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ABSTRACT The body growth of animals is regulated by
growth hormone and IGF-I. The classical theory of this regula-
tion is that most IGF-I in the blood originates in the liver and that
body growth is controlled by the concentration of IGF-I in the
blood. We have abolished IGF-I production in the livers of mice
by using the CreyloxP recombination system. These mice dem-
onstrated complete inactivation of the IGF-I gene in the hepa-
tocytes. Although the liver accounts for less than 5% of body
mass, the concentration of IGF-I in the serum was reduced by
75%. This finding confirms that the liver is the principal source
of IGF-I in the blood. However, the reduction in serum IGF-I
concentration had no discernible effect on postnatal body
growth. We conclude that postnatal body growth is preserved
despite complete absence of IGF-I production by the hepatocytes.

Growth hormone (GH) is the major regulator of postnatal body
growth (1). The anabolic and growth-promoting effects of GH
are to a large extent mediated by a stimulation of expression of
insulin-like growth factor I (IGF-I) in the liver and in peripheral
tissues. The relative importance of liver-derived IGF-I (endo-
crine-acting) versus locally produced IGF-I (autocrineyparacrine-
acting) has been a matter of debate (2, 3). During the last 10 years
it has become evident that systemic administration of IGF-I to
GH-deficientyGH receptor-mutated animals or humans stimu-
lates body growth. These findings suggest that both IGF-I and GH
have the capacity to stimulate body growth (4–8). Elimination of
IGF-I and the IGF-I receptor by homologous gene recombina-
tion in mice results in severe retardation of growth in stature that
first becomes apparent at day 12 of gestation and continues
postnatally (9–12). Furthermore, a patient with a deletion of the
IGF-I gene demonstrated intrauterine growth retardation and
postnatal growth failure (13). These experimental and clinical
studies clearly demonstrate that IGF-I, as well as its receptor,
plays a critical role for normal body growth. However, these
experiments did not clarify the relative importance of liver-
derived circulating IGF-I and locally produced IGF-I for body
growth.

The aim of the present study was to investigate the role of
liver-derived IGF-I for postnatal body growth. To achieve a
liver-specific inducible inactivation of IGF-I in mice (LI-IGF-I
2y2 mice) we used the CreyloxP recombination system.
Cre-mediated gene targeting can be used to inactivate genes in
vivo in a tissue-specific and inducible manner (14–16).

MATERIALS AND METHODS

Animal and Experimental Protocol. The Mx-Cre 31 strain
was generated by injection into (C57BLy6 3 CBA)F2 eggs as

previously described (15). The offspring were then back-
crossed with C57BLy6 mice. Mice with exon 4 of the IGF-I
gene flanked with loxP sites were, as earlier described, gen-
erated in embryonic stem (ES) cells derived from 129sv mice
(12). The ES cells were injected into C57BLy6 blastocysts.
Male chimeric offspring were backcrossed with C57BLy6
female mice. Mx-Cre 31 mice were intercrossed with mice with
exon 4 of the IGF-I gene flanked with loxP sites. Mice
homozygous for loxP and heterozygous for Mx-Cre were given
interferon (IFN-a2ya1, 4 3 108 unitsykg of body weight) in
three i.p. injections on days 24, 26, and 28 after birth. The
animal care was in accordance with institutional guidelines.
The animal procedure was approved by the ethical committee
at the University of Gothenburg.

Southern Blotting and RNase-Protection Assay. Southern
blotting and the probe used for it have been described by Liu
et al. (12). The RNase-protection assay was done with a kit
according to the manufacturer’s instructions (RPA kit; Am-
bion, Austin, TX). The 178-bp probe used in the RNase-
protection assay was generated with PCR and corresponds to
exon 4 and part of exon 3 of the IGF-I gene. cDNA was
synthesized from total mouse liver RNA and then PCR was
performed with the following primers: 59-GGTGGAT-
GCTCTTCAGTT-39 and 59-TGCTTTTGTAGGCTTCAG-
39. The PCR fragment was isolated and TyA cloned into the
PCR-II vector (Invitrogen, Leek, the Netherlands), and the
insert was verified by sequencing. The vector was linearized
with XhoI prior to in vitro transcription with SP6 RNA
polymerase in the presence of [a-32P]UTP. Bands of correct
size in both Southern blotting and RNase-protection assay
were visualized and quantified with a PhosphorImager (Mo-
lecular Dynamics). Recombination, as determined by South-
ern blotting, was calculated by dividing the density of the exon
4 deleted band (D) with the sum of the density of the exon 4
deleted (D) band and the band corresponding to intact exon 4
of the IGF-I gene flanked with loxP sites (Flox) and is
expressed in percent. IGF-I mRNA levels determined by
RNase-protection assay were expressed as a ratio between the
density of the band corresponding to the IGF-I transcript and
the density of the band corresponding to the internal standard,
18S rRNA.

Preparation of Purified Hepatocytes. Hepatocytes were
prepared by the collagenase perfusion method followed by
repeated centrifugations according to Seglen (17).

Radioimmunoassay (RIA). Serum IGF-I was measured by
double antibody IGFBP-blocked RIA according to Blum and
Breier (18). Mouse GH was measured by using an RIA (RPA
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551; Amersham), with a detection range of 1.3–100 ngyml. It
is known that the GH secretion in rodents is sexually dimorphic
(19). In this study, the proportions of females were similar in
LI-IGF-I 2y2 mice and control group (8y12 and 18y29,
respectively).

Western Ligand Blotting of IGF Binding Protein 3. Western
ligand blotting was performed as previously described (20).
The band corresponding to IGF binding protein 3 was analyzed
by densitometric scanning with a PhosphorImager.

RESULTS

Characterization of the Efficacy and Specificity of IGF-I
Inactivation in LI-IGF-I 2y2 Mice. IFN induction of mice
with the Cre recombinase under the control of an IFN-
responsive promoter (Mx-Cre) has previously been shown to
cause almost 100% recombination in the liver and a partial
recombination in the spleen, whereas the recombination in
peripheral tissues such as muscle, fat, kidney, heart, and bone
is low (15, 21). Mx-Cre mice were intercrossed with mice with
exon 4 of the IGF-I gene flanked with loxP sites. Mice
homozygous for loxP and heterozygous for Mx-Cre were
induced with IFN at 24–28 days of age. Neither Cre expression
nor IFN treatment by itself regulated any of the parameters
described in the present study.

The efficiency of recombination was studied by Southern
blotting. There was an approximately 90% recombination in

the liver, which consists of both the hepatocytes (with a high
proportion of binuclear and polyploid cells) and nonparen-
chymal cells (22). In purified hepatocytes of LI-IGF-I 2y2
mice the IGF-I gene was completely recombined (Fig. 1A). In
all other tissues the recombination, as determined by Southern
blotting, was less than 20%, except for the spleen where the
recombination was 65% (Fig. 1A). No recombination was
found in Cre mice not induced with IFN (data not shown).
IGF-I mRNA levels in LI-IGF-I 2y2 mice, as determined by
RNase-protection assay, were decreased by more than 95% in
liver and by approximately 60% in spleen, whereas no signif-
icant effect was seen in other tissues, including fat, muscle,
kidney, brain, and heart (Fig. 1B and Table 1). Thus, the
LI-IGF-I 2y2 mice have a high inactivation of IGF-I expres-
sion in the liver. In contrast, no significant inactivation was
seen in extrahepatic tissues of relevance for body growth.

FIG. 1. Effects of Cre-mediated deletion of exon 4 of the IGF-I
gene. Mice were induced with IFN at 24–28 days of age. Various
tissues from LI-IGF-I 2y2 mice were analyzed 53–60 days later. (A)
Southern blotting was used to determine the deletion of exon 4 of the
IGF-I gene in various tissues and in an enriched hepatocyte prepa-
ration from LI-IGF-I 2y2 mice. The band corresponding to exon 4 of
IGF-I flanked with loxP sites (Flox) and the band corresponding to
deleted exon 4 (D) are indicated. (B) RNase-protection assay dem-
onstrating IGF-I mRNA expression in various tissues from control and
LI-IGF-I 2y2 mice. The IGF-I mRNA expression was normalized to
the levels of 18S rRNA.

FIG. 2. Serum IGF-I levels in LI-IGF 2y2 mice. Mice were
induced with IFN at 24–28 days of age. Serum levels of IGF-I were
measured 53 days later by RIA. We also investigated three different
groups of control mice: mice that had been treated with IFN but lack
the Mx-cre transgene (Control 1), Mx-cre transgenic mice not treated
with IFN (Control 2), and mice without Mx-cre transgene and not
treated with IFN (Control 3). All three control groups were homozy-
gous for loxP sequences flanking exon 4 of the IGF-I gene ( floxyflox).
Because the results did not differ among the three control groups, the
results were pooled (Pooled Controls). Serum IGF-I levels are ex-
pressed as percent of control and presented as mean 6 SEM. The
number of observations in each group is indicated within parentheses.
ppp, P , 0.001.

Table 1. IGF-I mRNA levels

Tissue

mRNA

LI-IGF-I
2y2 Control

Brain 125 6 20 100 6 25
Kidney 80 6 26 100 6 38
Fat 136 6 30 100 6 25
Muscle 89 6 18 100 6 5
Spleen 38 6 10** 100 6 4
Liver 5 6 1** 100 6 9

Mice were induced with IFN at 24–28 days of age as described in the
legend of Fig. 2. IGF-I mRNA levels in various tissues were measured
by RNase-protection assay. The IGF-I mRNA expression was nor-
malized to the level of 18S mRNA. Values are expressed as percent of
control and are given as mean 6 SEM. pp, P , 0.01, LI-IGF-I 2y2
versus control (Student’s t test). Four or five animals were included in
each group.
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Effects on Serum IGF-I Levels. Serum IGF-I levels de-
creased dramatically in the LI-IGF-I 2y2 mice. The effect was
seen within 1 week after IFN induction at 24 days of age and
was still present 53 days later (Fig. 2; LI-IGF 2y2 89 6 12
ngyml, pooled control 350 6 17 ngyml). Therefore 75% of all
IGF-I in mouse serum was derived from the liver. Thus,
liver-derived IGF-I is the main determinant of serum IGF-I
levels. This finding is in line with the results of previous indirect
calculations based on the IGF-I production rate in isolated rat

liver (23). The decreased serum IGF-I levels were, as expected,
associated with a similar magnitude of decrease in serum levels
of IGF binding protein 3 (LI-IGF-I 2y2 19% 6 5%, pooled
control 100% 6 11%; P , 0.01 by Student’s t test) as measured
with ligand blotting.

Effects on Body Growth. LI-IGF 2y2 mice were induced
with IFN at 24–28 days of age and the body growth was

FIG. 3. Body growth in LI-IGF 2y2 mice. The litter sizes were similar in the LI-IGF-I mice and the control mice. Mice were induced with
IFN at 24–28 days of age as described in the legend of Fig. 2. The weights of male (A) and female (B) mice at various times after IFN induction
are indicated. The final weights of mice from three different experiments expressed as percent of control are indicated in C. The control groups
are defined in the legend of Fig. 2. Values are expressed as mean 6 SEM. The number of observations in each group is indicated within parentheses.
Neither Cre expression nor IFN treatment by itself regulated any of the given parameters.

Table 2. Sizes of bones

Measurement

Relative size

LI-IGF-I 2y2 Control

Tibia length 98.6 6 0.5 (n 5 12) 100 6 0.4 (n 5 21)
Femur length 96.3 6 0.5* (n 5 12) 100 6 0.6 (n 5 21)
Spine height (L1 to L5) 98.8 6 0.7 (n 5 9) 100 6 0.5 (n 5 8)

Mice were induced with IFN at 24–28 days of age as described in the
legend of Fig. 2. Lengths of tibia and femur and height of spine
(lumbral vertebrae L1 to L5) 53 days after IFN induction are given.
Neither Cre expression nor IFN treatment by itself regulated any of the
given parameters. Values are expressed as percent of control and are
given as mean 6 SEM. p, P , 0.05 LI-IGF-I 2y2 versus control
(Student’s t test). The number of observations in each group (n) is
indicated within parentheses.

Table 3. Organ weight

Organ

Relative weight

LI-IGF-I 2y2
(n 5 12)

Control
(n 5 21)

Liver 113.7 6 1.99** 100 6 1.44
Spleen 98.3 6 3.06 100 6 2.43
Kidney 88.0 6 3.04** 100 6 2.07
Heart 105.8 6 3.04 100 6 2.06

Mice were induced with IFN at 24–28 days of age as described in the
legend of Fig. 2. Wet weights of various organs 53 days after IFN
induction are given. Wet weights of the organs were normalized to
body weight. Neither Cre expression nor IFN treatment by itself
regulated any of the given parameters. Values are expressed as percent
of control and are given as mean 6 SEM. pp, P , 0.01, LI-IGF-I 2y2
versus control (Student’s t test). The number of observations in each
group is indicated within parentheses.
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monitored during the following 53 days. No significant differ-
ence in weight gain was seen between LI-IGF 2y2 mice and
control mice (Fig. 3). Similar results were seen in male and
female mice. There was no significant difference in the length
of the tibia and the height of the lumbar spine, although a small
decrease in the femoral length was seen in LI-IGF 2y2 mice
compared with control mice 53 days after IFN induction
(Table 2).

Effects on Organ Growth. Some visceral organs from mice
with IGF-I inactivated from day 24 to day 77 were weighed and
related to total body weight. The relative spleen and heart sizes
were unchanged in LI-IGF-I 2y2 mice compared with control
mice (Table 3). Interestingly, the kidneys were smaller and the
livers larger in LI-IGF-I 2y2 mice than in control mice.

Compensatory Increase in GH Concentration. Measure-
ments of the GH concentration in the serum of control and
LI-IGF-I 2y2 mice showed that the hormone concentration
was higher in the LI-IGF-I 2y2 mice (Table 4). In the control
mice, 66% of values were below 15 ngyml, whereas in the
mutant mice, 84% of values were greater than 15 ngyml. The
geometric mean value was 8 ngyml for the controls and 25
ngyml for the mutants.

DISCUSSION

Liver-Derived IGF-I Is Not Required for Postnatal Body
Growth. Body growth was normal in the LI-IGF-I 2y2 mice,
demonstrating that liver-derived IGF-I is not required for
postnatal growth, a direct challenge to the somatomedin
hypothesis. According to the original somatomedin hypothesis,
GH stimulates body growth by stimulating liver production of
somatomedins (IGFs), which in turn stimulate longitudinal
bone growth in an endocrine manner (3, 23). In contrast, the
present data show that body growth is maintained at a rate not
significantly different from controls when hepatic IGF-I pro-
duction is abolished and the serum levels drop to 25% of the
control value. This finding indicates that autocrineyparacrine
IGF-I but not liver-derived IGF-I is the major determinant of
postnatal body growth. An effect of autocrineyparacrine IGF-I
on postnatal body growth is also supported by the finding that
GH injected directly into the rat tibia growth plate stimulates
longitudinal bone growth at the site of the injection (24) and
that this effect is abolished when antibodies to IGFs are
co-administered locally with GH (25). It has also been shown
that extrahepatic tissue levels of IGF-I are regulated by GH
(26). Therefore, the present study indicates that autocriney
paracrine IGF-I rather than endocrine IGF-I is the major
determinant of GH-induced body growth. A decrease in total
circulating IGF-I might reflect a decrease of inactive IGF-I in
large molecular weight complexes (27). This idea is supported
by a decrease in IGF binding protein 3 in the LI-IGF-I 2y2
mice. However, the findings that the feedback on plasma
GH-levels, the relative organ size, and the levels of IGF

binding protein 3 itself were affected indicate that the levels of
biologically active IGF-I were decreased in the LI-IGF-I 2y2
mice. One may also speculate that IGF-II can compensate for
the decreased IGF-I stimulation in the LI-IGF-I 2y2 mice.
However, as recently discussed by Stewart and Rotwein (28),
it is uncertain whether a putative increase in IGF-II can
substitute for IGF-I in maintaining somatic growth in rodents.
In humans, a patient with complete IGF-I gene deletion was
severely growth retarded although the serum IGF-II levels
were moderately increased (13). Thus, both animal studies and
a clinical study indicate that IGF-II cannot replace IGF-I in
stimulating normal postnatal body growth.

Lack of liver-Derived IGF-I Results in Disproportional
Organ Growth. The endocrine status in the LI-IGF-I 2y2
mice with very low serum IGF-I levels and increased serum
levels of GH is associated with normal total body growth but
disproportionate organ growth. It was demonstrated earlier
that GH but not IGF-I increases liver size in proportion to body
weight (4, 5, 29, 30). Thus, one might speculate that the
increased liver size in the LI-IGF-1 2y2 mice is a result of the
increased GH levels. Furthermore, since there is no IGF-I
expression in the livers of LI-IGF-I 2y2 mice, the enlarged
liver size in LI-IGF-I 2y2 mice is probably a non-IGF-I-
mediated direct GH effect. We speculate that the liver could
be subject to a classic feedback regulation exerted by an
IGF-I–GH loop in which liver-derived circulating IGF-I mod-
ulates GH secretion, which in turn regulates liver size. Systemic
delivery of IGF-I has been shown to increase the kidney size
(4, 5), indicating that the decreased kidney size in LI-IGF-I
2y2 mice is a result of the decreased serum IGF-I levels.

Significance of the Compensatory Increase in Serum GH.
The LI-IGF-I 2y2 mice had increased serum levels of GH.
This result extends earlier findings by indicating that circulat-
ing, liver-derived IGF-I exerts a negative feedback regulation
of the pulsatile GH secretory pattern. It has been known for
a long time that treatment with IGF-I suppresses GH secretion
(31). Results from a patient with complete IGF-I gene deletion
showed enhanced GH secretion (13), an effect that could have
been due to either lack of local IGF-I production in the
hypothalamopituitary region (32) or lack of circulating IGF-I.
Although the present results do not exclude a local IGF-I
effect, they indicate a physiological role for liver-derived
circulating IGF-I in the negative-feedback regulation of GH
secretion. In the present study on liver-specific IGF-I inacti-
vation, the much reduced serum IGF-I levels had virtually no
effect on body growth. However, compensatory mechanism(s)
at various levels may have been activated in the LI-IGF-I 2y2
mice. For example, compensatory increase in GH secretion
may have activated extrahepatic production of IGF-I, although
we saw no significant increase in IGF-I mRNA levels in various
organs (Fig. 1B and Table 1).

In conclusion, liver-derived IGF-I is the main determinant
of serum IGF-I but is not required for postnatal growth,
indicating that autocrineyparacrine-produced IGF-I is more
important than liver-derived IGF-I for body growth. Thus, the
present study indicates that the ‘‘classical’’ somatomedin hy-
pothesis needs revision.
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