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A Model for Tissue-Specific Inducible Insulin-like Growth
Factor-1 (IGF-1) Inactivation to Determine the Physiological Role

of Liver-Derived IGF-I
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Insulin-like growth factor-I (IGF-I) hasimportant growth-
promoting and metabolic effects and is expressed in
virtually every tissue of the body. The highest expres-
sion is found in the liver, but the physiological role of
liver-derived IGF-I is unknown. It has been difficult to
separate the endocrine effects of liver-derived IGF-I
from the autocrine/paracrine effects of locally pro-
duced IGF-I in peripheral tissues. Therefore, we have
developed a mouse model with a liver-specific induci-
ble deletion of the IGF-I gene (LI-IGF-I-/— mouse). The
LI-IGF-1-/— mouse has dramatically reduced (>80%)
serum IGF-I levels, demonstrating that the major part
of serum IGF-I is liver-derived. Surprisingly, LI-IGF-
I-/— mice demonstrate a normal appendicular skeletal
growth up to at least 12 mo of age despite the dramatic
decrease in circulating IGF-1 levels, indicating that
liver-derived IGF-I is not required for appendicular
skeletal growth. However, the adult axial skeletal growth
is reduced in the LI-IGF-I-/- mice. Furthermore, the
amount of cortical bone is reduced due to decreased
radial growth of the cortical bone, while the trabecu-
lar bone mineral density is unchanged in the LI-IGF-
I-/— mice. The decreased levels of circulating IGF-I
are associated with increased serum levels of growth
hormone (GH), indicating a role for liver-derived IGF-
I in the negative-feedback regulation of GH secretion.
Measurements of factors regulating GH secretion in the
pituitary and in the hypothalamus revealed an increased
expression of GH-releasing-hormone (GHRH) and GH-
secretagogue (GHS) receptors in the pituitary of LI-IGF-
I-/— mice. This in turn results in an increased sensitiv-
ity to systemically administered GHRH and GHS, dem-
onstrating that the regulatory action of liver-derived
IGF-1 on GH secretion is at the pituitary rather than at
the hypothalamic level. The liver is an important meta-
bolic organ and LI-IGF-1-/— mice are markedly hyper-
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insulinemic and yet normoglycemic, consistent with an
adequately compensated insulin resistance. Interest-
ingly, LI-IGF-1-/— mice display a reduced age-depen-
dent fat mass accumulation compared with control mice.
Furthermore, LI-IGF-I-/— mice have increased blood
pressure attributable to increased peripheral resistance
indicating a role for liver-derived IGF-1 in the regulation
of blood pressure. In conclusion, liver-derived IGF-I is
important for carbohydrate and lipid metabolism and
for the regulation of GH secretion at the pituitary level.
Furthermore, it regulates adult axial skeletal growth
and cortical radial growth while it is not required for
appendicular skeletal growth.
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Introduction

The physiological role of liver-derived circulating IGF-I
vs IGF-I produced locally in peripheral tissues has been dif-
ficult to investigate. To address this issue and to study the
importance of liver-derived IGF-I for growth and metabo-
lism, we and others developed a liver-IGF-I deficient mouse
model.

Liver-Specific Inducible IGF-I Inactivation

The Cre/loxP system is used to achieve cell type and/or
time-specific gene targeting (7). Cre/loxP is a site-speci-
fic recombination system of bacteriophage P1. Cre (causes
recombination) has been shown to perform efficient recom-
bination at /oxP sites (locus of X-ing over) in bacteria as
well as in eukaryotic cells (2,3). Cre-mediated excision can
be used toremove DNA segments in the genome: Two genet-
ically modified mouse lines are crossed, one that carries the
Cre gene coupled to a tissue-specific promoter and one where
the loxP sites have been integrated into the genome by gene-
tic targeting. Cre protein will be expressed in the desired
tissue, where it will excise DNA sequences flanked by loxP
sites. This system was used to establish a transgenic mouse
model with a liver-specific, inducible inactivation of the
IGF-I gene (Fig. 1).
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Fig. 1. Liver-specific inducible IGF-I inactivation. At 3 wk of age, mice homozygous for IGF-I exon 4 flanked with /oxP sites and
heterozygous for the Mx1-Cre construction were given INF to induce Cre expression. Cre causes recombination of the loxP sites and
subsequent excision of IGF-I exon 4 from genomic DNA. No functional IGF-I protein will be expressed in Cre-expressing cells, while
in other cells where the Mx1 promoter is silent IGF-I expression is normal. Cre-mediated excision in LI-IGF-I-/— mice led to a 95%
decrease in IGF-I mRNA levels in liver, whereas no significant effect was seen in other extrahepatic tissues including fat, muscle, bone,

kidney, brain, and heart.

The inducible promoter of the Mx/ gene was used to drive
the expression of Cre (4). The Mx1 gene is part of the defense
against viral infections, and it renders mice resistant to infec-
tions with influenza A and B viruses (5). Mx gene homologs
have been found in organisms ranging from yeast to humans
(6,7). The expression of Mx1 can be induced by interferon
o (IFN-a) or interferon B (IFN-B) (8). It is also induced by
polyinosinic—polycytidylic acid (pI-pC), which is a synthe-
tic, double-stranded RNA that activates the Mx1 promoter
directly as well as via induction of endogenous IFN (9). The
time course of induction is transient and declines after 6 h
in mice (9). The activity of the promoter after induction is
largely dependent on the integration site and, in the trans-
genic mouse line we used, the expression of Cre was high
in liver, medium in spleen, and very low or absent in other
tissues (4).

The Mx1-Cre mice were crossed with mice that have
had their normal exon 4 IGF-I allele replaced with an allele
where IGF-I exon 4 is flanked by two loxP sites (10). Exon
4 encodes several critical residues for the ligand—receptor
interaction, and Cre-mediated excision will result in a trun-
cated IGF-I protein that has no functional capability (71).
The crossing resulted in mice homozygous for IGF-I exon
4 flanked by loxP sites and either heterozygous for or lack-
ing the Mx1-Cre construction. We waited until weaning to
induce Cre expression by giving either human IFNa,/a.; or
pI-pC. An important advantage of this inducible model is
that the mice do not carry the knockout during embryogen-
esis or early neonatal life, when there can be a risk of dis-
turbed development and/or induction of compensatory mech-
anisms. The efficiency of recombination was studied by

Southern blot. There was an approx 90% recombination in
the liver, which consists of both the hepatocytes (with a high
proportion of binuclear and polyploid cells) and nonpar-
enchymal cells (712). In purified hepatocytes from LI-IGF-
I-/— mice, the IGF-I gene was completely recombined. In
all other tissues studied the recombination were less than
20%, except for the spleen where the recombination was 65%.
No recombination was found in control mice lacking the
Mx1-Cre construction but homozygous for IGF-I exon 4
flanked by /oxP sites. IGF-I mRNA levels in LI-IGF-1-/-
mice were decreased by more than 95% in liver and by
approx 60% in spleen, whereas no significant effect was
seen in other extrahepatic tissues including fat, muscle, bone,
kidney, brain, and heart (13). At 4 wk of age, the LI-IGF-
[—/—mice had a>80% decrease in serum IGF-I levels. This
decrease was still present when the mice were 13 mo old,
indicating a complete and sustained inactivation of the IGF-
I gene in hepatocytes (74).

Liver-Derived IGF-I Is Not Required
for Appendicular Skeletal Growth
but Is of Some Importance for Adult
Axial Skeletal Growth

Body growth (weight gain) and skeletal growth during
and shortly after sexual maturation was normal in the LI-
IGF-I-/— mice, demonstrating that liver-derived IGF-I is
not required for postnatal growth. Up to 10 wk of age, mice
maintained normal growth rate despite having dramatically
decreased serum IGF- I levels (Fig. 2) (13,15). In contrast
to humans, mice do not close their growth plates in the long
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Fig. 2. Body growth in liver-inducible IGF-I-/— (LI-IGF-I-/-) mice. Mice were given IFN at 3 wk of age to induce Cre expression. The
weights of male (A) and female (B) mice at various times after induction are indicated. Number of observations (n) = 4-5. Figure is

reproduced from Sjogren et al. (13).

bones completely after puberty, but continue to grow until
at least 1 yr of age. To study the long-term effects of liver-
specific IGF-I deletion on skeletal growth, mice were inves-
tigated at 13 mo of age. Interestingly, the adult axial skeletal
growth was decreased by 24% in the LI-IGF-I-/— mice,
while no major reduction of the adult appendicular skeletal
growth was seen (16). Taken together, these data demon-
strate that body growth and skeletal growth during sexual
maturation is independent of liver-derived IGF-1. However,
liver-derived IGF-I is clearly of some importance for adult
axial- but not appendicular-skeletal growth.

In serum, the majority of the IGFs exist in a 150 kDa
complex consisting of an IGF molecule, IGF binding pro-
tein 3, and acid labile subunit (ALS) (77). This complex
prolongs the half-lives of IGFs and is assumed to facilitate
their endocrine action. Recently, four different transgenic
mouse models with decreased serum IGF-I levels have been
reported: (1) the liver-specific inducible IGF-1 gene inacti-
vation (LI-IGF-1-/—, 13), (ii) the liver-specific IGF-I gene
inactivation using the albumin promoter (LID) (75), (iii)
the ALS gene inactivation (/8), and (iv) the double knock-
out of the liver IGF-I gene and the ALS gene (LID/ALS)
(19). By optimizing the inducible IGF-I inactivation in the
liver of the LI-IGF-I-/— mice, we have now been able to
reproducibly and with a high efficiency inactivate the IGF-I
gene in liver, resulting in serum IGF-I levels of 10-15% of
wild-type levels (16). The LID/ALS double-knockout mice
have serum IGF-I levels decreased to a similar extent as
seen in the LI-IGF-I-/—mice (19). The early postnatal GH-
independent longitudinal bone growth of femur was clearly
decreased in the LID/ALS double-knockout mice (79). We
have not yet studied this early growth period in the induc-
ible LI-IGF-I-/— mouse model. The decreased early post-
natal GH-independent longitudinal bone growth in the LID/
ALS double-knockout mice might be because this growth

is dependent on serum IGF-I or, alternatively, ALS may
exert other important functions besides being a passive car-
rier of IGF in serum. Autocrine/paracrine effects of ALS in
peripheral tissues are possible, as expression of ALS has
been found in several tissues besides liver including kid-
ney, developing bone, lactating mammary gland, thymus,
and lung and in the theca and granulosa cells of the ovary
(20-22). In contrast, to the disturbed GH-independent growth
during early life, longitudinal bone growth during the GH-
dependent growth period is almost unchanged in the LI-
IGF-1-/—and the LID/ALS double knockout (16,19). Thus,
results from several different mouse models indicate that
the GH-dependent longitudinal bone growth is largely inde-
pendent on serum IGF-I.

One may speculate that IGF-1I might compensate for the
decreased IGF-I stimulation, but the serum IGF-II levels,
IGF-II mRNA levels in bone, and bone content of IGF-II
were unchanged in LI-IGF-I-/— mice (16). Insulin-like
growth factor binding protein (IGFBP)-2 and -3 in serum
were decreased in mice with liver-specific inactivation of
the IGF-I gene, and it could be argued that the decrease in
serum IGF-I is not within the fraction of free and dissociable
IGF-I that would be consistent with their normal appen-
dicular skeletal growth. This is a plausible explanation con-
sidering that in one study measurements of free IGF-I showed
no significant difference between liver-IGF-I deficient mice
and controls (23). However, it is unlikely that the method
used to estimate dissociable IGF-I gives a true value of
biologically active IGF-I as seen by the cells in vivo (24).
Furthermore, several physiological parameters, including
increased GH secretion, insulin resistance, decreased fat mass,
increased leptin levels, increased blood pressure, decreased
periosteal bone growth, and reduced axial skeletal growth
clearly suggest that the levels of biologically active free
IGF-I are altered in LI-IGF-I-/— mice (13—16,23,25,26).
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There have been a few studies addressing the relative
importance of local versus systemic effects of IGF-I on body
growth. Treatment of patients with GH insensitivity syndrome
have shown that IGF-I is not as effective as GH at restoring
growth when compared with similarly aged infants with GH
deficiency (GHD) treated with GH (27,28). On the other hand,
the growth phenotype of GH receptor null mice was almost
completely reversed by IGF-I treatment (29). Together these
studies show that systemically administered IGF-I may have
the capacity to compensate for autocrine/paracrine-acting
IGF-I, although the LI-IGF-I-/— mice demonstrate that it
is not required for postnatal body growth.

Effects on Adult Bone
Metabolism in Liver-IGF-I Knockout Mice

GH and IGF-I are important for normal adult bone metab-
olism. GHD results in a decreased bone mass in both humans
and experimental animals (30). Long-term treatment of GHD
patients with GH increases bone mass and accumulation of
IGF-I in cortical and trabecular bone (317,32).

Although it is clear that IGF-I affects adult bone metab-
olism, it is difficult to separate systemic effects of liver-
derived IGF-I from the local effects of autocrine/paracrine
IGF-Iin bone. Mice with a liver-specific inactivation of the
IGF-I gene have decreased serum IGF-I levels by >80%
but normal expression of IGF-I and -II transcript in bone,
which make them a unique model to investigate the effects
of liver-derived, endocrine, IGF-I on adult bone metabo-
lism. Cortical and trabecular bone parameters were mea-
sured in IGF-I-deficient mice at different ages. LI-IGF-1-/—
mice had a clear reduction in the amount of cortical bone.
The decreased cortical bone mineral content (BMC) in these
mice was mainly due to a decreased periosteal circumfer-
ence associated with decreased cortical thickness (76). Sev-
eral studies have shown that GH treatment of normal as
well as ovariectomized rats results in an increased cortical
bone formation at the periosteal surface (33-35). Results
from LI-IGF-I-/— mice indicate that at least some of the
stimulatory effect of GH on cortical radial bone growth is
dependent on liver-derived IGF-I. In contrast, the trabecu-
lar bone mineral density (BMD) was unchanged in the LI-
IGF-I-/—mice (16). In summary, liver-derived IGF-I exerts
a small but significant effect on cortical periosteal bone
growth, while it is not required for the maintenance of the
trabecular bone mineral density in adult mice.

Liver-Derived IGF-I Regulates GH Secretion

Absence of liver-derived IGF-I caused a compensatory
increase in serum GH levels in mice (73,15). Both male and
female LI-IGF-I-/—mice have increased relative liver weights
(25). It seems reasonable to hypothesize that the increased
liver weight in the LI-IGF-I-/— mice is due to increased
GH-levels. Hepatocytes have very high levels of GH recep-

tors, and results from GH-overexpressing mice indicate
that enhanced GH levels cause a disproportional increase
in liver growth (36), while GH-receptor-knockout mice have
a decreased relative liver weight (37).

Two major hypothalamic hormones regulate GH secre-
tion from the pituitary: GH-releasing hormone (GHRH),
which induces GH-secretion, and somatostatin, which inhib-
its GH secretion (38,39). The low basal GH levels between
pulses in male rats are probably due to suppression of GH
by surges of hypothalamic somatostatin, which may inhibit
release of hypothalamic GHRH as well as its action on the
pituitary. Neuropeptide Y (NPY) is another hypothalamic
peptide that has been reported to mediate negative-feedback
inhibition of GH secretion, possibly by increasing somato-
statin expression (40,41). Activation of the GH-secretago-
gue (GHS) receptor induces GH-secretion, involving direct
stimulation at the pituitary level as well as stimulation of
GHRH release and possibly also inhibition of somatostatin
release at the hypothalamic level (42,43). Until recently,
the only known ligands for the GHS receptor were synthe-
tic peptides and nonpeptides such as GH-releasing peptide-6
(GHRP-6), MK677, and ipamorelin (44). The first endog-
enous GH secretagogue, ghrelin, was cloned from rat stom-
ach (45). To investigate the mechanism behind the increased
GH levels in LI-IGF-I-/— mice, the mRNA expression of
several of these GH secretion regulatory factors were mea-
sured in the hypothalamus and the pituitary. LI-IGF-1-/—
mice had increased expression of the receptors for GHRH
and GHS in the pituitary, while no effect was seen on expres-
sion of pituitary somatostatin receptors or hypothalamic
GHRH, somatostatin, and NPY. Consistent with an increased
number of bioactive pituitary receptors, mice with liver-
specific IGF-1 depletion had an increased sensitivity to
GHRH and GHS when injected systemically (25).

A GHRH antagonistic effect of IGF-I has been demon-
strated earlier inrat pituitary cells in vitro (46,47). An inhib-
itory effect of IGF-I on GHRH receptor mRNA levels has
also been reported in vivo by Kamegai et al. when giving
IGF-I replacement to the GH-deficient spontaneous dwarf
rat (48). Similarly to LI-IGF-I-/—mice, GH-receptor-knock-
out mice have markedly decreased levels of IGF-I in the cir-
culation, and they were also found to have increased GHRH
receptor and GHS receptor levels in the pituitary (49).

Clinical studies on the effects of pharmacological IGF-I
treatment on GHRH responsiveness have not been completely
conclusive. IGF-I infusion has been reported to decrease the
GH response to GHRH treatment in men but not in women,
while this treatment inhibited the spontaneous, pulsatile GH
secretion in both men and women (50). In another study,
however, IGF-I treatment did suppress GHRH-induced GH-
secretion in young women (35/). In contrast to the study in LI-
IGF-I-/— mice, IGF-I has earlier been shown to have effects
on GH secretion at the hypothalamic level, e.g., via enhanced
somatostatin release (46,52,53). However, in these studies
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IGF-I was administered either intracerebroventricularly
(52,53) or in an in vitro system (46). Perhaps those studies
demonstrate that local IGF-I expression in the hypothala-
mus can have effects on GH secretion, while the LI-IGF-
[-/— mouse model demonstrates the effects of endogenous
liver-derived IGF-I.

In summary, loss of liver-derived IGF-I feedback on the
hypothalamic—pituitary system increases GH secretion and
results in increased expression and sensitivity of pituitary
GHRH and GHS receptors. Therefore, the major site of
action of liver-derived IGF-I in the regulation of GH secre-
tion seems to be at the pituitary rather than at the hypotha-
lamic level.

Changes in Glucose Metabolism
and Decreased Fat Mass in LI-IGF-I-/— Mice

It is well known that IGF-I causes an acute decrease in
glucose and insulin concentrations in the blood, and IGF-I
has even been suggested as a potential therapy for diabetes
because it reduces insulin resistance (54,55). In line with
these studies, LI-IGF-I-/— mice have elevated basal as well
as glucose-induced insulin levels but normal glucose levels,
which could be interpreted as adequately compensated insu-
lin resistance (Fig. 3) (14,23). A similar phenotype is seen
in mice overexpressing IGFBP-1, which results in a partial
IGF-I deficiency (56). Furthermore, IGF-I overexpressing
mice have reduced basal insulin levels (57). In a recent
study in humans with normal glucose tolerance at baseline,
high circulating levels of IGF-I were associated with reduced
risk of development of impaired glucose tolerance and type-
2 diabetes (58). Together, these studies may indicate an impor-
tant role of liver-derived endocrine IGF-I for normal glucose
homeostasis.

Insulin resistance is usually associated with obesity, but
LI-IGF-I-/—mice had decreased fat content at 13 mo of age
and thus seem to be at least partially protected against the
obesity that normally develops in older mice (Fig. 4) (14).
One possibility is that the decreased fat mass might be
secondary to the elevated GH levels in LI-IGF-I-/— mice.
GH is known to promote lipolysis directly in adipose tissue
by enhancing the reactivity of hormone-sensitive triglyc-
eride lipase to lipolytic hormones (59). In addition, GH
renders adipose tissue less sensitive to the antilipolytic effects
of'insulin (60). Furthermore, GHD humans have increased
fat mass, a condition that can be reversed by GH treatment
(61). Some studies have shown that the effects of IGF-I on
fat mass and lipid metabolism are similar to those of GH,
arguing that the low levels of circulating IGF-I in LI-IGF-
I—/— mice are not directly involved in the decreased fat
mass in these mice. Treatment with IGF-I in normal adults
was accompanied by elevated energy expenditure and lipid
oxidation and reduced protein oxidation (62). Several stud-
ies have also reported that IGF-I treatment decreases body
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Fig. 3. Intravenous glucose tolerance test. Plasma insulin (A) and
glucose (B) was measured immediately before and 1, 5, 10, 20,
30, and 50 min after intravenous injection of glucose (1 g/kg) in
4-mo-old anaesthetized female mice. Values are expressed as
means = SEM. *p <0.05, **p <0.01, LI-IGF-I-/- versus control,
Student’s ¢ test, n = 4-7. Similar results were obtained for male
mice. Figure is reproduced from Sjogren et al. (74). (Copyright ©
2001 American Diabetes Association. Reprinted with permission
from The American Diabetes Association.)

fat mass in patients with Laron (also called GH-resistance
or -insensitivity) syndrome or GHD (63-65) and in Hx rats
(66). The mechanism behind these effects is probably not
direct because mature adipocytes have low levels of func-
tional type-I IGF receptors. Instead, it has been suggested
that IGF-I has an indirect effect by inhibiting insulin secre-
tion and thereby decreasing lipogenesis in adipose tissue
(67). However, LI-IGF-I-/— mice have decreased IGF-I lev-
els and increased insulin levels associated with decreased
fat mass, which do not support this mechanism of action.
Furthermore, in a study by Underwood et al., IGF-I was
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Fig. 4. Total body fat, as measured using dual-energy X-ray absorp-
tiometry, in 13-mo-old pooled male and female LI-IGF-I-/—and
control mice. (A) DXA/image analysis of fat content in represen-
tative LI-IGF-I-/— and control mice. Areas with more than 50% fat
are shown as white areas, while areas with lean mass and bone are
shown as black areas. (B) Fat area. Values are expressed as per-
centage of control and given as means + SEM. *p <0.05, LI-IGF-
I—/—versus control, Student’s ¢ test, n = 11. Figure is reproduced
from Sjogren et al. (14). (Copyright © 2001 American Diabetes
Association. Reprinted with permission from The American Dia-
betes Association.)

shown to decrease fat mass in children with GH-insensitiv-
ity syndrome during the first 2 yr of treatment. However,
the authors claimed that with prolonged IGF-I treatment,
several patients tended to gain excessive amounts of fat (28).
A similar observation, of increased fat mass after prolonged
IGF-I treatment, was done in a patient with IGF-I gene dele-
tion (68). Together these studies point to a complex and prob-
ably indirect relation between IGF-I and fat mass.
Several experimental studies indicate a role for IGF-I in
preadipocyte proliferation and differentiation. Mice over-
expressing IGFBP-1 have, similar to LI-IGF-I-/—mice, a lean
phenotype. As mentioned earlier, the IGFBPs limit the bio-
availability of IGF-I, and IGFBP-1 overexpressing mice have
a phenotype consistent with partial inhibition of IGF-I action
in all tissues. IGFBP-1 overexpressing mice exhibited im-
paired preadipocyte proliferation and differentiation (69).

These results are consistent with a study in mice with par-
tial IGF-I receptor deficiency in all tissues. These mice had
decreased fat mass consisting of fewer but larger adipocytes
indicating decreased preadipocyte proliferation and stimu-
lation of differentiation into mature adipocytes (70). In com-
parison, LI-IGF-I-/— mice have decreased fat mass but the
IGF-I gene inactivation is limited to the liver with normal
IGF-I expression in peripheral tissues, including adipose tis-
sue (13). Further studies are required to investigate whether
adipocyte formation is impaired in LI-IGF-I-/— mice.

Leptin is produced in adipose tissue and is known to reduce
fat mass by decreasing food intake (7/). Interestingly, lep-
tin levels were clearly increased in LI-IGF-I—/— mice (74).
One of the most important regulators of leptin is insulin
(72). Thus, the increased leptin levels in LI-IGF-I-/— mice
might be secondary to the elevated insulin levels. Food in-
take was normal in LI-IGF-I-/— mice when measured over
a2-wk period, although a small, long-term effect of slightly
reduced food intake cannot be excluded (unpublished ob-
servation). Further studies are required for the determina-
tion of the exact mechanism behind the decreased fat mass
in LI-IGF-I-/— mice.

Liver-Derived IGF-I
Is Involved in Blood Pressure Regulation

IGF-I is a potent vasodilator that decreases blood pres-
sure and peripheral resistance when administrated in vivo (73,
74). This suggests a role of IGF-I in the regulation of vascu-
lar tone. Indeed, we could show that LI-IGF-I-/— mice had
increased blood pressure attributable to increased peripheral
resistance. Vessels from LI-IGF-I-/— mice showed impaired
endothelium-dependent vasodilation in vitro while endo-
thelium-independent vasodilation was normal. LI-IGF-I-/-
mice also had increased vascular mRNA expression of the
vasoconstrictor endothelin-1 (26). These results imply a
role of liver-derived IGF-I in physiological blood pressure
regulation.

In conclusion, liver-derived IGF-I is important for car-
bohydrate and lipid metabolism and for the regulation of
GH secretion at the pituitary level as well as physiological
blood pressure regulation. Furthermore, it regulates adult
axial skeletal growth and cortical radial growth while it is
not required for appendicular skeletal growth.

Acknowledgments

This study was supported by the Swedish Medical Research
Council, the Swedish Foundation for Strategic Research,
the Lundberg Foundation, the Swedish Medical Society, the
Novo Nordisk Foundation, the Torsten and Ragnar Soder-
bergs Foundation, the Emil and Vera Cornell Foundation,
the Petrus and Augusta Hedlunds Foundation, and the Wen-
nergren Foundation. We also thank SWEGENE Center for
Bio-Imaging (CBI), Gothenburg University, for technical
support regarding image analysis.



Vol. 19, No. 3

Model for Tissue-Specific Inducible IGF-1 / Sjogren et al.

255

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

Gu, H., Marth, J. D., Orban, P. C., Mossmann, H., and
Rajewsky, K. (1994). Science 265, 103—106.

Sauer, B. (1987). Mol. Cell. Biol. 7, 2087-2096.

Sauer, B. and Henderson, N. (1988). Proc. Natl. Acad. Sci. USA
85, 5166-5170.

Kuhn, R., Schwenk, F., Aguet, M., and Rajewsky, K. (1995).
Science 269, 1427-1429.

Lindenmann, J. (1964). Proc. Soc. Exp. Biol. Med. 116, 506—509.
Aebi, M., Fah, J., Hurt, N., et al. (1989). Mol. Cell Biol. 9,
5062-5072.

Rothman, J. H., Raymond, C. K., Gilbert, T., O’Hara, P. J., and
Stevens, T. H. (1990). Cell 61, 1063—1074.

Staeheli, P., Danielson, P., Haller, O., and Sutcliffe, J. G.
(1986). Mol. Cell Biol. 6, 4770-4774.

Arnheiter, H., Skuntz, S., Noteborn, M., Chang, S., and Meier,
E. (1990). Cell 62, 51-61.

Liu, J. L., Grinberg, A., Westphal, H., et al. (1998). Mol.
Endocrinol. 12, 1452—1462.

Liu, J. P., Baker, J., Perkins, A. S., Robertson, E. J., and Efstra-
tiadis, A. (1993). Cell 75, 59-72.

Schulte-Hermann, R., Hoffmann, V., and Landgraf, H. (1980).
Chem. Biol. Interact. 31, 301-311.

Sjogren, K., Liu, J. L., Blad, K., et al. (1999). Proc. Natl. Acad.
Sci. USA 96, 7088—-7092.

Sjogren, K., Wallenius, K., Liu, J. L., etal. (2001). Diabetes 50,
1539-1545.

Yakar, S., Liu, J. L., Stannard, B., et al. (1999). Proc. Natl.
Acad. Sci. USA 96, 7324-7329.

Sjogren, K., Sheng, M., Moverare, S., et al. (2002). J. Bone
Min. Res. 17, 1977-1987.

Jones, J. I. and Clemmons, D. R. (1995). Endocr. Rev. 16,
3-34.

Ueki, I., Ooi, G. T., Tremblay, M. L., Hurst, K. R., Bach, L. A.,
and Boisclair, Y. R. (2000). Proc. Natl. Acad. Sci. USA 97,
6868—6873.

Yakar, S., Rosen, C. J., Beamer, W. G, et al. (2002). J. Clin.
Invest. 110, 771-781.

Chin, E., Zhou, J., Dai, J., Baxter, R. C., and Bondy, C. A.
(1994). Endocrinology 134, 2498-2504.

Janosi, J. B., Twigg, S. M., Firth, S. M., Baxter, R. C., and
Delhanty, P. J. D. (1999). In 5th International Symposium on
Insulin-like Growth Factors, p. 373.

Wandji, S. A., Gadsby, J. E., Simmen, F. A., Barber, J. A., and
Hammond, J. M. (2000). Endocrinology 141, 2638-2647.
Yakar, S., Liu, J. L., Fernandez, A. M., et al. (2001). Diabetes
50, 1110-1118.

Bang, P., Ahlsen, M., Berg, U., and Carlsson-Skwirut, C.
(2001). Horm. Res. 55, 84-93.

Wallenius, K., Sjogren, K., Peng, X. D., et al. (2001). Endocri-
nology 142, 4762-4770.

Tivesten, A., Bollano, E., Andersson, 1., et al. (2002). Endocri-
nology 143, 4235-4242.

Laron, Z. and Klinger, B. (2000). Acta Paediatr. 89, 38-41.
Backeljauw, P. F. and Underwood, L. E. (2001). J. Clin. Endo-
crinol. Metab. 86, 1504-1510.

Sims, N. A., Clement-Lacroix, P., Da Ponte, F., et al. (2000).
J. Clin. Invest. 106, 1095-1103.

Ohlsson, C., Bengtsson, B. A., Isaksson, O. G., Andreassen,
T. T., and Slootweg, M. C. (1998). Endocr. Rev. 19, 55-79.
Ueland, T., Bollerslev, J., Flyvbjerg, A., Hansen, T. B., Vahl,
N., and Mosekilde, L. (2002). J. Clin. Endocrinol. Metab. 87,
2760-2763.

Johannsson, G., Rosen, T., Bosaeus, I., Sjostrom, L., and
Bengtsson, B. A. (1996). J. Clin. Endocrinol. Metab. 81,
2865-2873.

Oxlund, H., Andersen, N. B., Ortoft, G., Orskov, H., and
Andreassen, T. T. (1998). Endocrinology 139, 1899-1904.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

Andreassen, T. T., Jorgensen, P. H., Flyvbjerg, A., Orskov, H.,
and Oxlund, H. (1995). J. Bone Miner. Res. 10, 1057-1067.
Andreassen, T. T., Melsen, F., and Oxlund, H. (1996). J. Bone
Miner. Res. 11, 1094-1102.

Shea, B. T., Hammer, R. E., and Brinster, R. L. (1987). Endo-
crinology 121, 1924-1930.

Sjogren, K., Bohlooly, Y. M., Olsson, B., et al. (2000). Bio-
chem. Biophys. Res. Commun. 267, 603—608.

Plotsky, P. M. and Vale, W. (1985). Science 230, 461-463.
Tannenbaum, G. S. and Ling, N. (1984). Endocrinology 115,
1952-1957.

Chan, Y. Y., Clifton, D. K., and Steiner, R. A. (1996). Horm.
Res. 45, 12-14.

Minami, S., Kamegai, J., Sugihara, H., Suzuki, N., and
Wakabayashi, 1. (1998). Endocr. J. 45(Suppl.), S19-S26.
Smith, R. G., Van der Ploeg, L. H., Howard, A. D., etal. (1997).
Endocr. Rev. 18, 621-645.

Dickson, S. L., Bailey, A. R., and Leng, G. (1999). Growth
Horm. IGF Res. 9(Suppl. A), 89-91.

Raun, K., Hansen, B. S., Johansen, N. L., et al. (1998). Eur. J.
Endocrinol. 139, 552-561.

Kojima, M., Hosoda, H., Date, Y., Nakazato, M., Matsuo, H.,
and Kangawa, K. (1999). Nature 402, 656—660.

Berelowitz, M., Szabo, M., Frohman, L. A., Firestone, S., Chu,
L., and Hintz, R. L. (1981). Science 212, 1279—-1281.
Sugihara, H., Emoto, N., Tamura, H., et al. (1999). Neurosci.
Lett. 276, 87-90.

Kamegali, J., Unterman, T. G., Frohman, L. A., and Kineman,
R. D. (1998). Endocrinology 139, 3554-3560.

Peng, X. D., Park, S., Gadelha, M. R, et al. (2001). Endocri-
nology 142, 1117-1123.

Jaffe, C. A., Ocampo-Lim, B., Guo, W., et al. (1998). J. Clin.
Invest. 102, 153—164.

Ghigo, E., Gianotti, L., Arvat, E., et al. (1999). J. Clin. Endo-
crinol. Metab. 84, 285-290.

Tannenbaum, G. S., Guyda, H. J., and Posner, B. 1. (1983).
Science 220, 77-79.

Sato, M. and Frohman, L. A. (1993). Endocrinology 133,
793-799.

Moses, A. C., Young, S. C., Morrow, L. A., O’Brien, M., and
Clemmons, D. R. (1996). Diabetes 45, 91-100.

Clemmons, D. R., Moses, A. C., McKay, M. J., Sommer, A.,
Rosen, D. M., and Ruckle, J. (2000). J. Clin. Endocrinol. Metab.
85, 1518-1524.

Crossey, P. A., Jones, J. S., and Miell, J. P. (2000). Diabetes 49,
457-465.

Quaife, C. J., Mathews, L. S., Pinkert, C. A., Hammer, R. E.,
Brinster, R. L., and Palmiter, R. D. (1989). Endocrinology 124,
40-48.

Sandhu, M. S., Heald, A. H., Gibson, J. M., Cruickshank,
J. K., Dunger, D. B., and Wareham, N. J. (2002). Lancet 359,
1740-1745.

Dietz, J. and Schwartz, J. (1991). Metabolism 40, 800-806.
Moller, N., Jorgensen, J. O., Schmitz, O., et al. (1990). Am. J.
Physiol. 258, E86-E91.

Lonn, L., Johansson, G., Sjostrom, L., Kvist, H., Oden, A., and
Bengtsson, B. A. (1996). Obes. Res. 4, 45-54.

Hussain, M. A., Schmitz, O., Mengel, A., et al. (1993). J. Clin.
Invest. 92, 2249-2256.

Laron, Z. and Klinger, B. (1993). Horm. Res. 40, 16-22.
Klinger, B. and Laron, Z. (1995). J. Pediatr. Endocrinol. Metab.
8, 149-158.

Mauras, N., O’Brien, K. O., Welch, S., et al. (2000). J. Clin.
Endocrinol. Metab. 85, 1686—1694.

Guler, H. P., Zapf, J., Scheiwiller, E., and Froesch, E. R. (1988).
Proc. Natl. Acad. Sci. USA 85, 4889-4893.

Frick, F., Oscarsson, J., Vikman-Adolfsson, K., Ottosson, M.,
Yoshida, N., and Eden, S. (2000). Am. J. Physiol. Endocrinol.
Metab. 278, E729-E737.



256

Model for Tissue-Specific Inducible IGF-1 / Sjogren et al.

Endocrine

68.

69.

70.

Woods, K. A., Camacho-Hubner, C., Bergman, R. N., Barter,
D., Clark, A. J., and Savage, M. O. (2000). J. Clin. Endocrinol.
Metab. 85, 1407-1411.

Rajkumar, K., Modric, T., and Murphy, L. J. (1999). J. Endo-
crinol. 162, 457-465.

Holzenberger, M., Hamard, G., Zaoui, R., et al. (2001). Endo-
crinology 142, 4469-4478.

71.
72.

73.

74.

Friedman, J. M. and Halaas, J. L. (1998). Nature 395, 763-770.
Saladin, R., De Vos, P., Guerre-Millo, M., et al. (1995). Nature
377, 527-529.

Walsh, M. F., Barazi, M., Pete, G., Muniyappa, R., Dunbar,
J. C., and Sowers, J. R. (1996). Endocrinology 137, 1798-1803.
Pete, G., Hu, Y., Walsh, M., Sowers, J., and Dunbar, J. C. (1996).
Proc. Soc. Exp. Biol. Med. 213, 187-192.



