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IGF-I is important for postnatal body growth and exhib-
its insulin-like effects on carbohydrate metabolism. The
function of liver-derived IGF-I is still not established,
although we previously demonstrated that liver-derived
IGF-I is not required for postnatal body growth. Mice
whose IGF-I gene in the liver was inactivated at 24 days
of age were used to investigate the long-term role of
liver-derived IGF-I for carbohydrate and lipid metabo-
lism. Serum levels of leptin in these mice were increased
by >100% at 3 months of age, whereas the fat mass of
the mice was decreased by 25% at 13 months of age. The
mice became markedly hyperinsulinemic and yet normo-
glycemic, indicating an adequately compensated insulin
resistance. Furthermore, they had increased serum lev-
els of cholesterol. We conclude that liver-derived IGF-I
is of importance for carbohydrate and lipid metabolism.
Diabetes 50:1539–1545, 2001

I
GF-I promotes growth and differentiation in a vari-
ety of tissues (1). IGF-I also mimics some of the
metabolic actions of insulin, including stimulation of
glucose and amino acid uptake and inhibition of

gluconeogenesis (2–4). These effects are largely mediated
by the IGF-I receptor, although IGF-I can also bind to the
insulin receptor with low affinity (5,6). Both receptors are
widely distributed, with some tissues expressing hybrid
receptors that combine insulin and IGF-I receptor subunits
(7,8).

Recently, we developed a transgenic mouse model with
the IGF-I gene inactivated specifically in the hepatocytes
of the liver (LI–IGF-I2/2 mice). Using the CRE/loxP sys-
tem, we induced inactivation just before the pubertal

growth spurt and demonstrated that liver-derived IGF-I is
the principal source of IGF-I in blood but is not required
for postnatal body growth (9,10). One may speculate that
the primary role of liver-derived IGF-I is the regulation of
carbohydrate and lipid metabolism, rather than growth
promotion. Clinical studies of short-term metabolic effects
of recombinant human IGF-I (rhIGF-I) in healthy adults
have shown that IGF-I is 6% as potent as insulin on a molar
basis in the production of hypoglycemia (2). A patient with
severe IGF-I deficiency (secondary to a homozygous dele-
tion of a part of the IGF-I gene) had insulin resistance that
was normalized by treatment with rhIGF-I (11). Further-
more, mice with a null mutation in the IGF-I gene had in-
creased serum levels of insulin accompanied by decreased
serum levels of glucose (12). However, the involvement of
liver-derived IGF-I in the regulation of carbohydrate and
lipid metabolism is not established. Therefore, the aim
of the present study was to investigate the role of liver-
derived IGF-I for carbohydrate and lipid metabolism by
using mice with liver-specific IGF-I gene inactivation.

RESEARCH DESIGN AND METHODS

Animals. The Mx-Cre 31 strain was generated by injection into C57BL/
6xCBA)F2 eggs as previously described (13). The offspring were then back-
crossed with C57BL/6 mice. Mice with exon 4 of the IGF-I gene flanked with
loxP sites were generated in embryonic stem (ES) cells derived from 129sv
mice, as previously described (14). The ES cells were injected into C57BL/6
blastocysts. Male chimeric offspring were backcrossed with C57BL/6 female
mice. Mx-Cre 31 mice were crossed with mice with exon 4 of the IGF-I gene
flanked with loxP sites. The different genotypes of mice were identified by
polymerase chain reaction (PCR) analysis of DNA from tail biopsy specimens
obtained 2 weeks after birth. Mice homozygous for loxP and heterozygous
for Mx-Cre were given interferon (IFN) (IFN-a2/a1, 4 3 108 U z kg21 z body
wt21) in three intraperitoneal injections on 24, 26, and 28 days of age. As
controls, we used IFN-treated littermates homozygous for loxP but lacking
Mx-Cre. We used the same IFN dose and injection schedule for controls as for
LI–IGF-I2/2 mice.

The animals had free access to fresh water and food pellets (B&K Universal
AB, Sollentuna, Sweden) consisting of cereal products (76.9% barley, wheat
feed, and wheat and maize germ), vegetable proteins (14.0% hipro soya), and
vegetable oil (0.8% soya oil). The animal procedure was approved by the
ethical committee at the University of Göteborg and Lund.
Dual X-ray absorptiometry. Previously, we developed and evaluated a
combined dual X-ray absorptiometry (DXA) image analysis procedure for the
in vivo measurement of fat content in mice (K.S., M.B.Y., C.O., N. Hellberg, L.
Savendahl, I. Bosaeus, unpublished observations). The DXA measurements
were performed with the Norland pDEXA Sabre (Fort Atkinson, WI) and the
Sabre Research software (version 3.9.2). Three mice were analyzed in each
scan. One mouse was killed at the beginning of the experiment and was
included in all scans as an internal standard to avoid interscan variations. The
software percent-fat procedure was used together with a setting that made
areas with .50% fat appear white in the image. The accuracy of this setting
was checked daily with a standard consisting of a gradient with 0–100% fat.
The image was then printed, scanned, and imported to the software Scion
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Image (Scion, Frederick, MD). The imported image was set to a threshold of
50 arbitrary units, making lean mass and bone black, whereas the fat area
appeared as white holes. Thereafter, the “analyze particle” procedure was
performed, first with the white areas of the mice included (A1 5 total mouse
area) and then without the white area included (A2 5 lean area 1 bone area).
The percent fat area was then calculated as ([A1 2 A2]/A1) 3 100. The
interassay CV for the measurements of percent fat area was ,3%.
BMI and dissection of fat. The animals were weighed before they were
killed. The crown-rump length was measured on the same DXA scan as the
body fat, and it was defined as the distance between the crown of the skull and
a point located in the middle of a line between the two caput femora. The BMI
was then calculated as the body weight in grams/(crown-rump length in
millimeters)2. The retroperitoneal and gonadal fat depots were dissected and
weighed (wet weight).
Lipoprotein characterization. The cholesterol distribution profiles were
measured using a size exclusion high performance liquid chromatography
system (SMART) with column Superose 6 PC 3.2/30 (Amersham Pharmacia
Biotec, Uppsala, Sweden). The chromatographic system was linked to an
air-segmented continuous flow system for online postderivatization analysis
of total cholesterol using enzymatic colorimetric reagents.

The SMART system was connected to a sample injector (Gina 50; Gyn-
kotek, Germering, Germany). Elution buffer consisted of 0.01 mol/l Tris and
0.03 mol/l NaCl, pH 7.40, with a flow rate of 35 ml/min. The online flow system
was equipped with a peristaltic pump (flow rate 0.7 ml/min) and an incubation
coil for 8 min at 37°C. The absorbance was measured at 500 nm with a UV-vis
detector, (Jasco UV-970; Jasco International, Japan). Data were integrated
with the Chromeleon chromatography data system (Gynkotek). The distribu-
tion of lipoproteins was continuously measured as total cholesterol using
enzymatic colorimetric reagent, reconstituted in water in double volume,
according to the manufacturer instructions. The commercial kits (cholesterol,
[CHOD-PAP, 1489437] and triglyceride [450032]) were purchased from Roche
Diagnostics, Germany. The separation was performed within 60 min on a 10-ml
sample. The integrated area of the fractions was expressed in molar concen-
tration. The various peaks in the profiles are designated VLDL, LDL, and HDL
for simplicity, although it is clear that the separation is determined primarily
by the size of the lipoproteins.
Intravenous glucose tolerance test. An intravenous glucose tolerance test
was performed in young mice (4 months) and repeated when the mice were
older (9 months). The animals were anesthetized with an intraperitoneal
injection of midazolam (0.4 mg/mouse) (Dormicum; Hoffman-La-Roche, Basel,
Switzerland) and a combination of fluanison (0.9 mg/mouse) and fentanyl
(0.02 mg/mouse) (Hypnorm; Janssen, Beerse, Belgium). Thereafter, a blood
sample was taken from the retrobulbar, intraorbital, and capillary plexus, after
which the animals were given an intravenous injection of D-glucose (1 g/kg)
(British Drug Houses, Poole, U.K.). The volume load was 10 ml z g21 z body
wt21. New blood was sampled after 1, 5, 10, 20, 30, and 50 min (75 ml per
sample). The samples for glucose and insulin were collected in heparinized
tubes, and after immediate centrifugation, plasma was separated and stored at
220°C or 280°C until analysis.
Data analysis. The insulin and glucose data from the seven-sample intrave-
nous glucose tolerance test provide indexes of glucose tolerance (KG) and
insulin secretion. KG is calculated as the slope of the logarithm of glucose
concentration over time in the interval of 5–30 min. Insulin secretion is
assessed by the acute first phase insulin secretion (AIR), calculated as the
mean of suprabasal 1- and 5-min insulin levels, and by the area under the curve
for insulin (AUCins), calculated from suprabasal values with the trapezoidal
rule. Analysis with the minimal model technique (15) provides insulin sensi-
tivity index (SI), which is defined as the ability of insulin to enhance glucose
disappearance and to inhibit glucose production (16), and glucose effective-
ness (SG), which represents glucose disappearance per se from plasma
without any change in dynamic insulin (17). Finally, a unitless index called the
global disposition index (GDI) can be calculated by multiplying SI by AUCins.
This index describes the global effect of insulin because it includes both
insulin secretion and insulin sensitivity. The model has been applied for use in
mice by obtaining seven samples (18,19).
Serum analysis. Serum leptin levels were measured by a radioimmunoassay
(Chrystal Chem) with an intra- and interassay CV of 5.4 and 6.9%, respectively.
Free fatty acids (FFAs) were measured by an enzymatic colorimetric method
(acyl-CoA synthetase-acyl-CoA oxidase; Wako Chemicals, VA) with an intra-
assay CV of ,3%. Serum corticosterone levels were measured by radioimmu-
noassay (ICN Biomedicals), with intra-assay and interassay CVs of 6.5 and
4.4%, respectively. Serum IGF-I levels were measured by double-antibody IGF
binding protein–blocked radioimmunoassay (20). Plasma insulin was deter-
mined radioimmunochemically with the use of a guinea pig anti-rat insulin
antibody, 125I-labeled human insulin as tracer, and rat insulin as standard
(Linco Research, St Charles, MO). The sensitivity of the assay was 12 pmol/l,

and the intra-assay CV was ,3%. Plasma glucagon from freely fed animals was
determined radioimmunochemically with the use of a guinea pig antiglucagon
antibody specific for pancreatic glucagon, 125I-labeled-glucagon as tracer, and
glucagon as standard (Linco). The sensitivity of the assay was 7.5 pg/ml, and
the intra-assay CV was ,9%. Plasma glucose was determined with the glucose
oxidase method (21). Plasma was assayed for levels of triglycerides (catalogue
no. 450032, Triglycerides/GB; Roche Diagnostics) and cholesterol (catalogue
no. 2016630, Cholesterol, CHOD-PAP; Boerhringer Mannheim) using commer-
cially available kits and following the manufacturers instructions.
RNase protection assay. RNase protection assay (RPA) was done according
to the manufactures instructions (RPA kit; Ambion, Austin, TX). The 354-bp
probe used in the RPA was generated with PCR and corresponds to exon 4
and part of exon 3 of the LDL receptor (LDLr) gene. cDNA was synthesized
from total mouse liver RNA, and then PCR was run using the following
primers: 59CGGGCTGGCGGTAGACTG39 and 59CGATTGCCCCCGTTGACA39.
The PCR fragment was isolated and T/A-cloned into the PCR-II vector
(Invitrogen, Leek, the Netherlands), and the insert was verified by sequencing.
The vector was linearized with XhoI before in vitro transcription with SP6
polymerase in the presence of a-(32P)-UTP. Bands were visualized and
quantified using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
LDLr mRNA levels determined by RNase protection assay were expressed as
a ratio between the density of the band corresponding to the LDLr transcript
and the density of the band corresponding to the internal standard (18 S).

RESULTS

Mice lacking liver-produced IGF-I are leaner. At 3
weeks of age, the mice were given IFN to induce recom-
bination of the IGF-I gene in liver, as previously described
(9). Serum IGF-I levels were decreased by 85% (P , 0.01)
in the LI–IGF-I2/2 mice 1 week after IFN induction and
stayed low throughout the experiment (350 days) (Fig. 1A).
As in our previous study (9), no significant difference in body
weight was seen during the first 50 days after IFN induc-
tion. Later on, we saw a significant weight difference be-
tween the LI–IGF-I2/2 mice and controls, which became
more pronounced with age (13 months of age: females
220.0%, P , 0.05; males 222.5%, P , 0.01) (Figs. 1B and C).

To investigate whether this weight difference was
caused by an altered body composition, the mice were
followed by repeated in vivo measurements using DXA.
At 8 months of age, there was a nonsignificant tendency
toward decreased fat mass in the LI–IGF-I2/2 mice
(29.4%, data not shown). When the mice were killed at 13
months of age, the amount of fat was decreased by 26.5%
(P , 0.05) (Fig. 2), and BMI was decreased by 14% (P ,
0.05, Student’s t test, data not shown). Dissection of fat
depots confirmed this finding. Both females and males had
significantly reduced retroperitoneal fat pads (females
223.7% and males 225.5%) (Fig. 3A), and the parametrial/
epididymal fat pads were also reduced, although the
difference was only significant in males (females 226.9%
and males 226.9%) (Fig. 3B). Leptin levels have been
shown to correlate with the amount of fat in humans and
rodents (22,23). Surprisingly, we found increased serum
leptin levels in the young adult LI–IGF-I2/2 mice by 3
months of age (females 183.8% and males 103.5% over
control) (Fig. 3C). At 13 months of age, serum levels of
leptin had increased in both groups, and the difference
between LI–IGF-I2/2 mice and controls disappeared (Fig.
3C).
Mice lacking liver-produced IGF-I are insulin resis-

tant. Young adult LI–IGF-I2/2 mice had elevated basal
levels of insulin compared with controls (4 months of age:
females 149.9% and males 163.5% over control) (Fig. 4A).
Both LI–IGF-I2/2 and control mice exhibited a significant
increase in basal insulin levels with age (Fig. 4A). At 9
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months of age, there was no significant difference in basal
insulin levels between LI–IGF-I2/2 and control mice (Fig.
4A). When compiling all animals together from each
individual experiment at that age, the LI–IGF-I2/2 mice
displayed a tendency to increase in basal insulin levels
compared with control mice (49% 6 21 over control, P 5
0.065, Student’s t test; LI–IGF-I2/2 n 5 36 and control n 5
33). Despite the increased levels of basal insulin, serum
glucose levels were unchanged in LI–IGF-I2/2 mice com-
pared with control mice at both 4 and 9 months of age
(data not shown).

To test whether the LI–IGF-I2/2 mice had an altered
glucose tolerance, an intravenous injection of glucose (1
g/kg) was given. The insulin response was more pro-
nounced in the LI–IGF-I2/2 mice than in the controls (Figs.
4B and C). After 1 min, the plasma insulin had gone from
basal levels to 2,510 6 299 pmol/l in the female LI–IGF-
I2/2 mice and to only 1,087 6 505 pmol/l in the controls
(Fig. 4B). Similar results were seen in male mice (Fig. 4C).
After the initial increase, plasma insulin rapidly returned

toward baseline values in both groups. In addition, plasma
glucose levels peaked after 1 min, but there was no signif-
icant difference in the glucose levels between the LI–IGF-
I2/2 and control mice during the entire experiment. Thus,
despite the more marked increase in plasma insulin after
glucose administration, the glucose elimination was not
altered in the LI–IGF-I2/2 mice (Figs. 4D and E).

Metabolic parameters from the minimal model analysis
as well as those directly calculated from the intravenous
glucose test are shown in Table 1. Insulin, both in terms of
peak (AIR) and total amount (AUCins) was markedly
increased in LI–IGF-I2/2 mice, whereas SI was decreased
by 50%. Hypersecretion of insulin adequately compensated
for reduced sensitivity; in fact, both KG and GDI did not
change from control animals. No significant difference was
observed in the SG or in the levels of glucagon (LI–IGF-
I2/2 48.4 6 8.5 and controls 36.9 6 10.6 ng/l).

FIG. 1. Mice were given IFN at 24–28 days of age to induce recombi-
nation of the IGF-I gene in liver. Serum IGF-I levels (A) and body
weight in females (B) and males (C) were monitored up to 12 months
after the IFN induction. Data are given as means 6 SEM. The number
of observations (n) in each group is 4–7.

FIG. 2. Total body fat, as measured using DXA, in 13-month-old pooled
male and female LI–IGFI2/2 and control mice. A: DXA/Image analysis of
fat content in representative LI–IGFI2/2 and control mice. Areas with
>50% fat are shown as white areas, whereas areas with lean mass and
bone are shown as black areas. B: Data are expressed as percent of
control and given as means 6 SEM (n 5 11). *Probability level of
random difference between groups, P < 0.05, Student’s t test for
LI–IGFI2/2 versus control.

K. SJÖGREN AND ASSOCIATES

DIABETES, VOL. 50, JULY 2001 1541

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/50/7/1539/368396/1539.pdf by guest on 24 April 2024



Mice lacking liver-produced IGF-I have increased

serum cholesterol. To further investigate the metabolic
consequences of reduced serum IGF-I, we measured fac-
tors involved in fat metabolism. Serum cholesterol was
elevated in young male and female LI–IGF-I2/2 mice
compared with controls (Table 2). Lipoprotein profiles
were characterized at 3 and 8 months of age, demonstrat-
ing that the increase in cholesterol was mainly seen in the
HDL and LDL fraction (Table 3 and data not shown,
respectively). The differences in serum cholesterol and
lipoprotein profile were no longer present in 13-month-old
mice (Table 2 and data not shown, respectively).

Increases in serum cholesterol can be caused by
changes in lipoprotein receptors on the surfaces of cells
that bind circulating lipoproteins and mediate the internal-
ization of lipoprotein cholesterol by cells. We measured
the mRNA levels of one of these receptors, the LDL
receptor, in liver, but there were no statistical differences
between LI–IGF-I2/2 and control mice (86.3 6 10.6% of
control). Triglycerides were decreased in females but
unchanged in males, and there was no difference in FFAs
(Table 2). Corticosterone is a hormone often associated
with insulin resistance and disturbed fat metabolism. We
found that young male LI–IGF-I2/2 mice had elevated
levels of corticosterone (51.3% over control, P , 0.05), and
a similar tendency was seen in young females (53.3% over
control, NS) (Table 2). However, no effect on levels of
corticosterone was seen in the 13-month-old LI–IGF-I2/2

mice (Table 2).

DISCUSSION

The results presented here clearly demonstrate that liver-
derived IGF-I has a metabolic function. The mouse model
we used in the present study made it possible to induce a

complete recombination of the IGF-I gene in hepatocytes.
Inactivation was induced at 3 weeks of age, resulting in a
decrease in serum IGF-I levels by 85%. This decrease was
still present when the mice were 13 months old, indicating

FIG. 3. The amount of dissected retroperitoneal fat (A) and epididy-
mal/parametrial fat (B) in 13-month-old male and female mice is
expressed as percent of body weight. Serum leptin levels (C) were
measured at 1, 3, and 13 months of age. Data are given as means 6 SEM.
Probability level of random difference between groups: *P < 0.05;
**P < 0.01; Student’s t test for LI–IGFI2/2 versus control, n 5 5–7.

FIG. 4. Basal insulin levels were measured in anesthetized mice at 4
and 9 months of age (A). Plasma insulin in females (B) and males (C)
and glucose in females (D) and males (E) was measured immediately
before and 1, 5, 10, 20, 30, and 50 min after intravenous injection of
glucose (1 g/kg) in 4-month-old anesthetized mice. Data are expressed
as means 6 SEM. Probability level of random difference between
groups: *P < 0.05; **P < 0.01, LI–IGFI2/2 versus control; 1P < 0.05;
11P < 0.01 for 9- vs. 4-month-old mice; Student’s t test, n 5 4–7. The
glucose tolerance test was repeated twice with similar results.

TABLE 1
Parameters calculated from the seven-sample intravenous
glucose test and estimated by the minimal model

Parameter Controls LI–IGF-I2/2

n 10 11
KG (% min21) 2.11 6 0.27 2.87 6 0.32
AIR (nmol/l) 0.63 6 0.11 1.67 6 0.17*
AUCins (nmol/l in 50 min) 7.1 6 2.4 18.8 6 3.1**
SI (1024 z min21 z pmol/l21) 1.25 6 0.25 0.64 6 0.15**
SG (min21) 0.052 6 0.013 0.063 6 0.011
GDI 16.1 6 0.9 13.9 6 1.3

Data are means 6 SEM. The samples were obtained from pooled
male and female mice at 4 months of age. Statistical evaluation was
performed by Student’s t test. Asterisks indicate the probability level
of random difference between the groups (*P , 0.01, **P , 0.05).
AUCins, area under the 50-min insulin curve.
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a complete and sustained inactivation of the IGF-I gene in
hepatocytes.

In contrast to the fluctuating levels of growth hormone
(GH) and insulin, circulating IGF-I levels are relatively
stable. This stability is caused by the fact that most circu-
lating IGF-Is are bound to high-affinity IGF-binding pro-
teins (IGF-BPs), which prolong the half-life and titrate the
supply of this hormone to its receptor (24). Serum levels of
IGF-BP2 and 3 are decreased in LI–IGF-I2/2 mice (K.S.,
unpublished data), and it could be argued that the de-
crease in serum levels of IGF-I is not within the fraction of
free and functional IGF-I. This would be consistent with
the fact that there was no effect on postnatal body growth
in LI–IGF-I2/2 mice (9,10). Because of technical reasons,
we have not yet been able to measure free serum IGF-I
levels. The main reason for this is that the available assays
require a large amount of serum to obtain valid results on
free levels of serum IGF-I. However, the present study
demonstrates that the carbohydrate and lipid metabolism
is disturbed, indicating that the LI–IGF-I2/2 mice have a
decreased fraction of functional IGF-I in serum. Further-
more, we and others (9,10) have previously demonstrated
that mice with liver-specific IGF-I inactivation have a
decreased negative feedback on GH secretion.

In this study, we show that the LI–IGF-I2/2 mice are at
least partially protected against the obesity that normally
develops in older mice. A lean phenotype is also found in
mice overexpressing IGF-BP1 (25). The IGF-BPs limit the
bioavailability of IGF-I, and the IGF-I-BP1 transgenic mice
have a phenotype consistent with partial inhibition of
IGF-I action in all tissues. The LI–IGF-I2/2 mice, on the
other hand, have a liver-specific inactivation of IGF-I but
normal IGF-I production in peripheral, including adipose
tissue (9). Thus, these results indicate that adipocyte-
produced IGF-I is not sufficient for normal fat mass
accumulation and that liver-produced IGF-I is required.
Previous results from IGF-I-BP transgenic mice showed
impaired preadipocyte proliferation and differentiation,
which was interpreted as a role for IGF-I in adipocyte
formation (25). However, from our results, it is impossible
to conclude whether IGF-I has a direct or an indirect effect
on adipose tissue. An indirect action may be exerted
through GH, the levels of which are elevated in LI–IGF-
I2/2 mice. GH is known to increase lipolysis in adipose
tissue, and GH-deficient (GHD) humans and rodents have
increased fat mass, a condition that can be reversed by GH
treatment. Because GH levels decrease with age, associ-
ated with an age-dependent increase in fat mass, one may

speculate that the LI–IGF-I2/2 mice are partly protected
against accumulation of fat mass via their increased GH
levels.

The reduction in fat mass in LI–IGF-I2/2 mice could also
be secondary to their pronounced increased serum levels
of leptin, a protein known to reduce adiposity (26). One of
the most important regulators of leptin synthesis in ro-
dents is insulin (27,28). IGF-I given to GHD humans de-
creases leptin (29). However, the effects of IGF-I on leptin
synthesis is probably indirect via modulation of insulin
levels because neither GH nor IGF-I has any direct effect
on leptin expression in cultured adipocytes (30,31). These
findings may indicate that the increased serum levels of
insulin in LI–IGF-I2/2 mice cause the increase in leptin.

Young-adult LI–IGF-I2/2 mice have elevated basal as
well as glucose-induced insulin levels but normal glucose
levels, which could be interpreted as insulin resistance.
This conclusion is also supported by the results of the
intravenous glucose tolerance test that showed a reduced
SI in the LI–IGF-I2/2 mice. In rodents, glucose disposal
after intravenous glucose is dependent not only on insulin
but also on an insulin-independent action of glucose (32).
This is a process that is quantified by the SG (33). We show
that SG, in contrast to SI, was not affected in the LI–IGF-
I2/2 mice, indicating that IGF-I plays a major role in the
action of insulin to dispose glucose. This finding is in line
with proposals that IGF-I might be a potential therapy for
type I and type II diabetes because it has been shown to
reduce insulin resistance (3,34) and that IGF-I transgenic
mice have decreased levels of insulin (35). GH, on the oth-
er hand, has anti-insulin effects and causes insulin resis-
tance, as seen in GH-transgenic mice (35). The insulin
resistance in our model could either be a consequence of
the decreased serum IGF-I or the elevated GH levels. De-
spite insulin resistance in LI–IGF-I2/2 mice, the net glu-
cose elimination after the glucose bolus was not different

TABLE 2
Metabolic serum parameters

Age (months)
Female Male

Control LI–IGF-I2/2 Control LI–IGF-I2/2

Cholesterol (mmol/l) 3 — — 2.2 6 0.2 4.0 6 0.2*
4 3.7 6 0.2 4.7 6 0.2* 3.6 6 0.1 5.3 6 0.3*

13 4.1 6 0.7 3.9 6 0.5 3.9 6 0.2 3.5 6 0.3
Triglycerides (mmol/l) 4 1.1 6 0.1 0.6 6 0.1† 1.2 6 0.2 1.1 6 0.2
FFA (mEq/l) 3 2.0 6 0.1 1.7 6 0.1 1.7 6 0.2 1.4 6 0.05
Corricosterone (ng/ml) 1 94.3 6 18.5 144.6 6 31.3 111.7 6 10.1 169.0 6 19.8**

13 224 6 30 228 6 16 120 6 22 132 6 19

Data are means 6 SEM. Asterisks indicate probability level of random difference between groups by Student’s t test, n 5 4–7 in each group.
*P , 0.01, **P , 0.05 for LI–IGF-I2/2 versus control.

TABLE 3
Lipoprotein profile

Control LI–IGF-I2/2

VLDL (mmol/l) 0.10 6 0.03 0.13 6 0.03
LDL (mmol/l) 0.46 6 0.06 0.66 6 0.07*
HDL (mmol/l) 3.00 6 0.08 4.23 6 0.28†

Data are means 6 SEM. Samples were obtained from pooled male
and female 8-month-old mice. Asterisks indicate probability level of
random difference between groups by Students t test, n 5 8 in each
group. *P , 0.05, †P , 0.01 for LI–IGF-I2/2 versus control.
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from the controls. This is explained by the markedly elevat-
ed insulin secretory response to glucose that compensates
for the reduced insulin sensitivity. Although not spe-
cifically studied, it seems most likely that both first and
second phases of insulin secretion are exaggerated in
LI–IGF-I2/2 mice because both the 1- and 50-min insulin
levels are significantly elevated. It is known that insulin
sensitivity and insulin secretion are reciprocally related in
a hyperbolic manner (36). This means that when insulin
resistance evolves, an adaptive increase in insulin secre-
tion develops to compensate. Our results show that this
adaptation is adequate in the LI–IGF-I2/2 mouse, which is
evident not only by the normal glucose elimination (KG),
but also by the normal disposition index (GDI) (36).
Hence, our study demonstrates a normal islet function ad-
equately responding to the peripheral resistance to insulin
in LI–IGF-I2/2 mice.

Our results indicate that part of the phenotype in the
young LI–IGF-I2/2 mice, including increased serum levels
of insulin, cholesterol, corticosterone, and leptin, is re-
duced or lost in the older mice. LI–IGF-I2/2 mice had sig-
nificantly increased basal insulin levels compared with
controls at 4 but not at 9 months of age. The reason for this
might be the generally increased levels of basal insulin in
9-month-old mice compared with 4-month-old mice. This
age-dependent increase in basal insulin levels has been
well documented previously in mice and is probably
caused by the age-dependent increase in fat mass resulting
in insulin resistance (23,37,38).

Serum levels of cholesterol were increased in young
LI–IGF-I2/2 mice. In concordance with this finding, clini-
cal studies have demonstrated that IGF-I treatment de-
creases cholesterol levels in serum (3,34). GH levels are
increased in mice with liver-specific IGF-I inactivation,
whereas they are decreased in subjects given IGF-I treat-
ment. Thus, one may speculate that the mechanism may
either be a direct effect of the altered serum IGF-I or an
indirect effect via regulation of GH. A possible direct
non-GH–dependent effect of IGF-I on serum cholesterol
has been studied in patients with GH insensitivity syn-
drome (Laron Dwarfism). However, contradictory results
have been presented, including both unchanged and de-
creased serum cholesterol after IGF-I treatment in these
patients (39–41). Several observations indicate that GH is
of importance for the regulation of plasma lipoprotein
metabolism. GH deficiency is associated with increased
cholesterol, which is normalized by GH substitution (42–
45). In contrast, GH treatment increases cholesterol in
young rats with normal GH secretion (46). The latter result
is in concordance with the increased cholesterol and GH
levels found in LI–IGF-I2/2 mice. The molecular mecha-
nism of action for the increased cholesterol in LI–IGF-I2/2

mice remains to be determined. No effect on cholesterol
was seen in the older LI–IGF-I2/2 mice. There might be sev-
eral possible explanations for this observation—a study
comparing young and old rats has shown age-dependent
effects of GH administration on serum cholesterol and
lipoprotein metabolism. Whereas GH increased choleste-
rol in young rats, the opposite effect was observed in older
rats (46). One may also speculate that the absence of effect
in the older mice is caused by the general decrease in GH
secretion that occurs with age (47).

Serum levels of corticosterone are elevated in young
LI–IGF-I2/2 mice. An increase in corticosterone is also
found in GH-transgenic mice with elevated levels of IGF-I
(48). These observations suggest that the increased levels
of corticosterone in LI–IGF-I2/2 mice are caused by the ele-
vated serum levels of GH and not by the decreased serum
levels of IGF-I (9,10). No effect on corticosterone was seen
in the older LI–IGF-I2/2 mice. Similarly, as discussed for
cholesterol, one may speculate that the absence of effect
in the older mice is caused by the decrease in GH secre-
tion that occurs with age. The GH secretion in the older
LI–IGF-I2/2 and control mice remains to be determined.

In summary, inactivation of IGF-I in hepatocytes results
in increased serum levels of insulin, leptin, and choles-
terol, resulting in a state of insulin resistance and eventu-
ally a decrease in fat mass. We conclude that liver-derived
IGF-I is not required for postnatal body growth but is of
importance for normal carbohydrate and lipid metabolism.
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We are grateful to Dr. Ralph Kuhn and Prof. Claus Rajew-
ski for providing the MX-Cre mice. We would also like to
thank Giovanni Baldon, who helped analyze the intrave-
nous glucose test data, and Dr. Samuel Gebre-Medhin for
valuable advice.

REFERENCES

1. Baker J, Liu JP, Robertson EJ, Efstratiadis A: Role of insulin-like growth
factors in embryonic and postnatal growth. Cell 75:73–82, 1993

2. Guler HP, Zapf J, Froesch ER: Short-term metabolic effects of recombinant
human insulin-like growth factor I in healthy adults. N Engl J Med 317:
137–140, 1987

3. Moses AC, Young SCJ, Morrow LA, O’Brien M, Clemmons DR: Recombi-
nant human insulin-like growth factor I increases insulin sensitivity and
improves glycemic control in type II diabetes. Diabetes 45:91–100, 1996

4. Bondy CA, Underwood LE, Clemmons DR, Guler HP, Bach MA, Skarulis M:
Clinical uses of insulin-like growth factor I (see comments). Ann Intern

Med 120:593–601, 1994
5. Jones JI, Clemmons DR: Insulin-like growth factors and their binding

proteins: biological actions. Endocr Rev 16:3–34, 1995
6. Di Cola G, Cool MH, Accili D: Hypoglycemic effect of insulin-like growth

factor-1 in mice lacking insulin receptors. J Clin Invest 99:2538–2544, 1997
7. Moxham CP, Duronio V, Jacobs S: Insulin-like growth factor I receptor

beta-subunit heterogeneity: evidence for hybrid tetramers composed of
insulin-like growth factor I and insulin receptor heterodimers. J Biol Chem

264:13238–13244, 1989
8. Phillips LS, Harp JB, Goldstein S, Klein J, Pao CI: Regulation and action of

insulin-like growth factors at the cellular level. Proc Nutr Soc 49:451–458,
1990

9. Sjogren K, Liu JL, Blad K, Skrtic S, Vidal O, Wallenius V, LeRoith D, Tornell
J, Isaksson OG, Jansson JO, Ohlsson C: Liver-derived insulin-like growth
factor I (IGF-I) is the principal source of IGF-I in blood but is not required
for postnatal body growth in mice. Proc Natl Acad Sci U S A 96:7088–7092,
1999

10. Yakar S, Liu JL, Stannard B, Butler A, Accili D, Sauer B, LeRoith D: Normal
growth and development in the absence of hepatic insulin-like growth
factor I. Proc Natl Acad Sci U S A 96:7324–7329, 1999

11. Woods KA, Camacho-Hubner C, Bergman RN, Barter D, Clark AJ, Savage
MO: Effects of insulin-like growth factor I (IGF-I) therapy on body

METABOLIC EFFECTS OF LIVER-DERIVED IGF-I

1544 DIABETES, VOL. 50, JULY 2001

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/50/7/1539/368396/1539.pdf by guest on 24 April 2024



composition and insulin resistance in IGF-I gene deletion. J Clin Endo-

crinol Metab 85:1407–1411, 2000
12. Liu JL, LeRoith D: Insulin-like growth factor I is essential for postnatal

growth in response to growth hormone. Endocrinology 140:5178–5184,
1999

13. Kuhn R, Schwenk F, Aguet M, Rajewsky K: Inducible gene targeting in
mice. Science 269:1427–1429, 1995

14. Liu JL, Grinberg A, Westphal H, Sauer B, Accili D, Karas M, LeRoith D:
Insulin-like growth factor-I affects perinatal lethality and postnatal devel-
opment in a gene dosage-dependent manner: manipulation using the
Cre/loxP system in transgenic mice. Mol Endocrinol 12:1452–1462, 1998

15. Bergman RN, Phillips LS, Cobelli C: Physiologic evaluation of factors
controlling glucose tolerance in man: measurement of insulin sensitivity
and beta-cell glucose sensitivity from the response to intravenous glucose.
J Clin Invest 68:1456–1467, 1981

16. Bergman RN: Lilly Lecture 1989: Toward physiological understanding of
glucose tolerance: minimal-model approach. Diabetes 38:1512–5127, 1989

17. Ader M, Pacini G, Yang YJ, Bergman RN: Importance of glucose per se to
intravenous glucose tolerance: comparison of the minimal-model predic-
tion with direct measurements. Diabetes 34:1092–1103, 1985

18. Ahren B, Pacini G: Dose-related effects of GLP-1 on insulin secretion,
insulin sensitivity, and glucose effectiveness in mice. Am J Physiol 277:
E996–E1004, 1999

19. Filipsson K, Pacini G, Scheurink AJ, Ahren B: PACAP stimulates insulin
secretion but inhibits insulin sensitivity in mice. Am J Physiol 274:E834–
E842, 1998

20. Blum WF, Breier BH: Radioimmunoassays for IGFs and IGF-BPs. Growth

Regul 4 (Suppl. 1):11–19, 1994
21. Bruss ML, Black AL: Enzymatic microdetermination of glycogen. Anal

Biochem 84:309–312, 1978
22. Maffei M, Halaas J, Ravussin E, Pratley RE, Lee GH, Zhang Y, Fei H, Kim

S, Lallone R, Ranganathan S, Kern PA, Friedman JM: Leptin levels in
human and rodent: measurement of plasma leptin and ob RNA in obese
and weight-reduced subjects. Nat Med 1:1155–1161, 1995

23. Ahren B, Mansson S, Gingerich RL, Havel PJ: Regulation of plasma leptin
in mice: influence of age, high-fat diet, and fasting. Am J Physiol 273:
R113–R120, 1997

24. McCusker RH, Clemmons DR: The insulin-like growth factor binding
proteins: structure and biological functions. In The Insulinlike Growth

Factors: Structure and Biological Functions. PN Schofield, Ed. New York,
Oxford University Press, 1992, p. 110–150

25. Rajkumar K, Modric T, Murphy L J: Impaired adipogenesis in insulin-like
growth factor binding protein-1 transgenic mice. J Endocrinol 162:457–
465, 1999

26. Friedman JM, Halaas JL: Leptin and the regulation of body weight in
mammals. Nature 395:763–770, 1998

27. Saladin R, De Vos P, Guerre-Millo M, Leturque A, Girard J, Staels B,
Auwerx J: Transient increase in obese gene expression after food intake or
insulin administration. Nature 377:527–529, 1995

28. Leroy P, Dessolin S, Villageois P, Moon BC, Friedman JM, Ailhaud G, Dani
C: Expression of ob gene in adipose cells: regulation by insulin. J Biol

Chem 271:2365–2368, 1996
29. Bianda TL, Glatz Y, Boeni-Schnetzler M, Froesch ER, Schmid C: Effects of

growth hormone (GH) and insulin-like growth factor-I on serum leptin in
GH-deficient adults (Letter). Diabetologia 40:363–364, 1997

30. Hardie L J, Guilhot N, Trayhurn P: Regulation of leptin production in
cultured mature white adipocytes. Horm Metab Res 28:685–689, 1996

31. Houseknecht KL, Portocarrero CP, Ji S, Lemenager R, Spurlock ME:
Growth hormone regulates leptin gene expression in bovine adipose
tissue: correlation with adipose IGF-1 expression. J Endocrinol 164:51–57,
2000

32. Pacini GAB: Insulin-independent mechanisms contribute largely to glucose
disposal in mice (Abstract). Diabetologia 42 (Suppl. 1):A168, 1999

33. Best JD, Kahn SE, Ader M, Watanabe RM, Ni T-C, Bergman RN: Role of
glucose effectiveness in the determination of glucose tolerance. Diabetes

Care 19:1018–1030, 1996
34. Clemmons DR, Moses AC, McKay MJ, Sommer A, Rosen DM, Ruckle J: The

combination of insulin-like growth factor I and insulin-like growth factor-
binding protein-3 reduces insulin requirements in insulin-dependent type 1
diabetes: evidence for in vivo biological activity. J Clin Endocrinol Metab

85:1518–1524, 2000
35. Quaife CJ, Mathews LS, Pinkert CA, Hammer RE, Brinster RL, Palmiter

RD: Histopathology associated with elevated levels of growth hormone
and insulin-like growth factor I in transgenic mice. Endocrinology 124:40–
48, 1989

36. Kahn SE, Prigeon RL, McCulloch DK, Boyko EJ, Bergman RN, Schwartz
MW, Neifing JL, Ward WK, Beard JC, Palmer JP, Porte D Jr: Quantification
of the relationship between insulin sensitivity and b-cell function in human
subjects: evidence for a hyperbolic function. Diabetes 42:1663–1672, 1993

37. Ahren B: Plasma leptin and insulin in C57BI/6J mice on a high-fat diet:
relation to subsequent changes in body weight. Acta Physiol Scand

165:233–240, 1999
38. Higgins J, Proctor D, Denyer G: Aging changes tissue-specific glucose

metabolism in rats. Metabolism 48:1445–1449, 1999
39. Backeljauw PF, Underwood LE: Prolonged treatment with recombinant

insulin-like growth factor-I in children with growth hormone insensitivity
syndrome: a clinical research center study: GHIS Collaborative Group.
J Clin Endocrinol Metab 81:3312–3317, 1996

40. Laron Z, Klinger B: Body fat in Laron syndrome patients: effect of
insulin-like growth factor I treatment. Horm Res 40:16–22, 1993

41. Laron Z: The essential role of IGF-I: lessons from the long-term study and
treatment of children and adults with Laron syndrome. J Clin Endocrinol

Metab 84:4397–4404, 1999
42. Merimee TJ, Hollander W, Fineberg SE: Studies of hyperlipidemia in the

HGH-deficient state. Metabolism 21:1053–1061, 1972
43. Winter RJ, Thompson RG, Green OC: Serum cholesterol and triglycerides

in children with growth hormone deficiency. Metabolism 28:1244–1249,
1979

44. Merimee TJ: Familial combined hyperlipoproteinemia. Evidence for a role
of growth hormone deficiency in effecting its manifestation. J Clin Invest

65:829–835, 1980
45. Cuneo RC, Salomon F, Watts GF, Hesp R, Sonksen PH: Growth hormone

treatment improves serum lipids and lipoproteins in adults with growth
hormone deficiency. Metabolism 42:1519–1523, 1993

46. Parini P, Angelin B, Rudling M: Cholesterol and lipoprotein metabolism in
aging: reversal of hypercholesterolemia by growth hormone treatment in
old rats. Arterioscler Thromb Vasc Biol 19:832–839, 1999

47. Sonntag WE, Steger RW, Forman L J, Meites J: Decreased pulsatile release
of growth hormone in old male rats. Endocrinology 107:1875–1879, 1980

48. Cecim M, Ghosh PK, Esquifino AI, Began T, Wagner TE, Yun JS, Bartke A:
Elevated corticosterone levels in transgenic mice expressing human or
bovine growth hormone genes. Neuroendocrinology 53:313–316, 1991
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