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The pathogenesis of type 2 diabetes is characterized
by two major features: peripheral insulin resistance
and impaired insulin secretion from pancreatic 3 cells
(1, 2). The application of transgenic mouse technolo-
gy to the study of diabetes has been extensively
reviewed (3). Here, I review the application of a com-
plementary approach, gene knockout technology, to
the problem of understanding insulin resistance and
its sequelae. After reviewing the phenotypes of ani-
mals with individual targeted mutations in homozy-
gous or heterozygous form, I turn to the effects of
double mutations and show that interactions between
mediators of insulin signaling can account for the
development of overt diabetes.

Gene knockout technology allows the investigator to
generate homozygous null mutant mice and to exam-
ine the effects of a total lack of a particular gene prod-
uct. Resultant phenotypes are expected to reflect phys-
iological functions of the specific gene in vivo. The
effects of gene dosage can be studied by focusing on het-
erozygous null mutants. Moreover, crossing of various
heterozygous and/or homozygous knockout animals
can be used to reconstitute alterations in multiple
genes. Conditional (i.e., tissue-specific or inducible)
knockouts can also be created using the Cre/loxP sys-
tem (4). This tool expands the application of the knock-
out approach to allow the study of mutations that
would be lethal if expressed systemically, and it allows
the study of specific effects of mutations in a particular
tissue without influences from the other tissues.

Knockout mice lacking the insulin receptor (IR)

The gene targeting approach has been applied to inac-
tivate the IR gene in mice (5, 6). At birth, IR-deficient
homozygous null (IR+) pups could not be distin-
guished from their wild-type or heterozygous litter-
mates, but IR deficiency leads to a number of major
metabolic alterations soon after suckling begins. IR/
pups develop a severe form of diabetes with ketoacido-
sis, and their triglycerides and FFA levels are raised,
leading to hepatic steatosis. The absence of insulin sig-
naling in the liver also results in reduced hepatic glyco-
gen content, and IR/ pups show a marked postnatal
growth retardation and skeletal muscle hypotrophy.
White and brown adipose tissue are present, but in

decreased amounts. Interestingly, the number of fat
cells in these animals appears normal, and all stages of
differentiation can be observed, but the cell fat content
was markedly decreased (7). All of these disorders lead
to the death of IR+~ pups within 1 week after birth. Het-
erozygous null mutants (IR"), conversely, do not show
any major metabolic abnormalities and had normal
glucose tolerance following an intraperitoneal glucose
tolerance test. Their insulin levels are not significantly
different from those of wild-type mice (5), although
Briining et al. (8) report that IR”- mutants show
increased insulin levels at the age of 4-6 months.
Despite this insulin resistance, only about 10% of IR~
animals (depending on the genetic background) ever
develop type 2 diabetes.

More recently, a muscle-specific IR knockout was
achieved using the Cre/loxP system (9). Mice carrying an
altered IR gene with exon 4 flanked by loxP sites were
generated and bred with transgenic mice that express the
Cre recombinase under the control of the muscle crea-
tine kinase promoter/enhancer. The resultant muscle-
specific IR knockout (MIRKO) offspring show a >95%
reduction in IR expression specifically in skeletal muscle
and a parallel decrease in insulin-stimulated IR and
insulin receptor substrate-1 phosphorylation. Despite
impaired insulin-stimulated glucose uptake in skeletal
muscle, these mice have elevated fat mass, serum triglyc-
erides, and FFAs, but their blood glucose, serum insulin,
and glucose tolerance are normal. Thus, insulin resist-
ance in muscle contributes to the altered fat metabolism
associated with type 2 diabetes, but tissues other than
muscle appear to be more involved in insulin-regulated
glucose disposal than was previously recognized.

Physical exercise promotes glucose uptake into skele-
tal muscle and makes the working muscles more sensi-
tive to insulin. While MIRKO mice show normal rest-
ing 2-deoxyglucose (2DG) uptake in soleus muscles,
with no significant response to insulin, they exhibit
normal exercise-stimulated 2DG uptake and a normal
synergistic activation of muscle 2DG uptake with the
combination of exercise plus insulin (10). Glycogen
content and glycogen synthase activity in resting mus-
cle were normal in MIRKO mice, and exercise, but not
insulin, increased glycogen synthase activity. Thus, this
animal model showed that normal expression of mus-
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cle insulin receptors is not needed for the exercise-
mediated increase in glucose uptake and glycogen syn-
thase activity in vivo.

Tissue-specific knockout of the IR gene in the pan-
creatic 3 cell has also been achieved by breeding the
same mice used to generate the MIRKO with transgenic
mice expressing the Cre recombinase under the control
of the rat insulin promoter (11). The resultant mice
exhibit a selective loss of insulin secretion in response to
glucose and a progressive impairment of glucose toler-
ance. These data indicate an important functional role
for IR in glucose-sensing by the pancreatic 3 cell and
suggest that defective insulin signaling at the level of the
B cell contributes to the insulin secretion deficit in type
2 diabetes. Another tissue-specific knockout of the IR
gene in the liver, in which the Cre recombinase was
under the control of the rat albumin promoter (12),
generated mice with severe insulin resistance associated
with glucose intolerance at the age of 2 months. How-
ever, by 4 months of age, the fasting hyperglycemia had
returned to normal levels. Therefore, isolated liver
insulin resistance is sufficient to cause severe defects in
glucose homeostasis, but not uncontrolled fasting
hyperglycemia or diabetes.

Changes in insulin action in various tissues and the
phenotypes resulting from systemic or tissue-specific
deficiency in the insulin receptor or its known sub-
strates (IRSs) are summarized in Table 1.

Knockout mice lacking IRSs

IRS-1 is the major substrate of insulin receptor and IGF-
1 receptor tyrosine kinases. To clarify the physiological
roles of IRS-1 in vivo, we (13) and Ron Kahn’s group
(14) made mice with a targeted disruption of the IRS-1
gene. IRS-1/- mice were born alive but had retarded
embryonal and postnatal growth (13, 14), indicating
that IRS-1 plays an important role in the growth-pro-
moting function of IGFs and insulin. These animals
were also resistant to the glucose-lowering effects of
insulin, IGF-1, and IGF-2. Despite their insulin resist-
ance, they showed normal fasting glycemia and normal
or mild glucose intolerance by virtue of increased
insulin secretion by pancreatic 3 cells (13, 14). This
compensatory hyperinsulinemia was caused by selective
B-cell hyperplasia (15), as will be discussed below in
more detail. In light of the relatively mild phenotypes of
IRS-1-- animals, the more severe effects seen in IR~ ani-
mals (5) strongly suggest the existence of both IRS-
1-dependent and IRS-1-independent pathways for
transduction of insulin and IGF signals (13, 14).

To identify IRS-1-independent pathways, Ron
Kahn’s group and ours examined the insulin-stimulat-
ed tyrosine-phosphorylated proteins in livers of wild-
type and IRS-1/- mice (14, 16, 17). Patti et al. (16) first
demonstrated that the insulin-stimulated tyrosine-
phosphorylated protein in the liver of IRS-1/- mice was
in fact IRS-2 — also known as IL-4 phosphotyrosine
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substrate (4-PS) (18) or, in our work (17), as pp190. We
found that this molecule, like IRS-1, could bind both
the 85-kDa subunit of phosphatidylinositol (PI) 3-
kinase and the growth factor-bound protein 2 (Grb2)
molecule, suggesting that it could participate in insulin
signal transduction and perhaps compensate for the
absence of IRS-1.

We also used IRS-1/- mice to investigate the roles of
IRS-1 in specific target organs. IRS-1/- muscle showed
low levels of insulin-induced PI 3-kinase activation, glu-
cose transport, p70 S6 kinase activation, and mitogen-
activated protein (MAP) kinase activation (19). In con-
trast, insulin-induced PI 3-kinase and MAP kinase
activation were essentially normal in the liver. The dif-
ferential use of IRS-2 as an alternative substrate may
account for the different physiological effects of the
mutation in these two organs. Thus, in the liver, the
amount of tyrosine-phosphorylated IRS-2 in IRS-1/
livers roughly matched the amount of tyrosine-phos-
phorylated IRS-1 in wild-type tissue. In the muscle,
conversely, tyrosine-phosphorylated IRS-2 accumulat-
ed to levels only 20-30% of the amount of tyrosine-
phosphorylated IRS-1 usually seen.

These phenotypic data suggest that IRS-1 plays cen-
tral roles in two major biological actions of insulin in
muscles, glucose transport and protein synthesis. They
also indicate that the insulin resistance of IRS-1- mice
is mainly due to resistance in the muscles. Finally, it
appears that the degree of compensation for IRS-1 defi-
ciency correlates with the amount of tyrosine-phos-
phorylated IRS-2 in the mutant, relative to that of IRS-
1 in wild-type mice (19). Very similar conclusions were
drawn by Briining et al (20).

In adipose tissues, another target tissue of insulin,
glucose transport occurs via the translocation of
GLUT4 from an intracellular pool to the cell surface.
Insulin-induced PI 3-kinase activity is substantially
reduced in IRS-1/- adipocytes (21), but yet another IRS,
termed pp60 or IRS-3 (22), represents the major tyro-
sine-phosphorylated protein associated with PI 3-
kinase. Tyrosine phosphorylation of IRS-2 and associ-
ation of this molecule with PI 3-kinase were very low in
these experiments (21). Glucose transport and GLUT4
translocation at maximal insulin stimulation are also
decreased in IRS-17/- adipocytes. These data suggest that
both IRS-1 and IRS-3 play major roles in insulin-
induced glucose transport in these cells and that IRS-3
is predominantly involved in regulating this process in
the absence of IRS-1 (21).

More recently, we reported that IRS-1/- mice show
features of syndrome X, such as hypertriglyceridemia
and hypertension (23). The former effect may be due to
decreased lipoprotein lipase activity, arising from
insulin resistance in the adipose tissue. We have also
suggested that hypertension in IRS-1- animals results
in part from impaired vascular relaxation in the
insulin-resistant endothelium. Thus, insulin resistance
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Table 1
Insulin action in muscles, adipose tissue, liver, and pancreatic 3 cells and phenotypes of knockout mice

Animals Insulin action Insulin secretion/f cells Phenotype
Muscles Liver Adipose tissue

IR knockout Defective Defective Defective Hyperinsulinemia Severe diabetes

Muscle-specific IR knockout Defective Normal Normal Normoinsulinemia Metabolic syndrome

B3 cell-specific IR knockout Normal Normal Normal Impaired response to glucose Mild diabetes
Normal B-cell mass

Liver-specific IR knockout Normal Defective Normal Hyperinsulinemia Mild diabetes

IRS-1 knockout Impaired Normal Impaired Hyperinsulinemia/ Syndrome X
B-cell hyperplasia

IRS-2 knockout Normal Impaired Normal Hyperinsulinemia/ Mild to severe diabetes
Reduced B-cell mass

IRS-3 knockout Normal Normal Normal Normoinsulinemia No apparent phenotype

due to IRS-1 deficiency per se was sufficient to cause
syndrome X but not to cause type 2 diabetes, which, as
discussed below, requires a simultaneous defect in
insulin secretion (15).

Targeted disruption of the IRS-2 gene was reported by
Morris White’s group (24), and we have also generated
IRS-2 knockout mice (25). The phenotype obtained dif-
fers strikingly from that of IRS-1-deficient animals.
Heterozygous mice (IRS-2+-) are of normal birth size
and phenotype. IRS-2/- mice are born 10% smaller than
wild-type, and this difference persists into adulthood.
These mice develop a marked and progressive glucose
intolerance and have full-blown diabetes at 10 weeks,
although the phenotype is milder in our IRS-2/ animals
(25) than in those studied by Withers et al. (24). It
appears that IRS-2 deficiency not only causes peripher-
al insulin resistance (much as IRS-1 deficiency does) but
also prevents [3-cell compensation for insulin resistance.
Histological analysis revealed that, as early as 4 weeks,
[-cell mass is reduced by 17% compared with wild-type,
in marked contrast to the 85% increase in 3-cell mass in
IRS-1-- islets (25). Interestingly, even though P-cell
hyperplasia is defective in IRS-2 knockout mice, we have
found that individual 3 cells show normal or increased
insulin secretion in response to glucose (25). Thus a sin-
gle gene mutation in this animal model can induce both
the peripheral insulin resistance and the B-cell deficien-
cy seen in typical type 2 diabetes.

With regard to insulin signaling, Withers et al. (24)
report that the degree of stimulation of PI 3-kinase
activity associated with IRS-1 in liver and muscle of
IRS-2-- is reduced by >50%, due in part to an increased
basal activity. This finding contrasts with the marked
enhancement of insulin-stimulated PI 3-kinase associ-
ated with IRS-2 seen in IRS-1/- mice. These authors
proposed that the defect in PI 3-kinase regulation in
IRS-2+-is the major factor underlying defective glucose
metabolism. We have found, however, that insulin-
induced PI 3-kinase activation is significantly impaired
in the livers of IRS-2~- mice, whereas PI 3-kinase activa-
tion in the skeletal muscles is essentially normal (25).

Moreover, IRS-1-mediated PI 3-kinase activity is essen-
tially normal in both of these tissues. Thus, IRS-1 and
IRS-2 mediate common and specific effects of insulin
and IGF-1 in peripheral tissues and 3 cells.

To explore the interactions between these IRS pro-
teins, Withers et al. intercrossed mice heterozygous for
two null alleles (IRS-1- and IRS-2-) and investigated
growth and glucose metabolism in mice with viable
genotypes (26). They showed that IRS-1 and IRS-2 are
critical for embryonic and postnatal growth, with IRS-
1 having the predominant role. Although both IRS-1
and IRS-2 are involved in peripheral carbohydrate
metabolism, IRS-2 plays the major role in [3-cell devel-
opment and compensation for peripheral insulin
resistance. These authors also intercrossed mice het-
erozygous for null alleles of the genes for the IGF-1
receptor and IRS-2 (26), and they found that IGF-1
receptors promote [-cell development and survival
through the IRS-2 signaling pathway, thus establishing
arole for the IGF-1 receptor in 3 cells. Evidently, IRS-2
integrates the effects of insulin in peripheral target tis-
sues with those of IGF-1 in pancreatic [ cells to main-
tain glucose homeostasis.

Since IRS-1 and IRS-2 are each required for normal
growth and glucose homeostasis, Liu et al. generated
mice with a targeted disruption of the IRS-3 gene (27).
Homozygous IRS-3-deficient mice showed normal
body weight throughout development, normal blood
glucose and insulin levels, and normal glucose trans-
port in adipocytes. It should be noted, however, that
important roles for IRS-3 in adipocytes or 3 cells may
be masked by compensation by either IRS-1 or IRS-2
in these tissues.

Knockout mice lacking Pl 3-kinase

A role for PI 3-kinase activity in insulin-stimulated glu-
cose transport and GLUT4 translocation has been sug-
gested from in vitro work, but its role in vivo and the
molecular link between activation of PI 3-kinase and
translocation have not yet been elucidated. To determine
the role of PI 3-kinase in glucose homeostasis, we gener-
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ated mice with a targeted disruption of the Pik3r1 gene,
encoding the p85a regulatory subunit of PI 3-kinase
(28). The p85 regulatory subunit associates through its
SH2 domain with IRS molecules, interactions that lead
to PI 3-kinase activation. Pik3r1~- mice show increased
insulin sensitivity and hypoglycemia due to increased
glucose transport in skeletal muscle and adipocytes.
Insulin-stimulated PI 3-kinase activity associated with
IRSs is mediated by full-length p85a in wild-type mice,
but by the p50a alternative splicing isoform of the same
gene (29) in Pik3r1--. This isoform switch is associated
with an increase in insulin-induced generation of
PI(3,4,5)triphosphate in Pik3r1- adipocytes, as well as
heightened GLUT4 translocation to the plasma mem-
brane. These results provide the first direct evidence that
PI 3-kinase contributes to glucose homeostasis (28),
which may be influenced by the expression of alternative
isoforms of the PI 3-kinase regulatory subunits.

Knockout mice lacking GLUT4

Gene targeting has also been used to generate mice car-
rying a null mutation in the GLUT4 gene (30). Because
GLUT4 is dysregulated in diabetes and obesity, it was

®

Differentiation
PPARYy l (TZD)
Insulin
sansitivity
Hypertrophy
PPARy \ (High-fat diet)
PPARyH- PPARyH*
Hypertrophy () Hypertrophy @
Insulin Insulin
resistance @) resistance D@
Figure 1

Roles of PPARY in the adipocyte. In this model, PPARY acts at two steps
to regulate adipocyte size and insulin sensitivity. First, PPARY promotes
the differentiation of pre-adipocytes (P) to normal, insulin-sensitive, small
adipocytes (S), a step that can be activated by providing artificial PPARY
agonists, the thiazolidinediones (TZD). PPARyalso plays a critical role in
adipocyte hypertrophy and development of insulin resistance under a
high-fat diet. In wild-type mice, such a diet promotes adipocyte hyper-

trophy, which converts small adipocytes (S) into large adipocytes (L).
These latter cells, in turn, induce factors such as TNF-at and FFAs, which
promote insulin resistance. PPARY"~ animals therefore enjoy some pro-

tection from adipocyte hypertrophy and the development of insulin resist-
ance under a high-fat diet. Adapted from ref. 38.
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expected that genetic ablation of GLUT4 would result
in abnormal glucose homeostasis. Homozygous null
mutants (GLUT4+-), however, did not show a diabetic
phenotype. Indeed, blood glucose levels in females are
not significantly elevated in either the fasted or fed
states, and males exhibit lower glucose levels in both
states. Insulin resistance is seen in animals of both sexes,
as evidenced by five- to sixfold higher postprandial
hyperinsulinemia and impaired glucose response to
insulin tolerance test. GLUT4 deficiency resulted in
decreased levels of lactate and FFAs in both the fasting
and fed states, and of B-hydroxybutyrate in the fasting
state. These changes are the opposite of those seen with
GLUT4 overproduction and also the opposite of those
seen in the diabetic phenotype. There was a marked
reduction in fat tissue deposition in GLUT4/- mutants,
contrasting with the increased adiposity of mice over-
producing GLUT4 in adipocytes. GLUT4/- mice are
small and suffer significant cardiac hypertrophy, which
may be related to hyperinsulinemia and a decreased
supply of FFAs. Possibly as a result of abnormal cardiac
function, GLUT4~- mice generally live only 5-7 months.
Increased expression of other glucose-transporter genes
was detected in liver (GLUT2) and heart (GLUT1), but
not in skeletal muscle. Recently, Tsao et al. (31) obtained
GLUT4-deficient mice in which GLUT4 expression was
reconstituted in skeletal muscle. The alterations in glu-
cose metabolism due to GLUT4 deficiency could be cor-
rected by GLUT4 expression in skeletal muscle alone,
but the transgene did not restore normal adipose-tissue
function, since fat-pad weight and FFA levels remained
lower in these mice (31).

Heterozygous GLUT4”- mice are born with normal
phenotype and are fertile. Interestingly, although the
male mice do not become obese as they age, they devel-
op hyperinsulinemia and subsequently hypertension
and hyperglycemia (32), despite the fact that there is no
evidence of [B-cell deficiency. GLUT4 content and glu-
cose uptake in muscles of hyperinsulinemic mice are also
markedly reduced. There was a drastic decrease in
GLUT4 expression in adipose tissue as well, with no
change in total mass, but average cell volume increased
by 35%. To investigate the impact of a partial deficiency
in the level of GLUT4 on in vivo insulin action, Rossetti
etal. (33) examined glucose disposal and hepatic glucose
production during hyperinsulinemic clamp studies in
these heterozygous mice. Since the disruption of one
allele of GLUT4 led to severe peripheral, but not hepatic,
insulin resistance, they concluded that varying levels of
GLUT4 protein in striated muscle and adipose tissue can
markedly alter whole-body glucose disposal. The mice
also showed diabetic histopathologies (diabetic car-
diomyopathy and liver steatosis) in the heart and liver,
similar to those of humans with type 2 diabetes (34).
Thus, male GLUT47- mice represent a good model for
studying the development of type 2 diabetes without the
complications associated with obesity.
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To determine whether development of the diabetic
phenotype in GLUT4*- can be blocked by preventing the
onset of impaired muscle GLUT4 expression and glu-
cose utilization, Tsao et al. introduced into GLUT4+- ani-
mals a GLUT4 transgene under control of the myosin
light chain (MLC) promoter, which directs expression
into fast-twitch muscles (34). GLUT4 expression and
2DG uptake levels were normal in the fast-twitch mus-
cles of these MLC-GLUT47- mice. These mice differ from
nontransgenic GLUT47- animals in that their whole-
body glucose utilization is normal. Moreover, the devel-
opment of hyperinsulinemia and hyperglycemia as seen
in the GLUT4 strain was prevented in MLC-GLUT4"",
and diabetic heart histopathology in MLC-GLUT4+-
occurred at control levels. Based on these results, the
authors proposed that the onset of a diabetic phenotype
in GLUT47- can be avoided by preventing decreases in
muscle GLUT4 expression and glucose uptake.

More recently, a muscle-specific knockout was achieved
using the Cre/loxP system (35). These animals show a
90-95% reduction in GLUT4 expression in skeletal mus-
cle, with no compensatory increase in GLUT1. In contrast
to mice with a muscle-specific IR knockout, muscle-spe-
cific GLUT4 knockout mice had more severe insulin
resistance, fasting hyperglycemia, and glucose intoler-
ance. This difference may be due to the fact that contrac-
tion-induced glucose uptake in muscle is intact in the
muscle-specific IR knockout, whereas it is abolished in
the muscle-specific GLUT4 knockout.

Knockout mice lacking peroxisome
proliferator-activated receptor y

Agonist-induced activation of peroxisome prolifera-
tor-activated receptor Y (PPARY) is known to cause
adipocyte differentiation and to promote insulin sen-
sitivity (36, 37). To investigate the biological role of this
molecule, we and others generated PPARY-deficient
mice by gene targeting (38-40). Homozygous mutant
embryos died at 10.5-11.5 days postcoitum due to pla-
cental dysfunction (38, 39). More interestingly, howev-
er, PPARY/- heterozygous mice proved resistant to the
usual effects of high dietary fat intake on glucose
metabolism. Unlike wild-type mice given high-fat diets,
these animals fail to become obese and insulin resist-
ant, and they maintain the expression of GLUT4 in
their white adipose tissue. Despite reduced adipose tis-
sue mass and adipocyte size in PPARY/- animals, leptin
expression is increased, due to a partial suppression of
PPARY-mediated inhibition of leptin gene expression
by loss of one PPARY allele, possibly accounting for this
protective effect. Similar results were also reported by
another group (41).

We hypothesize that PPARY also participates in the
regulation of adipocyte hypertrophy (i.e., the conver-
sion of small adipocytes into large adipocytes) in the
insulin-resistant state (Figure 1). In wild-type mice, a

high-fat diet leads to adipocyte hypertrophy, which
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induces factors such as TNF-0 and FFAs and thus pro-
motes insulin resistance. Since heterozygous PPARY
deficiency prevented adipocyte hypertrophy and the
development of insulin resistance under a high-fat diet,
itappears that the amount of PPARY plays a critical role
in adipocyte hypertrophy and development of insulin
resistance. Thus, it seems likely that PPARY plays dual
roles in the regulation of insulin sensitivity. In the pres-
ence of potent synthetic ligands such as thiazolidine-
dione (and, presumably, during childhood), the differ-
entiation of adipocytes and, hence, the number of
adipocytes depend upon activation of PPARY (37-40).
In adults under a high-fat diet, however, adipocyte
hypertrophy and, hence, the size of adipocytes depend
upon the level of PPARY expression. PPARY stimulation
results in adipocyte differentiation to generate small
adipocytes and insulin sensitivity in the former context
and adipocyte hypertrophy to generate large adipocytes
and insulin resistance in the latter context.

PPARY appears to facilitate energy storage under a
high-fat diet in part by inhibiting expression in
adipocytes of leptin, the major hormonal regulator of
energy homeostasis. It seems that PPARYis an example
of a “thrifty” gene (36, 38), variations in which promote
efficient storage of energy as fat. Consistent with this
possibility, subjects with the Pro12 Ala variant of the
PPARygene, which causes a modest reduction of PPARY
activity, have a decreased body mass index and decreased
insulin resistance, as well as protection from type 2 dia-
betes (42, 43). The identification of a novel role for
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Figure 2

Three patterns of response of pancreatic B cells to insulin resistance. (a)

In IRS”/~animals, glucose tolerance remains normal in the face of insulin
resistance because their 3 cells (red) proliferate to compensate for

reduced insulin responses. (b) In mice lacking both glucokinase and

IRS-

1 (GK7-/IRS-1 double knockouts), a similar compensatory B-cell hyper-
plasia occurs, but the animals develop type 2 diabetes because their 8

cells (purple) are defective in glucose-stimulated insulin secretion. (c)

IRS-

27/~ mice, similarly, become overtly diabetic. These animals have func-
tional B cells (red) that are unable to undergo hyperplasia to compensate
for insulin resistance. Together, these results indicate that the compen-

satory response of 3 cells to insulin resistance plays a crucial role in
venting the development of type 2 diabetes. KO, knockout.
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PPARY in obesity and insulin resistance may inspire
novel therapeutic strategies such as a PPARyantagonist
for obesity and obesity-linked insulin resistance.

Interplay between genetic defects in the development
of type 2 diabetes

The peripheral insulin resistance and impaired insulin
secretion from pancreatic 3 cells seen in type 2 diabetes
(1, 2) may be genetic in origin or may be augmented by
environmental factors and by ongoing hyperglycemia
itself. These factors may interact in a complex manner to
cause and sustain hyperglycemia. Previous prospective
studies have demonstrated that both insulin resistance
(often accompanied by hyperinsulinemia) and low
insulin response to glucose are predictors of human type
2 diabetes (1, 2, 44-46). To investigate the interactions
between insulin resistance and insulin secretory defects
in the development of diabetes, we generated an animal
model with these two genetic defects by crossing IRS-
1-deficient mice and mice with a 3 cell-specific GK defi-
ciency (ref. 15; see also Cavaghan et al., this Perspective
series, ref. 47). As described above, IRS-1~- mice are
insulin-resistant but maintain normal glucose tolerance
because of compensatory hyperinsulinemia (13, 14). We
have also generated a mouse strain with a 3 cell-specific
reduction in glucokinase expression, which shows mild
glucose intolerance due to an impaired insulin response
to glucose (48). Crossing the two strains generated a
double knockout with features of both lines: insulin
resistance and impaired insulin secretion (Figure 2).
These animals showed overt diabetes (15).

As shown in Figure 2, whereas IRS-1/- mice show nor-
mal glucose tolerance due to compensatory [-cell
hyperplasia, the GK/IRS-1 double-knockout mice devel-
op type 2 diabetes. The latter mice show 3-cell hyper-
plasia, but their diminished expression of GK evident-
ly causes a severe enough defect in glucose-stimulated
insulin secretion that this hyperplasia is insufficient to
compensate for insulin resistance. In contrast, IRS-27/-
mice fail to induce [-cell hyperplasia in response to
insulin resistance and therefore develop type 2 diabetes,
despite normal or even increased induction of insulin
secretion by glucose in individual B cells.

Thus, genetic variations can cooperate to cause overt
diabetes. In this case, mild insulin resistance and a
slight defect in insulin secretion, when combined, lead
to the development of diabetes. Another example of
this principle comes from the study of mice doubly het-
erozygous for null alleles in IR and IRS-1. Singly het-
erozygous mice, as described above, have no obvious
clinical phenotype. Briining et al. (8) generated double-
heterozygous mutant mice carrying one null allele for
both IR and IRS-1. Such animals were indistinguishable
from their littermates at birth, but the expression of IR
and IRS-1 in livers and muscles of these mice was
diminished by 60%. As a consequence, insulin-stimu-
lated autophosphorylation of IR, tyrosine-phosphory-
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lation of IRS-1 and IRS-2, and association of the p85
subunit of PI 3-kinase with IRS-1 are all reduced. Blood
glucose is normal and remains so up to the age of 4-6
months, but insulin levels are already higher at 2
months in the double heterozygotes than in either of
the single mutants. At 4-6 months, these animals
develop a marked insulin resistance, as evidenced by
severely elevated levels of plasma insulin and blunted
response to exogenous insulin. At 6 months, 40% of
double-heterozygous null mutants for IR and IRS-1
become overtly diabetic. The development of insulin
resistance is accompanied by an increase in 3-cell mass,
which is most pronounced in the diabetic animals. It
therefore appears that the combination of minor
defects in the insulin signaling cascade can act syner-
gistically to cause insulin resistance and type 2 diabetes
in an age-dependent manner (8).

Human type 2 diabetes is a polygenic disease requit-
ing the interactions of multiple genetic factors and
environmental factors to become manifest. Genetic dis-
section of type 2 diabetes in humans is clearly limited
for both practical and ethical reasons. In this respect,
use of inbred animal models that spontaneously repro-
duce the main features of type 2 diabetes offers an
important strategy for genetic investigations. Since
whole-genome mapping and identification of human
type 2 diabetes genes are progressing rapidly (49), the
genetic reconstitution of multiple defects in human
type 2 diabetes genes in mice should shed light on the
molecular mechanism and actual biochemical path-
ways of human type 2 diabetes.
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