, CA, USA). Evaluations of hormonal
status and IGFBPs were determined by two-way ANOVA or t
test (as indicated) using SigmaStat software (SPSS Inc., Chi-
cago, IL, USA). Values are presented as means 	 se. P 
 0.05
was considered statistically significant.

RESULTS

Generation of mice with serum IGF-1 deficiency

Previously established LID, ALSKO, and BP3KO mice
were used to generate a series of double mutant
progeny strains as well as a triple mutant (LAB) strain.

The crossing strategy was as follows. LID mice are
homozygous for floxed IGF-1 and for the Cre recombi-
nase transgene. ALSKO and BP3KO mice contain two
null alleles for als and igfbp-3 genes, respectively. The
Als wild-type allele is labeled A and the null allele is
labeled a; similarly, igfbp-3 wild-type and null alleles are
labeled B and b, respectively. We introduced homozy-
gous floxed IGF-1 alleles (LL) into both BP3KO and
ALSKO mice before crossing with LID mice to assure
uniformity of IGF-1 expression in all progeny.

Initial crosses between LID and both ALSKO and
BP3 parental mice yielded heterozygotes for all geno-
types (except those for floxed IGF-1, which were ho-
mozygous in all cases). LID/ALSKO heterozygotes
(with genotype L/L A/a B/B Cre�/�) and LID/BP3
heterozygotes (with genotype L/L A/A B/b Cre�/�)
were crossed, and triple heterozygote progeny (geno-
type L/L A/a B/b Cre�/�) were selected. Crossing
these triple heterozygotes yielded several F2 genotypes,
of which five (shown below) were selected for charac-
terization: control (genotype L/L A/A B/B Cre�/�),
LID (genotype L/L A/A B/B Cre�/� or Cre�/�),
ALSKO (genotype L/L a/a B/B Cre�/�), BP3KO (ge-
notype L/L A/A b/b Cre�/�), and LAB (genotype L/L
a/a b/b Cre�/� or Cre�/�).

Strains carrying the Cre transgene (LID and LAB)
may have single or double integration sites. This did
not affect igf-1 gene recombination, based on very small
variations in serum IGF-1 in those groups.
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Effects of als and igfbp-3 gene inactivation on serum
levels of IGF-1 and IGF-1 binding complexes

Chemotypic analysis of serum from LID, ALSKO,
BP3KO, and LAB mice was performed at 4, 8, and 16 wk
of age in both males and females. Figure 1A shows data
from 8-wk-old males; similar patterns were observed in
both males and females at 4 and 16 wk.

IGF-1 gene deletion in liver resulted in an 80%
reduction in total serum IGF-1, whereas ALS and
IGFBP-3 deletions produced 60 and 40% reductions,
respectively (Fig. 1A). In contrast, LAB mice had virtu-
ally undetectable circulating IGF-1 (2.5% of control).
In agreement with previous findings (18, 21, 22), LID
mice showed a 3-fold increase in serum GH; LAB mice,
with even greater reductions in serum IGF-1, showed a
6-fold increase (Fig. 1B). Also as previously seen, GH in
both ALSKO and BP3KO mice did not differ from
controls despite substantial reductions in serum IGF-1.
It is as yet unclear why ALSKO and BP3KO mice do not
show an increase in GH secretion. However, these data
suggest that a threshold level of serum IGF-1 may be
required to prevent increases in GH expression and
that reductions seen in the ALSKO and BP3KO mice
have not yet achieved that threshold. ALS levels in
serum, which are largely regulated by GH, were in-
creased 7-fold in LID mice over controls. In addition,
BP3KO mice demonstrated a 3-fold increase in serum
ALS, despite no detectable increase in serum GH (Fig.
1C). The reductions in serum IGF-1 levels in LID mice
were accompanied by a 50% decrease in serum
IGFBP-3 (Fig. 1D). This change was probably due to

increased degradation and/or clearance, because
IGFBP-3 mRNA levels in livers of control and LID
mice did not differ (Fig. 1E). However, establishing
these possibilities conclusively will require more exten-
sive pharmacokinetic analyses. ALSKO mice exhibited a
97% reduction in serum IGFBP-3, also with no change
in liver IGFBP-3 mRNA (Fig. 1E). These findings sug-
gest that ALS is important in stabilizing IGFBP-3 in
serum.

We also examined the ability of serum from mutant
mouse strains to support formation of ternary com-
plexes with 125I-IGF-1 (48). This assay provides qualita-
tive data of all three components routinely seen in
serum IGF-1 binding complexes (IGF-1, an IGFBP, and
ALS). No ternary complexes (fraction A) were observed
in sera of ALSKO or LAB mice (Fig. 1F). However, sera
of ALSKO or LAB mice did show the ability to form
binary complexes (fraction B). It is important to note
that in this in vitro assay the concentrations of IGF-1 are
high enough to saturate the binding capacity of the
serum samples, which in LAB mice is due to IGFBP-1,
-2, and -4. In addition, in this vitro binding assay, the
constituents are probably less susceptible to proteolytic
degradation than they are in vivo. Surprisingly, serum
IGF-1 ternary complex levels in BP3KO mice were
similar to those of controls, suggesting that other
binding proteins (possibly IGFBP-5) were increased to
compensate for the reduced IGFBP-3. Ternary complex
formation was similar in LID and control mice. How-
ever, in LID mice, there is still a sufficient amount of
IGFBP-3 in serum to allow formation of ternary com-
plexes.

Figure 1. Serologic characterization of
IGF-1 deficient mice. A) Serum IGF-1.
B) GH. C) ALS. D) IGFBP-3. Sera were
obtained from 8- to 10-wk-old control, LID,
ALSKO, BP3KO, and LAB mice. Data are
means 	 se; values in parentheses indicate
number of mice per group. E) Liver expres-
sion of igf-1, als, and igfbp-3 genes was
assessed by real-time PCR. *P 
 0.05; two-
way ANOVA. F) Ternary IGF complex-for-
mation was assessed in sera obtained from
control, LID, ALSKO, BP3KO, and LAB
mice. Sera were incubated overnight at
22°C with [125I]IGF-1 and then cross-linked
with disuccinimidyl suberate and fraction-

ated on HiPrep 16/60 Sephacryl S-200 HR columns. Fractions were collected and counted, and Western immunoblots were
used to detect the ALS protein in fractions A and B. Data represent mean cpm; 3–5 mice/group.
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Possible compensatory mechanisms in serum IGF-1
deficiency states

Changes in serum levels of total IGF-1 and ternary
complexes were reflected in altered clearance of radio-
labeled IGF-1 (Fig. 2A). The half-life of 125I-IGF-1 was
the same in LID mice and controls but was significantly
reduced in ALSKO, BP3KO, and LAB mice, confirming
previous observations that ALS and IGFBP-3 both con-
tribute to the stability of circulating IGF-1.

IGFBP-3 is the most abundant binding protein in
serum; however, other binding proteins probably con-
tribute to IGF-1 stability. Assessment of the IGF-1 bind-
ing capacity of sera from the different mouse mutants
using 125I-IGF-1 ligand blot assays revealed overall re-
ductions in IGFBPs in the serum of IGF-1-deficient
mice (Fig. 2B). Specifically, IGFBP-3 was reduced in
ALSKO and LID mice and, as expected, abolished in
BP3KO and LAB mice. IGFBP-2, the second most
abundant form of IGFBP in serum, was also reduced in
LID, ALSKO, and LAB mice, a finding confirmed by
RIA (Fig. 2C). In particular, we found 66, 46, and 76%
reductions in IGFBP-2 levels in LID, ALSKO, and LAB
mice, respectively. The large reductions of IGFBP-2 in
LID and LAB mice probably reflects suppression by the
high GH in those mutants (Fig. 1).

IGFBP-2 concentrations are markedly elevated in
response to IGF-1 administration and accompany accel-
erated growth (35). In addition, IGFBP-2 knockout
mice demonstrated normal growth, but altered organ
size and increased IGFBP-3 levels, indicating that com-
pensatory mechanisms might increase production of
other binding proteins (35). However, we observed that
serum levels of IGFBP-2 were reduced, coinciding with
accelerated clearance/reduced stability of IGF-1 (Fig.

2A), so a compensatory role for IGFBP-2 in IGFBP-3
deficiency is unlikely.

IGFBP-5, which like IGFBP-3, also forms ternary
complexes with IGF-1 and ALS (5, 36), is normally low
in serum and was not detectable by ligand blot (Fig.
2B). However, IGFBP-5 can specifically bind to ALS,
even in the presence of higher concentrations of
IGFBP-3 (37). IGFBP-5 can either potentiate IGF-1
tissue effects when bound to extracellular matrix (38,
39) or inhibit IGF-1 in other circumstances (40, 41).
Furthermore, the 22-kDa fragment of IGFBP-5 is a
potent growth stimulant independent of its ability to
bind IGF-1 (38). Western immunoblotting (Fig. 2D)
quantified by densitometry (Fig. 2E) revealed 3-fold
decreases in IGFBP-5 in ALSKO and LAB mice, suggest-
ing that the stability of IGFBP-5, like that of IGFBP-3,
also depends on ALS. In contrast, serum IGFBP-5 in
BP3KO mice was almost doubled, suggesting increased
stability from increased ALS or some compensatory mech-
anism. Taken together, the results identify IGFBP-3 and
ALS, with lesser contributions from IGFBP-5 and possibly
other factors, as elements of an integrated IGF system
needed to preserve a normal reservoir of IGF-1 in
serum.

Tissue expression of IGF-1, IGFBP-3, and ALS genes
in IGF-1 deficiency states

Although mutant mice exhibited substantial differ-
ences in serum levels of IGF-1 and its binding proteins,
expression of these constituents in tissues was largely
unaffected (Fig. 3). In bone, bone marrow, gonadal fat
pad, and muscle, none of the mutants showed altered
expression of IGF-1. Moreover, expression of IGFBP-3

Figure 2. IGF-binding pro-
teins and IGF-1 clearance.
A) Half-life of [125I]IGF-1 in
sera obtained from control,
LID, ALSKO, and BP3KO
mice. Data are means 	 se; n

�12 mice/group. *P 
 0.05 vs. control. B) Ligand blot assay shows IGF-1 binding capacity of serum from control, LID,
ALSKO, BP3KO, and LAB mice. Reactive bands corresponding to IGFBP-3 were not detectable in BP3KO and LAB mice and
significantly reduced in LID and ALSKO mice. C) Serum IGFBP-2 levels, determined by RIA in sera from 8- to 10-wk-old
control, LID, ALSKO, BP3KO, and LAB mice. Data are means 	 se (number per group in parentheses). D) Serum levels of
IGFBP-5 detected by Western immunoblot and (E) quantified by densitometry, showing twofold increase in BP3KO mice.
Data are mean 	 se; n 
 5/group.
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and ALS in all tissues examined was unchanged from
that of controls except when that gene had been
ablated. We also found that IGF-2 was not expressed in
any mutant mouse strain (data not shown). Nonethe-
less, it is important to note that expression of IGFBP-3
or ALS in other nonskeletal extrahepatic tissues may
affect skeletal metabolism indirectly. For instance, LID
mice are known to have small spleens (18), and we have
recently identified hematopoietic alterations (reduc-
tions in B and T cells and monocytes) that could affect
skeletal development and remodeling (42) (S. Yakar, in
preparation).

Postnatal growth in IGF-1 deficiency states

To relate changes in serum IGF-1 and its binding
complexes to its physiological consequences, we first
evaluated growth of LID, ALSKO, BP3KO, and LAB
mice between 3 and 8 wk of age on the basis of body

weight, length, and composition (Fig. 4). As observed
previously, body weight of LID mice did not differ
significantly from that of controls (Fig. 4A). BP3KO
mice, however, showed accelerated growth and at 8 wk
were 15–20% heavier than control mice. This finding
differs from that of Ning et al. (23) and may reflect
either the floxed IGF-1 allele in the BP3KO mice used
in this study or other more general differences between
the strains. In contrast, body weights of ALSKO and
LAB mice were 15–20% lower than those of controls at
all ages. Interestingly, weights of LAB and ALSKO mice
were comparable, despite much lower serum IGF-1 in
LAB mice, suggesting that igfbp-3 gene inactivation may
promote growth even in the absence of ALS.

Body lengths in 8-wk-old males were consistent with
body weights: ALSKO mice were 8% shorter than
controls, BP3KO mice were 5% longer, and LID mice
were no different (Fig. 4B). Interestingly, despite un-
detectable serum IGF-1, LAB mice exhibited only a 6%

Figure 3. Tissue expression of igf-1, igfbp-3, and
als. PCR analysis of RNA from femoral diaphyses,
bone marrow, gonadal fat pad, and muscle. For
primers; see Materials and Methods. Each lane
represents a single mouse.

Figure 4. Growth characteristics of IGF-1-deficient mice. A, B) Body weight (A) and body length (B) at 8 wk of age in
IGF-1-deficient mice. C) Body compositions determined by MRI, presented as a percentage of fat mass. Data are means 	 se;
values in parentheses indicate number of mice per group.
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decrease in body length, comparable to that of ALSKO
mice that had roughly 10-fold greater serum IGF-1
levels. These data further suggest that igfbp-3 gene
inactivation leads to increased body size.

Body composition was assessed by measuring abso-
lute organ and tissue weights and by MRI. All mutant
mice exhibited increased adiposity (Fig. 4C). Gonadal fat
pad weight was also markedly increased in all IGF-1-
deficient mice, most notably in LID mice (Table 1).

Adult skeletal phenotype in IGF-1 deficiency states

The consequences of serum IGF-1 deficiency on skele-
tal development were assessed by microcomputed to-
mography analysis of both trabecular and cortical
bone in femurs of adult (16-wk-old) male mice
(Table 2). Trabecular (BV/TV) was only mildly re-
duced in LID and LAB mice (10%) compared with
controls and decreased by an additional 10 and 20%
in ALSKO and BP3KO mice, respectively. Trabecular
number and separation exhibited patterns similar to
BV/TV, whereas only BP3KO mice differed from con-
trols in trabecular thickness, showing an increase. In
cortical bone, mid-diaphyseal thickness decreased in
LID and LAB mice only. Cross-sectional geometry (i.e.,
polar moment of inertia), an indirect measure of bone
strength, was decreased significantly in LID, ALSKO,
and LAB mice but unchanged in BP3KO mice. The
most profound effect on cortical bone was seen in
LAB mice, which exhibited a 10% decrease in thick-
ness and a 2-fold decrease in polar moment of
inertia. In summary, cortical bone parameters ap-
peared to be highly dependent on serum IGF-1
levels, whereas trabecular BV/TV was affected more
by changes in the distribution of IGF binding com-
plex constituents.

Indices of bone resorption and formation in IGF-1
deficiency states

Differences in skeletal mass and organization may arise
from altered bone formation, bone resorption, or both.
To assess possible differences in tissue levels of bone
remodeling regulators, we tested femoral diaphyseal
bone (after removal of bone marrow) for the expres-
sion of RANKL and its decoy receptor OPG (Fig. 5).

RANKL is essential for osteoclast differentiation, and
the OPG/RANKL ratio is considered an index of bone
resorption activity both in vivo and in vitro. RANKL
expression was reduced relative to controls in LID and
ALSKO mice, but increased 6-fold in BP3KO and 3-fold
in LAB mice, respectively. On the other hand, OPG
expression was undetectable in BP3KO and LAB mice,
respectively. Consequently, LID and ALSKO mice ex-
hibited highly increased OPG/RANKL ratios (40- to
50-fold), suggesting overall reduced bone resorption in
these mutant strains.

Indices of carbohydrate metabolism in IGF-1
deficiency states

Adult (14–16 wk) mice of all strains appeared normo-
glycemic in the fasting state (data not shown). How-
ever, LID and LAB mice exhibited increased serum
insulin levels (Fig. 6A), probably due to increases in GH
and secondary insulin resistance. Increased serum lep-
tin was observed in all strains (Fig. 6B), in agreement
with our previous observation of increased adiposity in
LID, ALSKO, and LAB mice but only a 10% increase in
fat in the BP3KO mice. Glucose tolerance tests, reflect-
ing both �-cell function and insulin sensitivity, revealed
increased glucose clearance in ALSKO mice and re-
duced clearance in LID and LAB mice (19, 20, 22) (Fig.
6C). LAB mice (which also have increased serum GH
and insulin) exhibited higher blood glucose levels than
controls at 30 and 60 min after glucose load, but
cleared glucose efficiently after 120 min. These data
suggest that the prevalence of IGF-1 complexes in
serum and/or in tissues produces different effects on
GH secretion and carbohydrate metabolism. As we
noted previously for skeletal effects, changes in expres-
sion and bioactivity of IGFBP-3 in extrahepatic tissues
can affect carbohydrate metabolism. For example,
IGFBP3 is expressed within islet cells throughout fetal
and neonatal life and is mainly associated with the
�-cell-rich islet mantle (43). In vitro studies show that
�-islet cell lines also express the IGFBP-3 gene, raising
the possibility that changes in IGFBP3 expression can
directly or indirectly affect insulin secretion and action
in peripheral tissues (44–47).

TABLE 1. Organ weights at 8 wk of age

Variable Control (n
14) LID (n
8) ALSKO (n
16) BP3KO (n
26) LAB (n
24)

Body weight (g) 19.04 	 0.6 19.58 	 0.45#,$ 16.8 	 0.25*,†,# 23.0 	 0.42*,†,# 17.9 	 0.4*,†,$

Body length (cm) 8.8 	 0.02 8.5 	 0.28*,$,@ 8.2 	 0.07*,$ 9.2 	 0.06*,†,#,@ 8.3 	 0.06*,$

Gonadal fat (g) 0.2 	 0.02 0.4 	 0.00*,#,$,@ 0.3 	 0.01*,†,$ 0.2 	 0.01†,#,@ 0.3 	 0.02*,†,$

Spleen (g) 0.06 	 0.00 0.04 	 0.00*,#,$ 0.05 	 0.00*,†,$,@ 0.08 	 0.00*,†,#,@ 0.04 	 0.00*,#,$

Kidney (g) 0.26 	 0.01 0.26 	 0.00 0.3 	 0.00 0.3 	 0.00 0.26 	 0.00
Liver (g) 0.88 	 0.04 0.97 	 0.04*,# 0.86 	 0.02†,# 1.16 	 0.04*,†,#,@ 0.93 	 0.03*,#,@

Muscle: gastrocnemius (g) 0.12 	 0.00 0.12 	 0.00$ 0.10 	 0.00$ 0.14 	 0.00*,†,#,@ 0.10 	 0.00$

Heart (g) 0.1 	 0.00 0.1 	 0.00 0.09 	 0.00 0.1 	 0.00 0.1 	 0.00

Data are means 	 se. *P � 0.05 vs. control; †P � 0.05 vs. LID; #P � 0.05 vs. ALSKO; $P � 0.05 vs. BP3KO; @P � 0.05 vs. LAB.
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DISCUSSION

Two major problems in understanding the functions of
IGF-1 are its dual roles as an endocrine and autocrine/
paracrine effector and the possible functions of its
several binding proteins in controlling bioavailability.
In this study we compared the phenotypes of geneti-
cally deficient mice lacking liver-specific expression of
IGF-1 (LID), ALS, and IGFBP-3, as well as a triple
knockout that resulted in a reduction of total serum
IGF-1 levels by �97%. Our results indicate that locally
produced IGF-1 predominates over circulating IGF-1 in
maintaining skeletal integrity and that IGF-1 binding
complex constituents (ALS and IGFBP-3) also play
crucial roles in regulating skeletal function.

The severe skeletal phenotype resulting from com-
plete knockout of IGF-1 indicates critical roles for IGF-1
in skeletal development and maintenance. Subsequent
attempts to eliminate circulating IGF-1 by genetic abla-
tion of individual binding complex components (liver-
specific IGF-1, ALS, and IGFBP-3), only partly reduced
serum IGF-1 and yielded minor skeletal phenotypes,
suggesting that the remaining serum IGF-1 could still
have had a substantial impact on the skeleton. Here we
show that combined ablation of liver IGF-1, ALS, and
IGFBP-3 removed �97% of total serum IGF-I; the
remaining �2.5% corresponds to the amount of free
IGF-1 commonly detected in serum. Moreover, serum
from the triple knockout mouse (LAB) had reduced
levels of other binding proteins (IGFBP-2 and IGFBP-5)
and exhibited no ability to form complexes with exog-
enous IGF-1. These results indicate a low likelihood of
IGF-1 complexes with other binding proteins in serum.

However, IGF-1 in tissues can still complex with other
binding proteins, and these complexes may help define
local IGF-1 bioavailability.

LAB mice exhibited a clear bone phenotype, includ-
ing reduced cross-sectional area (greater slenderness)
and cortical area and a 2-fold reduction in polar
moment of inertia relative to controls. However, these
phenotypic features were still markedly less severe than
those reported for IGF-1-null mice (48), strongly sug-
gesting that tissue (local) IGF-1 and its complexes and
not circulating IGF-1 have a major role in skeletal
development. Interestingly, reductions in linear growth
of LID and LAB mice (25%) were apparent despite
increases in circulating GH, which promotes linear
growth in bone by stimulating local IGF-1 production.
Thus, elevated GH was not sufficient to compensate for
the serum IGF-1 deficiency.

Disruption of IGF binding complexes in ALSKO,
BP3KO, and LAB mice did not substantially increase
other IGFBPs, suggesting the lack of a compensatory
mechanism to maintain levels of IGF complexes in
serum. Whether such compensatory mechanisms exist
in individual tissues, however, remains to be deter-
mined. There is no evidence that tissue complexes are
derived from serum-borne constituents, so individual
IGFBPs/ALS are likely to be produced locally.

Whether free or binary-complexed IGF-1 is the pre-
dominantly active form in tissue is not clear nor are the
mechanisms of IGF-1 release from its complexes. Fur-
thermore, IGFBPs can not only potentiate or inhibit
IGF-1 action but have also been reported to regulate
cell migration, proliferation, and apoptosis indepen-
dent of IGF (5, 6). Transgenic mice overexpressing

Figure 5. Bone resorption and formation indices. Rankl and opg expression in femoral diaphysis (real-time PCR). For primers,
see Materials and Methods. Data are means 	 se; n 
 5 mice/group.

TABLE 2. Microcomputed tomography analysis of femurs of 16-wk-old mice

Variable Control (n
13) LID (n
8) ALSKO (n
7) BP3KO (n
13) LAB (n
8)

Trabecular BV/TV (%) 17.42 	 1.06 15.56 	 0.76$ 15.088 	 1.38$ 11.80 	 0.82*,†,#,@ 15.98 	 0.93$

Trabecular number (mm
�1)

4.98 	 0.14 4.67 	 0.08#,$ 4.01 	 0.31*,†,@ 3.65 	 0.16*,†,@ 5.03 	 0.16#,$

Trabecular thickness (�m) 50.3 	 1.9 47.8 	 0.7$ 49.0 	 1.2$ 54.01 	 2.3†,@ 47.9 	 1.1$

Trabecular separation (�m) 200.36 	 7.2 212.3 	 4.4#,$ 262.3 	 23.6*,†,@ 280.9 	 12.10*,†,@ 197.4 	 7.9#,$

Cortical bone area/total area (%) 46.64 	 0.74 47.16 	 0.69 51.21 	 0.91 48.78 	 0.88 48.32 	 0.91
Cortical bone area (mm2) 0.68 	 0.63 0.55 	 0.02 0.58 	 0.01 0.69 	 0.02 0.49 	 0.01
Cortical thickness (�m) 181.8 	 5.0 166.7 	 3.8*,#,$ 180.0 	 1.9†,@ 188.2 	 4.1†,@ 160.7 	 2.9*,#,$

Polar moment of inertia (mm4) 0.27 	 0.02 0.17 	 0.01*,$,@ 0.17 	 0.01*,$,@ 0.26 	 0.01†,#,@ 0.12 	 0.00*,†,#,$

Data are mean 	 se. *P � 0.05 vs. control; †P � 0.05 vs. LID; #P � 0.05 vs. ALSKO; $P � 0.05 vs. BP3KO; @P � 0.05 vs. LAB.
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IGFBP-3 were growth-retarded (27), probably because
of reduced IGF-1 bioavailability. Similarly, histomor-
phometric studies of IGFBP-3 overexpressors showed
increased indices of bone resorption and decreased
indices of bone formation (49–52). Our findings that
BP3KO mice showed increases in body mass, linear
growth, and cortical thickness support the concept that
IGFBP-3 has a growth-inhibitory role independent of
IGF-1. Yet, IGFBP-3 ablation did not influence the
skeleton uniformly, as trabecular BV/TV declined in
BP3KO mice.

The finding that altered levels of IGF and its binding
complexes produced distinct effects on the growth
plate and on cortical, and trabecular bone was partic-
ularly interesting; however, several hormones (e.g.,
parathyroid hormone and estrogen) have long been
known to exert compartment-specific effects on bone
(53–55). The mechanistic basis for these results is not
yet clear but probably involves differences in the cellu-
lar and biochemical microenvironment (e.g., marrow,
vascularity, and adiposity) and state of mechanical
loading. Furthermore, whether these differences can
eventually be linked to specific sites of fracture risk
(e.g., spine or hip) remains to be determined.

Previous human studies established significant corre-
lations between serum IGF-1 levels and BMD and have
defined serum IGF-1 as a risk factor for osteoporotic
fractures (56–59). However, these studies have been
limited in two ways. First, IGF-I measurements reflected
only total serum levels, and second, BMD measure-
ments provided only tissue average assessments of bone
density and did not reflect changes in individual skel-
etal compartments. In the current study, we confirm
that changes in serum IGF-1 levels can profoundly
affect bone microarchitecture, but our data further
demonstrate that changes in the levels of IGF-1 and its
complexes have distinct effects on cortical and trabec-
ular bone. Moreover, our findings clearly demonstrate
that total IGF-1 levels in serum may not be an accurate
predictor of skeletal responses to perturbations in
IGF-1. Rather, the distribution of IGF-1 among specific

complexes, both in serum and in tissues, is likely to play
a dominant role in defining the effects of IGF-I on the
skeleton.

Human mutations of the GH-IGF system demon-
strate that IGF-1 is critical for normal human growth.
The absence of IGF-1 or its receptor results in pheno-
types that vary between mice and humans with respect
to their effects on metabolism and brain development
in addition to growth. In humans, loss of the ALS gene
as described in 11 patients already (9, 33, 60–64),
although resulting in a dramatic reduction in serum
IGF-1, leads to a minimal growth phenotype (as seen in
the ALSKO mouse). These patients present with nor-
mal stimulated GH levels with marked reduction of
IGF-1 and IGFBP-3 levels and patients manifest delayed
puberty, delayed bone mineralization, and few or no
metabolic or neurological effects. Although this differ-
ence from the mouse phenotype has not been fully
explained, it has been suggested that the likely increase
in the IGF-1 flux into tissues may be the reason for the
interspecies differences. Our study demonstrates that
the three components of the circulating IGF-1 complex
have multifaceted additive roles on the metabolic and
growth-promoting actions of IGF-1. Although a human
mutation in any of the IGFBPs has yet to be described,
our findings suggest what the human phenotype may
look like if such an individual exists.

In conclusion, we have demonstrated the importance
of the circulating IGF regulatory complex in defining
skeletal status. Moreover, we have shown that total
serum IGF-1 cannot predict bone acquisition, but that
each component of the IGF complex serves an impor-
tant role in bone growth and maintenance as well as in
carbohydrate metabolism. Evaluation of IGF-1 actions
as part of a global system (with binding proteins and
the ALS), rather than as a single peptide, would pro-
vide critical new information regarding the role of
serum IGF-1 in normal physiology and disease.

This work was funded by the National Institutes of Health
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Figure 6. A, B) Carbohydrate metabolism indices serum insulin (A) and leptin (B) analyzed in the fed state (RIA). Data are
means 	 se; n � 10 mice/group. C) Glucose tolerance. Glucose (2 mg/kg) injected intraperitoneally into 6-h fasted mice; blood
glucose measured at indicated time points. Data are means 	 se; n 
 6–8 mice/group.
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