Functional inactivation ot the IGF-I
and insulin receptors in skeletal muscle
causes type 2 diabetes
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Peripheral insulin resistance and impaired insulin action are the primary characteristics of type 2 diabetes.
The first observable defect in this major disorder occurs in muscle, where glucose disposal in response to
insulin is impaired. We have developed a transgenic mouse with a dominant-negative insulin-like growth
factor-I receptor (KR-IGF-IR) specifically targeted to the skeletal muscle. Expression of KR-IGF-IR resulted in
the formation of hybrid receptors between the mutant and the endogenous IGF-I and insulin receptors,
thereby abrogating the normal function of these receptors and leading to insulin resistance. Pancreatic B-cell
dysfunction developed at a relative early age, resulting in diabetes. These mice provide an excellent model to
study the molecular mechanisms underlying the development of human type 2 diabetes.
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Type 2 diabetes is a life-threatening endocrine disorder
that affects as many as 6%-10% of the population of the
Western world (Kahn et al. 1996). The major cause of this
disease is a progressive resistance to the actions of insu-
lin in the peripheral tissues of the body, followed by a
deterioration in insulin secretion (DeFronzo 1997). The
first detectable defect in patients with type 2 diabetes is
frequently the inability of muscle to respond to normal
levels of circulating insulin (Lillioja et al. 1993; Kahn et
al. 1996; DeFronzo 1997). Insulin resistance in both the
periphery (primarily muscle and fat) and in the liver ag-
gravates the altered carbohydrate and lipid metabolism.
Under normal conditions, pancreatic B-cells secrete in-
sulin in response to an elevation in blood glucose levels.
To compensate for the insulin-resistant state, B-cells ini-
tially increase basal and postprandial insulin secretion
(DeFronzo 1997). Eventually, B-cells can no longer com-
pensate and fail to respond appropriately to the impair-
ment in glucose disposal. Together, insulin resistance
and loss of B-cell function eventually lead to the dete-
rioration of glucose homeostasis and to the development
of hyperglycemia.

Using gene-targeting technology, a number of useful
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mouse models have recently been developed to study the
progression of diabetes. Complete disruption of the in-
sulin receptor (Ir) gene in mice leads to severe diabetes
and death in the immediate postnatal period (Accili et al.
1996; Joshi et al. 1996). Although these results clearly
demonstrate the importance of the Ir gene for normal
physiological function, the resulting animals do not pro-
vide a useful model of the human diabetic state. Dele-
tion of the Ir gene specifically in pancreatic B-cells re-
sulted in mice with mild diabetes (Lauro et al. 1998;
Kulkarni et al. 1999).

Because peripheral insulin resistance is often the first
demonstrable change detected in states of impaired glu-
cose tolerance, investigators have attempted to under-
stand this abnormality by studying insulin-stimulated
glucose metabolism in muscle, the organ that mediates
most of this effect (Shulman et al. 1990). Muscle-specific
Ir knockout mice (MIRKO) manifested moderate insulin
resistance and a mild metabolic disorder, but did not
develop either type 2 diabetes or any major metabolic
changes (Bruning et al. 1998). Similarly, activation of the
IR was substantially impaired in mice expressing a domi-
nant-negative mutant Ir specifically in muscle, but these
animals exhibited only mild insulin resistance (Chang et
al. 1994). Lauro et al. (1999) observed a more profound
alteration in insulin sensitivity, with impaired glucose
tolerance, by crossing mice with a dominant-negative Ir
transgene expressed in muscle and adipose tissue with Ir
hemizygous gene-deleted mice.
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The lack of overt diabetes in mice with Ir defects in
muscle could be explained by the normal function of the
IR in other important tissues, namely, the pancreatic
B-cells, liver, and fat. On the other hand, insulin-stimu-
lated glucose uptake into specific muscle subgroups was
not totally abolished, suggesting that insulin signaling
may be mediated through an alternative pathway (Higaki
et al. 1999; Wojtaszewski et al. 1999). The glucose trans-
porter GLUT4 mediates insulin-induced glucose uptake
in muscle and in other peripheral tissues. Interestingly,
whereas Glut4-deficient mice failed to demonstrate dia-
betes (Katz et al. 1995), muscle-specific ablation of Glut4
resulted in severe insulin resistance and, in some mice,
overt diabetes (Zisman et al. 2000). These findings are
consistent with the important role played by GLUT4 in
mediating the actions of insulin in peripheral target tis-
sues (Zisman et al. 2000). Taken together, these studies
suggest that type 2 diabetes has a heterogeneous etiol-
ogy, and that mice with single genetic defects may not
always provide useful models for studying the human
disease states. Therefore, it is critical that other relevant
animal models be developed to study this extremely im-
portant disease.

The IGF-I receptor (IGF-IR) represents another poten-
tial target to develop useful animal models for human
diabetes. IGF-I and insulin are closely similar in both
structure and function, and both can stimulate glucose
uptake in muscle (Le Roith et al. 1995; Jullien et al. 1996;
Frick et al. 2000). IGF-I is also a potential therapeutic
tool, in that it has been shown to lower blood glucose in
patients with insulin resistance, type 2 diabetes, and in-
sulin-dependent diabetes mellitus (Kolaczynski and
Caro 1994).

To determine directly whether IGF-IR plays an impor-
tant role in glucose uptake by muscle and thereby con-
trols glucose homeostasis, we generated mice overex-
pressing a dominant-negative IGF-IR specifically in skel-
etal muscle (MKR mice). Interestingly, these animals
showed a striking loss of function of both the IGF-IR and
the IR, as reflected in a marked decrease in glucose up-
take upon stimulation with either IGF-I or insulin. Fur-
thermore, these mice were insulin-resistant and rapidly
developed overt diabetes, thereby providing an ex-
tremely useful model for the study of type 2 diabetes, its
pathogenesis, and potential new therapies.

Results

Generation of transgenic mice overexpressing
a dominant-negative IGF-I receptor specifically
in skeletal muscle

The transgene MCK-KR-hIGF-IR (MKR) was used to
generate seven independent lines of transgenic mice. Of
these, five transmitted the transgene through their germ-
line. Southern blot analysis revealed (12 copies of the
transgene, as compared to the endogenous IGF-IR (Fig.
1B). Analysis of mRNA levels using an RNase protection
assay revealed strong expression of the mutant human
IGF-IR that was restricted to skeletal muscle. The levels
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Figure 1. Gene-targeting and IGF-IR expression. (A) Schematic
of the construct used to generate MKR mice. The mutant hu-
man IGF-IR ¢cDNA (KR-IGF-IR) was fused downstream of the
muscle-creatine kinase (MCK) promoter, as described in Mate-
rials and Methods. (B) Southern blot analysis shows transmis-
sion of the transgene to the germline. The probe, p-a-IGF-IR,
detects both the endogenous IGF-IR and the transgene, as de-
scribed. Digestion with HindIII generated 5-kb and 3-kb bands,
as shown. The number of copies of the transgene was approxi-
mately 5-12-fold higher than that of the endogenous IGF-IR.
(C) mRNA expression of the IGF-IR is highly enriched in skel-
etal muscle of the MKR mice. M, skeletal muscle; B, brain; K,
kidney; H, heart; F, white fat; S, spleen; L, liver; P, pancreas.
(D) Expression of the IGF-IR protein is highly enriched in vari-
ous skeletal muscles of MKR mice. A representative Western
blot showing IGF-IR immunoreactivity levels in muscle ex-
tracts from MKR and wild-type (Control) mice. Quad, quadri-
ceps; Gastroc, gastrocnemius; Sol, soleus; EDL, extensor digi-
torum longus. Blots are representative of those obtained in three
independent experiments performed on at least five animals of
each genotype.

were increased approximately ninefold above that of the
endogenous mouse IGF-IR. We also found weak levels of
expression in cardiac muscle in two lines that were not
included in this study (data not shown). No mRNA was
detected in a variety of other tissues tested (Fig. 1C).
There were no differences in the endogenous levels of
IGF-IR between MKR and wild-type (control) mice, as
determined by RNase protection assays (data not
shown). Immunoblot analysis showed a corresponding
increase ((10-fold) in the level of transgenic hIGF-IR pro-
tein in various muscles (Fig. 1D). The data shown here
are derived from male mice in one line of mice; identical
results were found in a second mouse line. Male and
female mice displayed qualitatively the same results in
all the experiments performed in this study. MKR mice
showed a modest retardation in growth rate from birth to
the age of 4 wk (20% reduction in body weight, P < 0.01),
and a smaller reduction in growth from this age through
adulthood (10% reduction in body weight, P < 0.05), as
compared to control animals (data not shown).
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Overexpression of a dominant-negative IGF-IR impairs
both IGF-I and insulin signaling in skeletal muscle

To determine the functional effect of overexpression of
the dominant-negative mutant hIGF-IR in skeletal
muscle, we compared the early IGF-I signaling events in
adult MKR and wild-type mice. Systemic infusion of
IGF-I induced tyrosine phosphorylation of both the IGF-
IR B-subunit and IRS-1 in skeletal muscle of wild-type
mice. These effects were completely abolished in skel-
etal muscle from MKR mice (Fig. 2A). The association of
p85 with IRS-1 was markedly reduced in the skeletal
muscle of MKR animals as compared to wild-type mice
(Fig. 2A). There was, however, no difference in immuno-
reactivity levels of IRS-1 or p85 between wild-type and
MKR mice (Fig. 2A).

The IR and IGF-IR share many of the same signaling
pathways. To determine whether overexpression of the
dominant-negative IGF-IR affected the function of the
IR, we also evaluated the IR signaling pathway in MKR
versus wild-type mice. Insulin-induced tyrosine phos-
phorylation of both IR and IRS-1 were dramatically re-
duced by [(B5% in MKR mice (Fig. 2B). Similarly, the
association of p85 with IRS-1 was also reduced in MKR
mice. Overall levels of IR, IRS-1, and p85 immunoreac-
tivity were equal in muscle derived from MKR and wild-
type animals (Fig. 2B). Taken together, these data dem-
onstrate that the expression of a dominant-negative KR~
IGF-IR in muscle impairs the function of both the IGF-IR
and the IR in vivo, as reflected by attenuation of their
signaling cascades.

Hybrid receptor formation in MKR mice

It has been demonstrated that hybrid receptors can form
in tissues expressing both the IGF-IR and the IR, that is,
one IGF-I hemireceptor and one insulin hemireceptor

Figure 2. IGF-I and insulin-stimulated sig- IGF-I:
naling are abolished in MKR muscle. (A)
Seven- to 12-week-old control and MKR mice IB: a-PY |
were infused with either saline (-) or 1 mg/kg

rhIGF-I (+) via the inferior vena cava after iB: a4GFR

overnight starvation. Hindlimb muscles were
homogenized and subjected to immunopre-
cipitation of the IGF-IR (upper panels), IRS-1
(middle panels), followed by Western blotting
with anti-phosphotyrosine antibody, IGF-IR
antibody, IRS-1 antibody, or an antibody to
p85. (Bottom panel) A Western blot analysis
on the same extracts using an anti-p85 anti-
body. (B) The experiment was performed as
described in A with the exception that ani-
mals were infused with 5 U of insulin and an

Control MKR B

can dimerize (Lauro et al. 1999). In view of the finding
that overexpression of the KR-IGF-IR can impair signal-
ing through both the IGF-IR and IR signaling pathways,
we explored the possibility that the mutant IGF-IR and
endogenous IR may form hybrid receptors. We found
that IR immunoreactivity was coimmunoprecipitated
with the IGF-IR in protein extracts from hindlimb
muscle of MKR mice. As shown in Figure 3, A and B,
significant amounts of IR were detected in the IGF-IR
immunoprecipitates and vice versa. Densitometric
analysis revealed a 7.5-fold increase in the amount of IR
coimmunoprecipitated with the IGF-IR immunoprecipi-
tates in MKR mice, as compared to control mice. Simi-
larly, sixfold higher levels of IGF-IRs were detected in
the IR immunoprecipitates from MKR mice, as com-
pared to control mice. Neither systemic infusion of in-
sulin nor of IGF-I activated the hybrid receptors (Fig.
3C,D). Taken together, these data suggest that overex-
pression of a dominant-negative hIGF-IR in skeletal
muscle induced the formation of nonfunctioning hy-
brids between the mutant and the endogenous IGF-IRs
and IRs.

Impaired glucose uptake and glucose homeostasis
in MKR mice

To explore the consequence of reduced IGF-I and insulin
signaling in skeletal muscle, we measured in vitro glu-
cose uptake in extensor digitorum longus (EDL) muscle,
the main glycolytic muscle from adult mice. As shown
in Figure 4A, insulin stimulated glucose uptake in EDL
muscle by fivefold above basal levels in wild-type mice
but only by 1.5-fold in EDL muscle from MKR mice.
Wild-type animals showed a fourfold increase in glucose
uptake in EDL muscle following IGF-I stimulation,
whereas there was no response to IGF-I in muscle from
MKR mice (Fig. 4B). There were no differences in GLUT4
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Figure 3. Assessment of hybrid receptor for-
MKR mation in MKR mice. (A) The IGF-IR was im-

Control MKR
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munoprecipitated (IP) from protein extracts of
hindlimb muscles from either control (wild-
type) or MKR mice. The resulting samples were

IP: a-IR subjected to immunoblotting with an anti-IR
antibody. (B) In the reverse experiment of that
(] D shown in A, the IGF-IR was immunoprecipi-
tated (IP) from protein extracts of hindlimb
Control MKR Control

MKR muscles from either control (wild-type) or MKR
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= + mice. The resulting samples were subjected to
immunoblotting with an anti-IGF-IR antibody.
The results shown are representative of those
obtained in three similar experiments. (C) Con-
trol and MKR mice were infused with either
saline (-) or insulin (+), as described. The IGF-IR
was then immunoprecipitated (IP) from protein
extracts of hindlimb muscles and subjected to

immunoblotting with either an anti-PY or anti-IGF-IR antibody, as shown. (D) Control and MKR mice were infused with either saline
(=) or IGF-I (+), as described. The IR was then immunoprecipitated (IP) from protein extracts of hindlimb muscles and subjected to
immunoblotting with either an anti-PY or an anti-IR antibody, as shown.

immunoreactivity levels in whole muscle extracts from
the two groups of animals (data not shown). Therefore,
the defects seen in glucose uptake after insulin or IGF-I
stimulation were not caused by down-regulation of
GLUT4, the main insulin-stimulated glucose transporter
in muscle. In vivo insulin tolerance tests performed at
this age demonstrated that MKR mice were insulin-re-
sistant, as compared to wild-type mice (Fig. 4C).

To determine at what age the muscle insulin resis-
tance affected whole-body glucose homeostasis, we
monitored blood glucose concentrations and serum in-
sulin levels in MKR and wild-type mice from 2 to 8 wk
of age. MKR mice displayed hyperinsulinemia as early as
2 wk of age (Fig. 5A); however, fed glucose levels did not
increase until 5 wk of age (Fig. 5B). Similar changes in
insulin and glucose levels were seen in the fasted state
(data not shown). Glucose-tolerance tests performed at
3-4 wk showed that MKR mice have normal fasting glu-
cose, with mildly elevated glucose levels at 15, 30, and
60 min in MKR mice, as compared to wild-type mice
(Fig. 5C). In contrast, at 7-12 wk the glucose tolerance in
MKR mice was clearly abnormal (Fig. 5D).

Metabolic responses in MKR mice
in the prediabetic state

To examine the effect of insulin resistance in the predia-
betic state, we analyzed insulin-induced glucose metabo-
lism and glucose tolerance in vivo with a hyperinsulin-
emic-euglycemic clamp. At 3—4 wk of age, basal plasma
insulin levels were elevated (Fig. 5A) and blood glucose
levels were normal in MKR mice (Table 1; Fig. 5B), sug-
gesting that insulin resistance is present. During the
clamp, insulin was infused at a rate of 2.5 mU/kg per
min and plasma glucose levels were clamped at between
113 and 125 mg/dL in both groups. The rate of glucose
infusion required to maintain euglycemia was markedly
lower in the MKR mice (Table 1). Total body glucose

disposal, glycolysis, and glycogen synthesis were signifi-
cantly reduced in the MKR mice, as compared to wild-
type mice (Table 2). Hepatic glucose output was sup-
pressed in wild-type mice, but unaffected in the MKR
mice (Table 1). In skeletal muscle and brown adipose
tissue (BAT), glucose transport activity was reduced by
[60% in the MKR mice, as compared to wild-type mice
(Table 2). Morphologically, no notable differences were
observed between the livers of adult MKR and wild-type
mice (as determined by H&E staining; data not shown).
However, significant differences were revealed after
metabolically staining for PAS, where a marked increase
in the number of glycogen deposits was observed in MKR
mice as compared to wild-type mice (data not shown).

B-Cell function in MKR mice

To determine whether the onset of diabetes is associated
with an abnormality in pancreatic insulin secretion, we
evaluated pancreatic B-cell function. At 3-4 wk, MKR
mice had elevated basal insulin levels and responded to
glucose challenge with an acute rise in serum insulin
levels in a manner similar to wild-type mice (Fig. 5E). At
7-12 wk, MKR mice showed no response to the acute
glucose load (Fig. 5F), strongly suggesting that B-cell dys-
function is most likely the cause of the appearance of
diabetes in the MKR mice. Both control and MKR mice
showed a threefold increase in acute insulin release in
response to arginine (data not shown). Therefore, MKR
mice show a loss of acute first-phase insulin release that
is specific to glucose. H&E staining demonstrated islet
cell hyperplasia in MKR mice compared to wild-type
mice, consistent with a response to insulin resistance
(data not shown).

Changes in lipid metabolism in MKR mice

Serum free fatty acids and triglycerides were Ckwofold
higher in the MKR mice compared to wild-type mice in
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Figure 4. Impairment of glucose uptake in isolated skeletal
muscle in MKR mice leads to insulin resistance. Glucose up-
take was evaluated in EDL muscles from 7-12-week-old control
(wild-type) and MKR mice, as described in Materials and Meth-
ods. EDL muscle was untreated (open bars) or stimulated (closed
bars) with either (A) 70 nM insulin or (B) 500 nM rhIGF-I, as
shown. Results are representative of those obtained in three
independent experiments including six mice in each group. (**)
P <0.01. (C) Serum glucose levels were measured at times 0
min, 30 min, and 60 min after a peritoneal injection of insulin
in either wild-type (open circles) or MKR mice (closed circles).
(*) P<0.05; (**) P <0.01.

both 3-4-week-old and adult mice (Table 3). Moreover,
triglyceride measurements in liver also showed a two-
fold elevation in the MKR mice (Table 3). These findings
are also consistent with an aggravation of the insulin-
resistant state in insulin-sensitive tissues of the MKR
mice.
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Discussion

Type 2 diabetes arises from a heterogeneous etiology,
with secondary effects from environmental influences.
Although insulin resistance is a characteristic feature of
type 2 diabetes, a concomitant abnormality in pancreatic
insulin secretion is thought to be an integral component
of the diabetic syndrome. A number of approaches to
evaluate the function of the IR in specific tissues have
now been developed. Overexpression of a dominant-
negative IR under the control of a muscle creatine kinase
(MCK) promoter/enhancer abrogated the function of the
endogenous muscle IR (Chang et al. 1994). In another
study, the Ir gene was deleted specifically in muscle by
the cre/loxP system (Bruning et al. 1998). Each of these
two mouse models exhibited insulin resistance in vitro,
but the mice did not develop marked hyperinsulinemia
or diabetes. These studies suggested that tissues other
than muscle may play an important role in insulin-regu-
lated glucose disposal. This idea is consistent with the
hypothesis that mice store a larger percentage of glyco-
gen in liver than in muscle, as compared to humans
(Lauro et al. 1998). To study the role of other tissues in
the pathogenesis of type 2 diabetes, Kahn and co-workers
independently deleted the Ir gene in pancreatic B-cells
and in liver (Kulkarni et al. 1999; Michael et al. 2000).
These mice showed clear metabolic abnormalities, but
neither mouse model developed diabetes. Furthermore,
mice with targeted impairment of insulin action in both
muscle and adipose tissue (Lauro et al. 1998) also failed
to develop diabetes.

We hypothesized that the lack of diabetes in mice with
an inactivated IR in muscle was due to compensatory
actions of the IGF-IR, which, like the IR, stimulates glu-
cose uptake by GLUT4 (Jullien et al. 1996; Frick et al.
2000). Indeed, mice with a muscle-specific deletion of
Glut4 developed severe insulin resistance, fasting hyper-
glycemia, and glucose intolerance (Zisman et al. 2000).
We therefore set out to study the effects of muscle-spe-
cific functional blockade of the IGF-IR on glucose ho-
meostasis.

Expression of a dominant-negative mutant IGF-IR re-
sulted in a marked reduction in IGF-I-mediated glucose
uptake into skeletal muscle. This paralleled the absence
of IGF-I-induced tyrosine phosphorylation of the IGF-IR
and IRS-1 in muscle. One possible mechanism by which
this dominant-negative effect may be mediated is by the
formation of hybrid receptors (Frattali et al. 1992; Mox-
ham and Jacobs 1992). Using coimmunoprecipitations,
we demonstrated that nonfunctional hybrids form be-
tween the mutant human IGF-IR and the endogenous
mouse IGF-IRs and IRs. Because the mutant hemirecep-
tor fails to become autophosphorylated, transphosphory-
lation of the endogenous mouse hemireceptor cannot oc-
cur, thereby resulting in functional inactivation of both
receptor types and markedly reducing insulin-induced
glucose uptake into muscle in MKR mice. In contrast,
hybrid receptors were not detected in the transgenic
model of Moller and coworkers, and only small amounts
of hybrid receptors were formed in the model of the
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Figure 5. Metabolic and B-cell disturbances in MKR mice during postnatal stages. (A) Insulin and (B) glucose levels were determined
from blood samples obtained from fed MKR (closed circles) and control (wild-type) mice (open circles) from 2 to 8 wk of age. Data
represent the mean + SEM from at least 20 animals in each group. (**) P < 0.01. Glucose tolerance tests were performed on fasted mice
after an i.p. injection of 2 g/kg glucose at either (C) 3—-4 wk of age or (D) 8-12 wk of age. Blood glucose concentrations were determined
on blood samples obtained by tail biopsy at the indicated times. Results are expressed as average blood glucose level + SEM of 10
animals of each group. (**) P <0.01. To examine B-cell function, glucose (3 g/kg) was injected intraperitoneally in fasted, (E) young
(3-4-wk) and (F) adult (7-12-wk) mice. Blood samples were collected from tail biopsies from MKR (closed circles) and wild-type (open
circles) mice at the indicated time intervals. Insulin levels were determined by RIA. Values shown represent mean + SEM of 10 animals
of each group. (**) P <0.01.

Lauro group (Chang et al. 1994; Lauro et al. 1998). The severe form of insulin resistance in the MKR mice. Simi-
formation of heterodimeric mutant receptors therefore larly, increased expression of insulin/IGF-I hybrid recep-
provides a mechanism to explain the onset of a more tors has been reported in the skeletal muscle of patients
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Table 1. Metabolic parameters during basal and hyperinsulinemic-euglycaemic clamp periods in control and MKR mice

Basal period

Clamp period

Hepatic glucose
output

Mice Body weight Plasma glucose

Hepatic glucose

Plasma glucose  Glucose infusion output

(n) (g) (mg/dL) (umole/kg per min) (mg/dL) (umole/kg per min) (pumole/kg per min)
Control 7 15«1 137 « 1 152 +1.6 113 £ 11 84.6 +54 29=+13
MKR 7 13 £1° 140 £ 2 199 +2.8 125 £ 12 29.4 + 8.5P 14.3 = 3.6°

Data represent the mean = SEM.
2P < 0.05 versus control.
PP < 0.01 versus control.

with type 2 diabetes, and this was positively corre-
lated with severe insulin resistance (Federici et al. 1996,
1998).

The most surprising finding of the present study is
that the MKR mice develop diabetes at a young age (as
early as 5 wk). This is in striking contrast to most other
mouse models, in which the mice typically develop dia-
betes at a much later age, if at all. Until 4 wk of age,
hyperinsulinemia was seen in both fasting and fed states.
However fasting glucose levels were normal in MKR
mice, suggesting insulin resistance with compensation
by the pancreatic pB-cells. After 4 wk, plasma glucose
levels became elevated and overt diabetes was seen. This
finding was surprising in view of the previous mouse
models that failed to develop diabetes, including dele-
tion of Ir in muscle (MIRKO) or functional inhibition of
IR by overexpressing a dominant-negative IR specifically
in muscle (Chang et al. 1994; Bruning et al. 1998). One
possible interpretation, which we favor, is that the re-
maining IGF-IRs compensated for the loss of IR function
in these mice. It is of interest to note that the phenotype
of MKR mice is similar to that of mice with a muscle-
specific deletion of GLUT4, which exhibited severe in-
sulin resistance, fasting hyperglycemia, and glucose in-
tolerance (Zisman et al. 2000). Because GLUT4 is a
downstream target of the IR and of the IGF-IR, these
studies suggest that disruption of both the receptors
(IGF-IR and IR) or of the GLUT4 signaling pathway in
muscle can lead to a diabetic phenotype. In contrast,
disruption of the IR signaling pathway in muscle can be
functionally compensated by the IGF-IR.

We further propose that the defects in the pancreatic
B-cells and in insulin secretion in MKR mice could
contribute to their abnormally high levels of glucose
and the early onset of a diabetic phenotype. In summary,

the MKR model mouse represents an important new ani-
mal model that can be used to study human type 2 dia-
betes. Further characterization of these animals may im-
prove our understanding of the cellular and molecular
changes that occur in type 2 diabetes, and thereby lead
to the development of better therapies for this common
disorder.

Materials and methods

Generation of skeletal muscle-specific dominant-negative
IGF-IR transgenic mice

PCR mutagenesis was used to generate the pPBSKR-hIGF-IR vec-
tor (Fig. 1A). The lys 1003 - arg 1003 mutation abolishes ATP-
binding within the B-subunit of the human IGF-IR ¢cDNA (KR
mutant), as described previously (Kato et al. 1993). To achieve
high levels of expression we used a pGEM11-hybrid intron cas-
sette vector (Choi et al. 1991). The KR-hIGF-IR ¢cDNA was ex-
cised with EcoRI/BamHI. The resulting insert was blunt-ended
and ligated into the unique EcoRV site of the pGEM11-hybrid
intron vector, resulting in pGEM1 1-intron-KR-hIGF-IR.

The promoter of the muscle creatine kinase (MCK) gene was
used to specifically express KR-hIGF-IR in skeletal muscle. A
pBSMCK vector (kindly provided by C.R. Kahn, Boston, MA)
consisting of a 6.5-kb fragment of the MCK gene contained the
5'-flanking region of the MCK promoter and enhancer 1, exon 1
(noncoding), the first intron/enhancer 2, and the first 16 bp of
exon 2. The intron-flanked KR-hIGF-IR was liberated from
pGEM11 with Notl and subcloned downstream of the MCK
promoter to result in pPBSMCK-KR-hIGF-IR. The transgene
MCK-KR-hIGF-IR (MKR) (Fig. 1A) was excised from the paren-
tal plasmid with Pvull/Sacl, purified by agarose gel electropho-
resis, and microinjected into fertilized eggs from FVB/N mice.
These eggs were implanted into CD-1 foster mothers, and the
integration of the transgene in the offspring was assessed by
Southern blot analysis.

Table 2. Whole-body, skeletal muscle, and brown adipose tissue glucose transport and metabolism

Glucose transport

Whole body glucose flux

Brown adipose tissue
(umole/kg per min)

Muscle
(umole/kg per min)

Whole body glucose uptake
(mg/kg per min)

Glycogen synthesis
(mg/kg per min)

Glycolysis
(mg/kg per min)

Control 299 + 33
MKR? 162 + 31

1123 + 254
540 + 88

87.6 5.2
43.7 £ 5.8

464 £3.6
31.5+4.1

412 £6.2
12.2 + 3.3

Data represent the mean = SEM.
2P < 0.01 versus control.
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Table 3. Lipid metabolism in the MKR mice

Critical role for muscle IGF-IR and IR in diabetes

Young mice Adult mice
Control MKR?* Control MKR?*
Free fatty acids (nmole/uL) 0.4+0.1 1+0.2 0.5+0.1 1.1+0.1
Triglycerides (mg/dL) 683 +52 142.3 £ 4.6 70.2 = 8.2 145.7 £ 9.1
Liver triglycerides (umole/g) 10.9 + 0.6 24.1 £ 0.6 83+0.2 16.8 +0.2

Data represent the mean = SEM.

2P < 0.01 versus control.

Animals and genotyping

Mice were kept under a 12-h light/dark cycle and were fed stan-
dard diets. All studies were conducted in accordance with NIH
guidelines as approved by the Animal Care and Use Committee
of the National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK). Founder mice were backcrossed with FVB/N
mice to generate transgenic offspring. All studies were con-
ducted on both hemizygous and homozygous transgenic mice.
Controls consisted of age- and sex-matched wild-type litter-
mates. To identify the transgene we performed Southern blot
analysis on tail DNA of 3-week-old mice using a probe (p-a-
hIGF-IR) that consisted of 379 bp coding for part of the a-sub-
unit of the human IGF-IR ¢cDNA (Ota et al. 1989).

Solution hybridization/RNase protection assay analysis

Tissues were homogenized in Trizol reagent (GIBCO), and total
RNA was isolated as recommended by the manufacturer. Total
RNA (20 pg) was hybridized with a 32P-labeled riboprobe spe-
cific for the o-hIGF-IR, the a-mIGF-IR, and for B-actin mRNA
(Ambion). RNase protection assays were performed exactly as
described previously (Yakar et al. 1999).

Insulin and IGF-I treatment

Experiments were carried out in mice fasted overnight. Animals
were anesthetized with Avertin (15 mL/kg body weight) intra-
peritoneally (i.p.). thIGF-I (1 mg/kg; a kind gift of Genentech) or
rhinsulin (5U/animal; Sigma) was administered through the in-
ferior vena cava.

Immunoprecipitations and immunoblotting analysis

At the indicated times after treatment with IGF-I or insulin,
tissues were rapidly removed from anesthetized mice and pro-
cessed for immunoprecipitations and immunoblotting exactly
as described previously (Dupont et al. 1998).

Analytical assays

Blood glucose levels were determined from the mouse tail vein
using a glucometer (One Touch II, Lifescan). Serum insulin lev-
els were determined in samples taken from the retro-orbital
venous cavity using a radioimmunoassay kit with rat insulin as
a standard (Linco, St. Louis, MO). Both measurements were per-
formed in fasted and fed animals. FFA and triglyceride levels
were analyzed in serum from fasted mice using a commercial
FFA kit (Boehringer Mannheim) and the GPO-Trinder kit
(Sigma), respectively. Liver triglycerides were measured in
fasted mice using a modified method from Burant et al. (1997).
Insulin and glucose tolerance tests were performed in fasted
animals after i.p. injections of either insulin (0.5 U/kg body
weight) or glucose (2 g/kg body weight). Blood glucose values
were measured immediately before and 30 and 60 min after

insulin injection, and before and 15, 30, 60, and 120 min after
glucose injection. For insulin release, either glucose (3 g/kg body
weight) or L-arginine (10 nM/L in 0.2 M PBS) was injected i.p.
into mice that were fasted overnight. Blood from the tail vein
was collected at 0, 2, 15, and 30 min after injection in heparin-
ized capillaries and centrifuged. Insulin levels in plasma were
measured as described above.

Glucose uptake in isolated muscles

Glucose uptake in isolated muscle was performed using 70 nM
insulin and 500 nM rhIGF-I, as described previously (Lauro et al.
1998).

Insulin-stimulated whole body and tissue glucose flux
(hyperinsulinemic-euglycemic clamp)

These experiments were performed in overnight fasted mice,
exactly as described previously (Kim et al. 2000).

Statistical analysis

Results are expressed as the mean + SEM. Statistical analysis of
the data was performed using a one factor ANOVA followed by
a t-test.
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