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I

nsulin resistance is defined as the failure of target
cells to respond to normal levels of circulating
insulin. This defect is central to the pathology of a
number of diseases and syndromes, including obesity, diabetes, acromegaly, and polycystic ovary syndrome.
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At the molecular level, insulin resistance is correlated with
impaired insulin signaling. This can involve dysfunction of
cell surface components, such as the insulin receptor (IR),
as well as intracellular components like the insulin receptor substrate (IRS) family of docking proteins, phosphatidylinositol 3⬘-kinase (PI3⬘-K), and other elements of the
insulin signaling and glucose transport pathways (1).
There is a reciprocal relationship between circulating
insulin levels and IR levels on target cells (2– 4). Over the
last few years, transgenic and knockout mouse models
with various defects in the IR and other key elements in
the insulin signaling pathways have been developed (1).
These animal models have greatly facilitated our understanding of the molecular mechanisms of insulin resistance. Compared with wild-type mouse lines, transgenic
mouse lines overexpressing insulin exhibited chronic
hyperinsulinemia and decreased levels of the IR, which
resulted in insulin resistance and further compensatory
hyperinsulinemia. Mice that had the IR disrupted in all
tissues (5) or even specifically in liver, muscle (6), or
pancreatic ␤-cells (7) displayed impaired responses to
insulin. Disruption of various genes encoding downstream
components of the insulin signaling pathway, such as
IRS-1 (8), IRS-2, or both (9,10), resulted in marked impairments in insulin-induced activation of PI3⬘-K, glucose
transport, p70 S6 kinase, and mitogen-activated protein
kinase in muscle.
In contrast to these studies on insulin and the IR, total
deletion of the igf-1 or igf-2 gene resulted primarily in
growth retardation (11,12). Deletion of the igf-1 receptor
gene in mice was lethal because of severe defects in cell
and tissue differentiation (13). Therefore, insulin-like
growth factor (IGF)-I is classified primarily as a mitogenic
hormone and insulin as a metabolic hormone. Nevertheless, increasing evidence suggests that IGF-I plays a role in
glucose homeostasis, lipolysis, proteolysis, and protein
oxidation (14). It is important to note that two of the
insulin-sensitive tissues, namely liver and adipose tissue,
express little if any IGF-I receptors. Thus, any direct effect
of IGF-I on glucose metabolism would primarily be mediated by its effects on either pancreatic insulin secretion or
on glucose uptake by muscle.
To assess the role of circulating IGF-I in metabolism, we
studied mice that lack the igf-1 gene specifically in liver
(liver IGF-I– deficient [LID] mice). LID mice were generated using the Cre/loxP system, as described previously
(15). These mice exhibit extremely low levels of circulating IGF-I and high levels of growth hormone (GH). Interestingly, the LID mice showed hyperinsulinemia, which
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Insulin and insulin-like growth factors (IGFs) mediate a
variety of signals involved in mammalian development
and metabolism. To study the metabolic consequences
of IGF-I deficiency, we used the liver IGF-I– deficient
(LID) mouse model. The LID mice show a marked reduction (⬃75%) in circulating IGF-I and elevated growth
hormone (GH) levels. Interestingly, LID mice show a
fourfold increase in serum insulin levels (2.2 vs. 0.6
ng/ml in control mice) and abnormal glucose clearance
after insulin injection. Fasting blood glucose levels and
those after a glucose tolerance test were similar between the LID mice and their control littermates. Thus,
the high levels of circulating insulin enable the LID mice
to maintain normoglycemia in the presence of apparent
insulin insensitivity. Insulin-induced autophosphorylation of the insulin receptor and tyrosine phosphorylation of insulin receptor substrate (IRS)-1 were absent
in muscle, but were normal in liver and white adipose
tissue of the LID mice. In contrast, IGF-I–induced autophosphorylation of its cognate receptor and phosphorylation of IRS-1 were normal in muscle of LID mice.
Thus, the insulin insensitivity seen in the LID mice is
muscle specific. Recombinant human IGF-I treatment of
the LID mice caused a reduction in insulin levels and an
increase in insulin sensitivity. Treatment of the LID
mice with GH-releasing hormone antagonist, which reduces GH levels, also increased insulin sensitivity.
These data provide evidence of the role of circulating
IGF-I as an important component of overall insulin action in peripheral tissues. Diabetes 50:1110 –1118, 2001
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was associated with muscle insulin insensitivity. It is
important to note that whereas GH hypersecretion has
been linked to worsening of insulin resistance, most
studies have not been able to show a direct association
between serum IGF-I levels and insulin insensitivity
(16,17). Here, we demonstrate that circulating low levels
of IGF-I that cause GH hypersecretion can affect insulin
action in vivo. We suggest that IGF-I plays an important
role in the hormonal balance between GH and insulin. This
model provides solid evidence of the importance of the
interrelations between IGF-I, GH, and insulin in maintaining normal glucose metabolism.
RESEARCH DESIGN AND METHODS
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RESULTS

Metabolic consequences of LID. Liver-specific deletion
of the IGF-I gene resulted in a complete abrogation of liver
IGF-I mRNA and a 75% reduction in circulating total IGF-I
levels (15). However, the LID mice showed normal growth
and development. Measurements of body weight, body
length, femur length, and organ weight were not different
between LID and control mice (15). Extrahepatic IGF-I
gene expression was similar in LID and control mice (15).
Therefore, we considered the possibility that the local
autocrine/paracrine expression of IGF-I maintains normal
growth and development, despite the marked reductions
in circulating IGF-I levels. On the other hand, despite the
dramatic fall in total IGF-I levels, the serum concentrations of free IGF-I did not differ significantly between LID
mice (7.35 ⫾ 4.32 ng/ml) and control littermates (5.05 ⫾
1.24 ng/ml) as shown in Table 1. Thus, the normal growth
observed in those mice might be promoted by the free
IGF-I.
The low levels of circulating IGF-I in LID mice provide
inadequate negative feedback at the level of the hypothalamus and/or pituitary (Table 1). This, in turn, results in GH
hypersecretion during puberty and a decrease in insulin
sensitivity, particularly in the muscle. To assess the effect
of GH hypersecretion on insulin sensitivity in the LID
mice, we determined insulin levels in the circulation. As
shown in Fig. 1A, the LID mice displayed hyperinsulinemia
1111
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Animal husbandry and polymerase chain reaction genotyping. The
generation of LID mice has been described previously (15). The mice
designated as control and LID in these studies express exon four of the igf-1
gene flanked by two loxP sites (designated as LL in the work of Yakar et al.
[15]). The LID mice also express the Cre transgene under control of the
albumin/enhancer promoter sequence, exclusively in the liver (LL⫹ in the
work of Yakar et al. [15]). Animal genotyping was performed using tail DNA
and polymerase chain reaction as described elsewhere (18). All procedures
were approved by the Animal Care and Use Committee of the National
Institute of Diabetes and Digestive and Kidney Diseases at the National
Institutes of Health (NIH) in Bethesda, Maryland.
Insulin, IGF-I, and glucose tolerance tests. Male mice, 6 to 8 weeks old,
were anesthetized with pentobarbital (45 g/g body wt) and maintained on a
heating pad for the duration of the procedure. Insulin tolerance tests were
performed on fed animals at noon. Human insulin (0.5 IU/kg; Sigma, St. Louis,
MO) was injected intraperitoneally after anesthesia set in. At the indicated
time points, blood was drawn from the tail vein and glucose levels were
measured using a glucometer (Surestep; Lifescan, Milpitas, CA). For IGF-I
tolerance tests, the animals were fasted for 6 h, and recombinant human (rh)
IGF-I (1 mg/kg; Genentech, San Francisco, CA) was injected intraperitoneally.
For the glucose tolerance tests, the animals were fasted overnight, and
glucose (1 g/kg) was given orally by gavage.
Serum insulin, GH, and IGF-I levels. Blood was collected from the retroorbital sinus of 6- to 8-week-old male mice. Serum insulin levels were
measured using a highly sensitive rat insulin radioimmunoassay (RIA) kit
(Linco Research, St. Charles, MO). Serum concentrations of GH in individual
mouse samples were determined using an RIA kit (mouse growth hormone
assay system; National Hormone and Pituitary Program, Harbor–UCLA Medical Center, Torrance, CA). Serum IGF-I levels were measured by highperformance liquid chromatography (HPLC) as described elsewhere (19).
Briefly, samples were incubated overnight at 4°C in an equal volume of 2 ⫻
mobile phase (0.2 mol/l acetic acid/0.1 mol/l trimethylamine, pH 2–3) to ensure
dissociation from IGF-binding proteins before HPLC. Subsequently, samples
were loaded on a Waters Protein-Pak 125 (10 m) 7.8 ⫻ 300 –mm column with
1 ⫻ mobile phase. Localization of the IGF-I peak was determined by collecting
1-min fractions (flow rate ⫽ 0.5 ml/min), and assaying for IGF-I immunoreactivity was determined by RIA using a rabbit anti–IGF-I primary antibody
(provided by the National Pituitary Agency of the NIH) and a goat anti–rabbit
IgG for precipitation. Low detection value is ⬃7.5 pg per tube, and the
coefficient of variation is ⬍10%.
Free IGF-I levels in serum. To determine the concentration of free IGF-I,
sera from three to four mice from the same litter and genotype were pooled.
All samples were analyzed in duplicate (20). In brief, serum samples were
adjusted to pH 7.4 by being gassed with CO2. Aliquots of 400 l were then
applied to Amicon YMT30 membranes and MPS-1 supporting devices (Amicon
Division, Beverly, MA), incubated 30 min at 37°C, and centrifuged (1,500 rpm
at 37°C; model Rotixa/RP; Hettich Zentrifugen, Tuttlingen, Germany). Free
IGF-I levels in serum were determined directly from the ultrafiltrates by RIA
using a polyclonal rabbit antibody (Nichols Institute Diagnostics, San Capistrano, CA) and rhIGF-I as a standard (Amgen Biologicals, Thousand Oaks, CA).
Levels of serum IGF-I– binding proteins. The levels of IGF-I– binding
proteins (IGFBPs) in serum were analyzed by Western ligand blotting assay
using I125-IGF-I (Amersham Life Science, Buckinghamshire, U.K.). We mixed 2
l of serum with 2 l of protein loading buffer in nonreducing conditions and
boiled for 3 min. Serum samples were separated on 4 –20% gradient SDS-PAGE
followed by Western blotting. Membranes were blocked with Tris-buffered
saline (TBS) 1% bovine serum albumin and incubated with I125-IGF-I (1.5 ⫻ 106
cpm in TBS 0.1% Tween-20) overnight at 4°C followed by three washes of TBS
0.1% Tween-20. Signals were quantified by phosphoimaging.

In vivo insulin/IGF-I stimulation. Experiments were carried out in 6- to
8-week-old male mice fasted overnight. Animals were anesthetized with
pentobarbital (45 g/g body wt) followed by injection with human insulin (5
IU insulin) or IGF-I (2 mg/kg) through the inferior vena cava. Liver, abdominal
white adipose tissue, and hindlimb muscle were removed 1 min after injection
and homogenized in homogenization buffer (10 mmol/l Tris pH 7.6, 1% triton
X-100, 0.5% NP-40, 150 mmol/l NaCl, 10 mmol/l sodium orthovanadate, 10
mmol/l Na-pyrophosphate, 100 mmol/l Na-fluoride, 1 mmol/l EDTA, 1 mmol/l
EGTA, and a cocktail of protease inhibitors [Boehringer Mannheim]). Samples
were allowed to solubilize for 30 min on ice, and particulate matter was
removed by centrifugation at 42,000 rpm for 1 h at 4°C in a Beckman Ti-70
rotor. Then, 5 mg of tissue extracts was immunoprecipitated with anti–IR-␤
subunit, anti–IGF-IR-␤ subunit (Santa Cruz Biotechnology, Santa Cruz, CA),
and anti–IRS-1 (Upstate Biotechnology, Lake Placid, NY) antibodies. Immunoprecipitated samples were subjected to SDS-PAGE and Western blotting.
Blots were probed with an antiphosphotyrosine antibody (RC20; Transduction
Laboratories, Lexington, KY) and signals were detected by enhanced chemiluminescence. Blots were then stripped and reprobed with the abovereferenced antibodies for detection of total protein levels. Signals were
scanned and band intensities were quantified by optical densitometry of the
developed autoradiograms.
Islet morphology. Pancreatic tissues were removed and fixed in 4%
paraformaldhyde. Tissues were embedded in paraffin and consecutive 5-m
sections were mounted on slides. Sections were stained with hematoxylin and
eosin. For quantification of islet area, sections were viewed using a Zeiss
Axiovert S100 TV microscope and video camera magnification of 20⫻. Two
sections of three control and three LID mice were checked systematically by
accumulating images from six different fields of 1.5 ⫻ 106 2. Analyses of islet
size were performed using the MacBAS 2.51 software.
Therapy with IGF-I. Male LID mice were injected intraperitoneally with
rhIGF-I (1 mg/kg) twice a day for 20 days. Insulin tolerance tests were
performed on day 20. Insulin stimulation via the inferior vena cava, followed
by tissue dissection and protein extraction, was performed on day 21 as
described above.
Therapy with GH-releasing hormone antagonist. GH-releasing hormone
(GHRH) antagonist MZ4-71, [isobutyryl0, D-arginyl2, para-chlorophenylalanyl6,
a-aminobutyryl15, norleucyl25]hGHRH 1–28 Agm, was synthesized by solidphase methods and purified as described elsewhere (21). For daily injections,
MZ4-71 was dissolved in 0.1% demethyl sulfoxide in 10% propylene glycol/
saline solution (Sigma). MZ4-71–GHRH antagonist was injected subcutaneously at 40 g twice a day for 28 days into 4-week-old male LID mice. Insulin
tolerance tests were performed on day 28 as described above.
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TABLE 1
Serum levels of IGF-I and GH
Genotype
Control
LID

Total IGF-I
(ng/ml)

Free IGF-I
(ng/ml)

GH
(ng/ml)

260 ⫾ 34
62 ⫾ 26*

5.05 ⫾ 1.24
7.35 ⫾ 4.2

2.8 ⫾ 0.5
17.8 ⫾ 11*

Sera were collected from the retro-orbital sinus of 6- to 8-week-old
control and LID mice. Serum levels of total IGF-I, free IGF-I, and GH
were determined as indicated in RESEARCH DESIGN AND METHODS. *P ⬍
0.01.

FIG. 1. LID mice are insulin resistant. A: Serum insulin levels, measured in the fed state, are fourfold higher in LID mice (n ⴝ 26) compared with
controls (C) (n ⴝ 19). B: Blood glucose levels in the fed state are normal in LID mice (n ⴝ 16) as compared with their control littermates (n ⴝ
11). C: Insulin tolerance tests were performed on control and LID mice. Results are expressed as the mean percentage of basal blood glucose
concentration ⴞ SE. D: IGF-I tolerance tests are similar between control and LID mice. Results are expressed as mean percentage of fasted blood
glucose concentration ⴞ SE. E: The LID mice maintain normoglycemia. Results of glucose tolerance tests are expressed as mean blood glucose
concentration ⴞ SE (*P < 0.01). F: Serum IGFBP-3 and IGFBP-1 are decreased in LID mice. Representative ligand blot assay of serum from
control, LID, and LID mice after IGF-I treatment. Proteins were separated on 4 –20% SDS-PAGE and IGFBPs were detected by incubation with
I125–IGF-I; the graph below represents quantification of total I125–IGF-I binding per lane.
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with circulating insulin levels of 2.2 ng/ml, compared with
0.6 ng/ml in control littermates in the fed state (P ⬍ 0.001).
However, blood glucose levels were normal in LID mice
(188 ⫾ 9.1 mg/dl) compared with those in their control
littermates (192 ⫾ 9.6 mg/dl) (Fig. 1B) in the fed state.
Insulin tolerance tests showed that the LID mice responded less efficiently to exogenous administration of

insulin than did control mice (Fig. 1C). In control mice, 30
and 60 min after insulin injections, blood glucose levels
fell to 85 and 71% of basal levels, respectively (P ⫽ 0.001).
In contrast, in LID mice, blood glucose levels were reduced to only 90% of their basal levels even 60 min after
insulin injection (P ⫽ 0.2), suggesting that the LID mice
have peripheral insulin insensitivity. However, intraperitoneal injection of IGF-I into the LID mice caused a reduction in blood glucose similar to that in their control
littermates (Fig. 1D). Furthermore, the LID mice were able
to clear a bolus of glucose with the same efficiency as
control littermates (Fig. 1E). Thus, the high levels of insulin seen in the LID mice maintain normoglycemia. Taken
together, these data demonstrate that the LID mice show
peripheral insulin insensitivity.
IGFBPs. In the circulation, IGF-I is bound to IGFBPs, six
of which have been well characterized. IGFBPs increase
the half-life of IGF-I in circulation and regulate its action.

S. YAKAR AND ASSOCIATES

Determination of serum IGFBP levels using a ligand
blot assay with I125–IGF-I revealed the presence of three
distinct IGFBP populations in serum of control mice:
IGFBP-1, -3, and -4 (Fig. 1F). The doublet at 45 kDa represents glycosylation variants of IGFBP-3. The band of 30
kDa corresponds to IGFBP-1, whereas the band at 24 kDa
corresponds to IGFBP-4. The abundance of IGFBP-3 and
IGFBP-1 was decreased to ⬃15% of control levels. In contrast, the abundance of IGFBP-4 was not significantly
affected by the dramatic reduction of serum IGF-I levels in
the LID mice. Measurements of IGFBPs after IGF-I treatment for 20 days (LID [IGF-I]) revealed that IGFBP-3 and
-1 levels in the LID mice were restored to control levels
(Fig. 1F).
Islet morphology in LID mice. In view of the differences
in circulating insulin and GH levels between control and
LID mice, we analyzed islet morphology. As shown in Fig.
2, LID mice showed an approximately twofold increase in
islet size, (163 ⫾ 23) ⫻ 102 m2 in LID mice versus (86 ⫾
11) ⫻ 102 m2 in control animals (P ⬍ 0.003). Quantitative
analysis of pancreatic sections indicates that the increase
in islet size was due to an increase in ␤-cell number (i.e.,
hyperplasia).
Insulin signaling in LID mice. To define the molecular
mechanism(s) of insulin resistance in the LID mice, we
compared the early signaling events after insulin stimulation in liver, white adipose tissue, and skeletal muscle
from LID mice with that of control littermates. As shown
in Fig. 3A, insulin stimulated a twofold increase in tyrosine
phosphorylation of the IR in liver of both control and LID
mice. Similarly, insulin stimulated tyrosine phosphorylation of IRS-1 by approximately twofold in liver samples
from control and LID mice. Analysis of early insulin
signaling events in white adipose tissue revealed that
insulin stimulated a twofold increase of tyrosine phosphorylation of both the IR ␤ subunit and the IRS-1 associated with the IR in control and LID mice (Fig. 3B). In
contrast, while insulin also stimulated a twofold increase
DIABETES, VOL. 50, MAY 2001
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FIG. 2. Islet morphology in control (C) and LID mice. Hematoxylin and
eosin staining of pancreatic sections. Representative islets from three
control and three LID mice. Images are shown as 20ⴛ magnification;
the bar represents 50 m.

in tyrosine phosphorylation of IR and IRS-1 in muscle of
control mice, there was little or no effect of insulin on IR
and IRS-1 phosphorylation in skeletal muscle from LID
mice (Fig. 4A). Moreover, in most of the uninjected LID
mice, the basal tyrosine phosphorylation of IRS-1 was
elevated (compared with control animals, P ⬍ 0.01). This
basal increase in IRS-1 phosphorylation is most likely due
to constitutively elevated levels of insulin and/or GH in the
circulation. Determination of IR protein levels in muscle of
LID and control mice by Western blotting revealed no
change in the IR protein expression (data not shown). It
remains somewhat surprising that hyperinsulinemia did
not cause downregulation in the IR.
Analysis of early IGF-I signaling events in skeletal
muscle revealed that IGF-I stimulated a twofold increase
of tyrosine phosphorylation of both the ␤-subunit of the
IGF-I receptor and IRS-1 in control and LID mice (Fig. 4B).
Taken together, these studies show that tyrosine phosphorylation of the IR in response to insulin stimulation is
virtually abolished in muscle but remains normal in the
liver and white adipose tissues of LID mice. Furthermore,
the insulin insensitivity seen in skeletal muscle of LID
mice is specific to the IR, since signaling through the
IGF-IR (i.e., tyrosine phosphorylation of the IGF-IR and
IRS-1) was normal.
Increased insulin sensitivity in muscle of LID mice
after IGF-I administration. In order to examine whether
administration of IGF-I could increase sensitivity to insulin
in muscle, LID mice were injected with rhIGF-I for 20 days.
After IGF-I treatment, insulin tolerance tests showed that
blood glucose fell to 40% of basal levels compared with
LID mice treated with saline, in which blood glucose fell to
only 90% of basal levels (Fig. 5A). After IGF-I injections,
serum insulin levels fell by sevenfold, as compared with
saline-treated LID mice (Fig. 5B). These results are consistent with an IGF-I–induced increase in sensitivity to
insulin and possible inhibition of insulin secretion. Serum
GH levels, determined after IGF-I treatment, were reduced
to normal levels (Fig. 6A). Furthermore, after IGF-I treatment, insulin-stimulated tyrosine phosphorylation of the
IR and IRS-1 in muscle of the LID mice (Fig. 5C and D) was
comparable to that seen in the control mice. This is in
striking contrast to the lack of insulin-induced tyrosine
phosphorylation of the IR and IRS-1 in naive LID mice
(Fig. 4A).
Increased peripheral insulin sensitivity in the LID
mice after treatment with GHRH antagonist. To examine whether suppression of endogenous GH secretion
will restore insulin sensitivity, we injected LID mice with
GHRH antagonist MZ4-71. This antagonist was studied in
mouse and rat models of GH hypersecretion and was
proved to suppress endogenous GH secretion both in basal
and pulsatile levels (22–24). After treatment with MZ4-71
for 28 days, insulin tolerance tests showed that blood
glucose fell to 80% of basal levels compared with LID mice
treated with vehicle, in which blood glucose did not
change even 60 min after insulin injection (Fig. 6B). Serum
GH levels, determined after GHRH antagonist treatment,
were reduced but were not inhibited completely as seen
with IGF-I treatment (Fig. 6A). These data suggest that GH
plays a major role in reducing insulin sensitivity. However,
the insulin tolerance test demonstrates that inhibition of
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GH secretion using the MZ4-71 antagonist did not increase
peripheral insulin sensitivity to the same level as in control
mice (Fig. 1C). Moreover, determination of serum insulin
levels after the MZ-4-71 antagonist treatment showed that
insulin levels did not reduce to normal levels (1.84 ⫾ 0.25
ng/ml). These data suggest that circulating IGF-I may play
a direct role in increasing insulin sensitivity.
DISCUSSION

In this study, we demonstrate that LID mice, which have a
liver-specific deletion of the IGF-I gene, exhibit peripheral
insulin insensitivity at the level of the IR. These mice
display very low levels of circulating IGF-I together with
GH hypersecretion, which is secondary to the IGF-I deficiency. It has been well documented that GH has antagonistic effects on insulin actions. For example, although
insulin increases lipogenesis and glucose uptake, GH
promotes lipolysis, increases serum levels of nonesterified
fatty acids, and decreases glucose metabolism (25). Moreover, in humans, whereas insulin is released in response
to high circulating levels of glucose, GH is secreted in
response to hypoglycemia (26). Chronic elevations of
circulating GH, such as that seen in acromegaly (27) or
GH-producing tumors (28), lead to the development of
insulin resistance, impaired glucose tolerance, hyperinsulinemia, and, in some cases, diabetes (29). However,
although the anti-insulin effects of GH are well known, the
exact molecular mechanism by which GH induces insulin
1114

insensitivity has not yet been elucidated. As demonstrated
in Figs. 1 and 3, LID mice show hyperinsulinemia and
peripheral insulin insensitivity as determined by the insulin tolerance test. However, these mice maintain normoglycemia. Similarly, GH (human GH and bovine GH)
transgenic mice, despite their hyperinsulinemia, always
show normal blood glucose levels and rarely develop
diabetes (25).
The metabolic characteristics of the LID mice suggested
that they were relatively insensitive to insulin in peripheral
tissues. We examined the effect of insulin on liver, white
adipose tissue, and muscle. In liver and white adipose
tissue, we found that insulin similarly stimulated the
phosphorylation of the IR and IRS-1 in LID and control
mice. In muscle, however, there was no detectable stimulation of tyrosine phosphorylation of either IR or IRS-1 in
the LID mice in response to insulin injections. Thus, these
mice clearly have impaired insulin signaling in muscle.
Comparable with our results, bovine GH transgenic mice,
which also exhibit peripheral insulin insensitivity, show
normal response to insulin in liver as determined by IR
␤-subunit phosphorylation during insulin stimulation (30).
However, in the muscle of these mice there is a reduction
in IR protein levels as well as in IR tyrosine phosphorylation during insulin stimulation. Additionally, resembling
our results, the bovine GH transgenic mice have increased
basal phosphorylation of IRS-1 in muscle, which may also
contribute to the insulin insensitivity seen in those mice.
DIABETES, VOL. 50, MAY 2001
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FIG. 3. Normal insulin signaling in liver and white adipose tissue of LID mice. The tyrosine phosphorylation state of the IR ␤-subunit and IRS-1
in liver and white adipose tissue were analyzed in LID mice and control (C) littermates. A: Insulin-stimulated tyrosine phosphorylation of both
IR and IRS-1 in liver of control (n ⴝ 3 nonstimulated, n ⴝ 4 stimulated) and LID (n ⴝ 3 nonstimulated, n ⴝ 3 stimulated) mice. B: Insulin
stimulated tyrosine phosphorylation of both IR and IRS-1 in white adipose tissue (WAT) of control (n ⴝ 4 nonstimulated, n ⴝ 4 stimulated) and
LID (n ⴝ 7 nonstimulated, n ⴝ 10 stimulated) mice. The levels of phosphotyrosine signals are normalized to total immunoreactivity of IR or IRS-1.
(*P < 0.01).
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Other studies performed in rats have shown that chronic
administration of GH caused impaired insulin signaling,
specifically in muscle (31,32).
The mechanism by which insulin signaling is impaired in
LID mice is not known. However, inhibition of insulin
action can be mediated by agents that increase serine/
threonine (Ser/Thr) phosphorylation of the IR or its downstream effectors such as the IRS proteins (33). Ser/Thr–
phosphorylated sites on IR are thought to interfere with
the enzymatic tyrosine kinase activity of the IR and
thereby its ability to phosphorylate downstream substrates. For example, it has been shown that chronic
stimulation by insulin may cause activation of Akt (a
Ser/Thr kinase), which was found to negatively regulate
the insulin-induced association of IRS-1 and PI3⬘-K. This
feedback inhibition of Akt appears to drive the development of insulin resistance that occurs during periods of
hyperinsulinemia (34). Another mechanism by which insulin signaling can be downregulated is through the dephosphorylation of the IR and its substrates by protein tyrosine
phosphatases. It has been shown that protein tyrosine
phospatase 1B regulates both the mitogenic and metabolic
actions of insulin (35). An elevation in the basal level of
tyrosine phosphorylation of IRS-1 was seen in most of the
LID mice, which most likely resulted from high circulating
levels of GH and/or insulin. It has been shown that GH can
activate members of the insulin signaling pathway, IRS-1
and IRS-2 (36,37). Although the nature of the interaction
between the IRS molecules and the GHR/JAK2 complex is
not clear, it appears that JAK2 activation is involved in the
insulin-like effect of GH on tyrosine phosphorylation of
DIABETES, VOL. 50, MAY 2001

IRS-1 and IRS-2. Moreover, activation of the GHR by high
levels of circulating GH may also cause activation of
Ser/Thr kinases that could negatively regulate the insulin
receptor kinase activity (38). As demonstrated in Fig. 4,
IGF-I induced tyrosine phosphorylation of the IGF-IR and
its downstream effector IRS-1 to the same extent in muscle
of LID and control mice. This finding suggests that the
downstream components of the insulin signaling pathway,
such as IRS-1, are functioning normally in response to
stimulation of other receptor tyrosine kinases and
strengthens the observation that the insulin insensitivity is
at the level of IR.
The exact function of a large reservoir of bound IGF-I in
serum is unknown. No other growth factor has been found
to circulate at such high concentrations. IGFBP-3 is the
primary carrier of IGF-I in serum and is an important
regulator of IGF-I action. There appears to be a positive
correlation between the amount of IGF-I produced by the
liver and the serum levels of IGFBP-3. On the other hand,
despite the marked reduction in bound IGF-I in serum,
serum concentrations of free IGF-I were not changed.
Because liver production of IGF-I in the LID mice is abrogated, it can be inferred that the free form of IGF-I is
secreted by extrahepatic tissues such as fat, muscle, or
bone. IGF-I bioactivity is usually related to the free form of
IGF-I. However, it remains unclear how the normal levels
of free IGF-I, which could partially explain the normal
growth and development of the LID mice, were not capable of suppressing GH secretion at the level of pituitary.
LID mice demonstrated a sixfold reduction in serum levels
of IGFBP-1 and IGFBP-3. Insulin levels are inversely related
1115
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FIG. 4. LID mice show impaired insulin signaling in skeletal muscle. A: Insulin failed to stimulate IR and IRS-1 phosphorylation in muscle of LID
mice (n ⴝ 10 nonstimulated, n ⴝ 9 stimulated) as compared with control littermates (n ⴝ 3 nonstimulated, n ⴝ 6 stimulated). B: IGF-I stimulated
tyrosine phosphorylation of both IGF-IR and IRS-1 in muscle of control (n ⴝ 3 nonstimulated, n ⴝ 3 stimulated) and LID (n ⴝ 3 nonstimulated,
n ⴝ 3 stimulated) mice. The levels of phosphotyrosine signals are normalized to total immunoreactivity of IR, IGF-IR, or IRS-1. (*P < 0.01).
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to those of IGFBP-1, as it has been shown that insulin
directly inhibits the production of IGFBP-1 in human hepatoma cell lines (39,40). It is therefore likely that the high
levels of circulating insulin in LID mice may have caused
the reduction in IGFBP-1 levels. Changes in IGFBP-3 in
serum are often used as an index of GH action in humans.
However, despite the elevated GH levels in the circulation,
there was a marked reduction in IGFBP-3 levels in the LID
mice, suggesting that the main regulator of IGFBP-3 in the
circulation, at least in mice, is IGF-I.
In view of the elevated circulating levels of insulin in
LID mice, we examined the morphology of the pancreas
and found that these mice manifest pancreatic hyperplasia. This result could be secondary to the muscle insulin
resistance seen in the LID mice. On the other hand, it was
also shown that GH could increase ␤-cell DNA synthesis in
1116

cultures of isolated islets, and that the mitogenic effects of
GH on islets are mediated in part by an increase in local
release of IGF-I (41). The increase in GH secretion in the
LID mice was detected even early in postnatal development (at 3– 4 weeks). Increased GH may cause local
release of IGF-I and thereby increase the mitogenic activity of the ␤-cells. Apart from inhibiting GH secretion, IGF-I
also suppresses insulin secretion in isolated perfused rat
pancreas and in humans (42– 45). Restoration of circulating IGF-I levels in the LID mice, using a recombinant
peptide, suppressed endogenous GH secretion, led to
reductions in insulin levels, and improved peripheral insulin sensitivity. At the molecular level, insulin was able to
stimulate tyrosine phosphorylation of the IR and IRS-1 in
muscle of LID mice treated with IGF-I.
Various experimental and clinical data demonstrate the
DIABETES, VOL. 50, MAY 2001
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FIG. 5. Increased insulin sensitivity in muscle of LID mice after IGF-I treatment. A: Insulin tolerance tests were performed on LID mice treated
with IGF-I (n ⴝ 16) or phosphate-buffered saline (n ⴝ 19) for 20 days. Results are expressed as mean percent of basal blood glucose
concentration ⴞ SE. B: Serum insulin levels were measured in LID mice treated with either IGF-I (n ⴝ 7) or saline (n ⴝ 4). C: The effect of insulin
on tyrosine phosphorylation of the IR and IRS-1 was measured in muscle of LID mice after either saline (-) or IGF-I (ⴙ) treatment. D:
Quantification of insulin-stimulated IR ␤-subunit and IRS-1 tyrosine phosphorylation in muscle of LID mice either untreated (n ⴝ 3) or treated
with IGF-I (n ⴝ 5). The levels of phosphotyrosine signals are normalized to total immunoreactivity for either IR or IRS-1. (*P < 0.01).

S. YAKAR AND ASSOCIATES

essential role of GHRH in the control of GH secretion and
regulation of linear growth. It has been shown that administration of GHRH antiserum to young rats can significantly retard their growth rate by inhibiting basal and/or
pulsatile GH release. Recently, a potent and specific
antagonist of GHRH was developed—MZ4-71. The MZ4-71
was proven to inhibit the growth rate of young rats.
Chronic injections of the antagonist lowered the sensitivity of GH secretory response to GHRH and caused 85–91%
reduction in circulating GH (22). Furthermore, in a mouse
model of GHRH transgenic mice, in which overproduction
of GHRH results in a dramatic increase in pituitary GH and
GH mRNA contents coupled with increased GH secretion,
the MZ4-71 was able to reduce serum GH concentrations
by 70% (23,24). In an attempt to verify the role of GH
hypersecretion in insulin insensitivity in LID mice, we
treated those mice with the MZ4-71 antagonist. Treatment
of the LID mice with GHRH antagonist, which reduces
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