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It is now well accepted that diabetes mellitus is one of the main threats to human health in the twenty-first century.
The total number of people with diabetes worldwide was estimated at between 151 million and 171 million in 2000
and is projected to increase to 221 million in 2010 and to 366 million in 2030. Needless to say, the increase in the num-
ber of people with diabetes will be accompanied by an increase in the number of those with diabetic complications
such as nephropathy, retinopathy, neuropathy, and atherosclerosis. The global mortality attributable to diabetes in
the year 2000 was estimated at 2.9 million deaths, a number that will also increase. Given that type 2 diabetes accounts
for more than 90% of cases of diabetes worldwide, it is important that we understand the pathogenesis of this condi-
tion and develop new approaches to its prevention and treatment.

Development of type 2 diabetes

In general, type 2 diabetes develops when pancreatic 3 cells fail
to secrete sufficient amounts of insulin to meet the metabolic
demand (Figure 1). An increased metabolic demand for insulin
due to insulin resistance in several tissues usually precedes the
development of hyperglycemia. There is thus a period of nor-
mal or near-normal glycemia in which pancreatic § cells com-
pensate for insulin resistance by hypersecretion of insulin. At
some point, however, this period of f cell compensation is fol-
lowed by B cell failure, in which the pancreas fails to secrete suf-
ficient insulin and diabetes ensues. Changes in lifestyle, such
as consumption of a high-calorie diet and lack of exercise, have
increased the global prevalence not only of diabetes but also of
obesity. Between 60% and 90% of cases of type 2 diabetes now
appear to be related to obesity (1). The insulin resistance that
precedes the development of hyperglycemia is thus usually
associated with obesity (Figure 1). It is therefore important to
characterize the mechanisms of insulin resistance and subse-
quent pancreatic f3 cell failure associated with obesity in order
to develop approaches to prevent type 2 diabetes.

Insulin resistance in specific tissues

An understanding of insulin resistance, which is an impairment
of insulin action, requires knowledge of the mechanisms of insu-
lin action in cells. Studies with cultured cells have revealed that a
signaling pathway that includes the insulin receptor, insulin recep-
tor substrate (IRS), PI3K (class IA), phosphoinositide-dependent
kinase 1 (PDK1), and the protein kinase Akt plays a central role in
the metabolic actions of insulin in many cell types (2) (Figure 2).
Whether or not this insulin-signaling pathway contributes to
energy homeostasis in the whole body has been investigated with
mouse models that harbor tissue-specific mutations in genes that
encode the various pathway components.

Mice that lack insulin receptors specifically in the liver exhibit
insulin resistance, glucose intolerance, and a failure of insulin
to suppress hepatic glucose production and to regulate hepatic
gene expression (3). A similar phenotype was demonstrated
for mice in which PI3K activity was inhibited specifically in
the liver as a result of the expression of a dominant negative
mutant of this enzyme (4). These observations suggest that
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insulin resistance in the liver contributes to the pathogenesis
of type 2 diabetes, consistent with results obtained with cul-
tured cells. In contrast, mice lacking insulin receptors in muscle
exhibit hyperlipidemia but normal glucose tolerance (5). How-
ever, given that transgenic mice that express a dominant nega-
tive mutant of the IGF-1 receptor specifically in muscle develop
insulin resistance and early-onset diabetes (6), loss of insulin
signaling via insulin receptors in muscle may be compensated
for by IGF-1 receptor signaling. Mice that lack insulin receptors
in adipocytes are lean and are protected against obesity-related
glucose intolerance (7), suggesting that insulin signaling in
adipocytes per se may not contribute to the systemic insulin
resistance associated with obesity.

Surprisingly, studies of mouse models with targeted mutations
in genes that encode mediators of insulin signaling have sug-
gested that such signaling in nonclassical insulin target tissues,
such as the brain and pancreatic f§ cells, plays an important role
in the regulation of energy metabolism. The importance of insu-
lin signaling in the central nervous system for the regulation of
energy metabolism as well as for reproduction was directly dem-
onstrated by the generation of mice that lack insulin receptors
in the brain (8). Transgenic rescue of insulin receptor-deficient
mice also suggested that insulin action in the brain plays a dom-
inant role in maintenance of energy homeostasis (9). One of the
actions of insulin in the brain is the suppression of hepatic glu-
cose production (10). We previously showed that mice that lack
STATS3 specifically in the liver manifest insulin resistance associ-
ated with an increase in hepatic glucose production (11). More
recently, we identified signaling by IL-6 and STAT3 in the liver
as being responsible in part for the inhibition of hepatic glucose
production induced by intracerebroventricular injection of insu-
lin (12). These data thus suggest that insulin resistance in the
brain may also contribute to the pathogenesis of type 2 diabetes
by increasing hepatic glucose production and caloric intake. A
high-fat diet has been shown to induce insulin resistance in the
hypothalamus by triggering a proinflammatory response (13).
In this Review series, Jens Briining and his colleagues discuss in
more detail the central actions of insulin relating to energy and
glucose homeostasis (14).

The importance of insulin signaling in pancreatic f cells was
first demonstrated in IRS-2-deficient mice (15). Mice that lack
insulin receptors in 3 cells also have a defect in glucose sensing
and a reduced B cell mass (16). Insulin resistance in 3 cells may
therefore contribute to the pathogenesis of type 2 diabetes.
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Development of type 2 diabetes. Insulin resistance associated with obesity is induced by adipokines, FFAs, and chronic inflammation in adipose
tissue. Pancreatic 3 cells compensate for insulin resistance by hypersecretion of insulin. However, at some point, § cell compensation is followed

by B cell failure, and diabetes ensues.

Systemic insulin resistance

How does insulin resistance in the whole body develop? Studies of
tissue-specific knockout mice have revealed the existence of intertis-
sue communication (17). Such communication is mediated not only
by classical hormones and the nervous system but also through the
production and secretion of bioactive molecules by several cell types.
It is now well established that adipocytes, for example, produce and
secrete bioactive molecules known as adipokines. More recently,
other types of cells including hepatocytes and myocytes have also
been shown to secrete bioactive molecules such as Angptl 3 (18),
Angptl 6 (19), and myostatin (20). The mechanisms by which cells
sense metabolic changes and transduce such information in order
to maintain energy homeostasis, with a focus on glucose sensing,
are addressed in this Review series by Mark Herman and Barbara
Kahn (21). In addition, Yun Chau Long and Juleen Zierath discuss
the role of AMP-activated protein kinase as an energy sensor (22).

Linking obesity and insulin resistance
Adipocytes and adipose tissue are central players in the patho-
genesis of insulin resistance associated with obesity. Studies into
the mechanisms of insulin resistance associated with obesity have
recently focused on adipokines and inflammation, which turn out
to be closely related to each other.

Adipocytes are not merely a site for storage of energy in the
form of triglycerides but also a source of many adipokines, some
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of which — including leptin, TNF-q, resistin, adiponectin, reti-
nol-binding protein 4 (RBP4), and monocyte chemoattractant
protein-1 (MCP-1) — are implicated in the pathogenesis of
insulin resistance associated with obesity in rodents. In this
Review series, Takashi Kadowaki and his colleagues discuss the
role of adiponectin and its receptor in insulin resistance, diabe-
tes, and the metabolic syndrome (23). In addition, Herman and
Kahn describe the role of RBP4 in insulin resistance associated
with obesity (21).

Chronic inflammation of white adipose tissue characterized by
macrophage infiltration (24, 25) is thought to contribute to insulin
resistance associated with obesity. We and others have suggested
that the adipokine MCP-1 and its receptor CCR2 may play a role in
the recruitment of macrophages to white adipose tissue and in the
initiation of an inflammatory response in mice (26, 27). Increased
secretion of MCP-1 from adipocytes of obese mice may thus trig-
ger such macrophage recruitment, and the infiltrated cells may
in turn secrete a variety of chemokines and other cytokines that
further promote a local inflammatory response and affect gene
expression in adipocytes, resulting in systemic insulin resistance.
In this Review series, Steven Shoelson and his colleagues discuss
the link between inflammation and insulin resistance from a more
general point of view (28).

The amount of adipokines secreted from adipocytes may be
correlated, positively or negatively, with adipocyte size — that is,
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Insulin signaling in cells. Insulin elicits its effects by binding to its specific receptor and activating its tyrosine kinase. The activated insulin receptor
kinase phosphorylates the intracellular substrate IRS, which then binds various signaling molecules containing the SH2 domain. Among them,
the Grb2-Sos complex and SHP-2 transmit mitogenic signals through the activation of Ras. In contrast, PI3K (class IA) transmits the major
metabolic actions of insulin via downstream effectors such as phosphoinositide-dependent kinase 1 (PDK1) and Akt.

with the amount of triglyceride stored in the cells. Such a rela-
tion implies that adipokines are direct mediators of insulin
resistance associated with obesity. Given that the release of FFAs
also may be correlated with adipocyte size and that an increase
in the FFA concentration in plasma is a common feature of
insulin resistance, FFAs are also potential mediators of insulin
resistance associated with obesity. The passage of FFAs across
the plasma membrane and into the cell, where they are thought
to exert their effects, is mediated by a specific transport system.
Fatty acid transport protein 1 (FATP1) is a transmembrane
protein that enhances the cellular uptake of FFAs, and FATP1-
deficient mice are protected from diet-induced obesity and
insulin resistance (29). The cytosol of cells also contains fatty
acid-binding proteins (FABPs), which are thought to facilitate
the utilization of lipids in metabolic pathways. Mice that lack
both of 2 related adipocyte FABPs, aP2 and mall, are protected
from diet-induced obesity and insulin resistance (30). These
observations thus suggest that the transport of FFAs into cells
and their intracellular availability are important determinants
of diet-induced obesity and insulin resistance. FFAs also bind to
and activate members of the G protein-coupled class of recep-
tors in the plasma membrane. Among these receptors, GPR40 is
preferentially expressed in pancreatic f cells and mediates the
stimulatory effect of FFAs on insulin secretion (31), and mice
that lack GPR40 have a reduced susceptibility to the hyperin-
sulinemia, hepatic steatosis, increased hepatic glucose output,
hyperglycemia, and glucose intolerance induced by obesity (32).
This latter finding thus provides support for a more “B-centric”
perspective of obesity-induced insulin resistance, as opposed to
the “adipo-centric” perspective, with hyperinsulinemia per se
possibly contributing to hepatic steatosis, hepatic insulin resis-
tance, and hyperglycemia associated with diet-induced obesity.
It remains to be determined what kinds of signals regulate the
secretion of adipokines or FFA release from adipocytes. Although
oxidative stress (33) and endoplasmic reticulum-associated stress
(34) are candidates for such a signal, further studies are necessary
to answer this important question.
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Pancreatic 3 cell failure

Pancreatic P cells initially compensate for the insulin resistance
associated with obesity by upregulating the secretion of insulin.
The f cell failure and diabetes that follow this period of f cell com-
pensation may result from inadequate expansion of {3 cell mass
or failure of the existing 3 cell mass to respond to glucose. Each
of these 2 possible scenarios might result from a defect in insu-
lin and IGF-1 signaling in pancreatic f cells. As mentioned earlier,
mice that lack insulin receptors in f cells have a defect in glucose
sensing and a reduced f cell mass (16). In contrast, mice lacking
IGF-1 receptors in f cells manifest only a defect in glucose sens-
ing (35, 36). Mice deficient in both insulin receptors and IGF-1
receptors, however, develop early-onset diabetes as a result of
reduced f§ cell mass (37). We also recently showed that mice with 3
cells deficient in PDK1, a common downstream mediator of both
insulin and IGF-1 signaling, develop a similar diabetic phenotype
(38). These data suggest 2 interesting notions: (a) The phenotype
associated with a disturbance in insulin and IGF-1 signaling in 3
cells may depend on the severity of the disturbance, with a virtually
complete elimination of such signaling resulting in a substantial
decrease in 3 cell mass and a less severe impairment resulting in a
decrease in the insulin secretory response to glucose. (b) Both of
the prominent features of type 2 diabetes — insulin resistance in
peripheral tissues and B cell failure — may result from a defect in
insulin signaling. Interestingly, another such unifying hypothesis
was recently proposed: that mitochondrial dysfunction may cause
both insulin resistance in peripheral tissues and impairment of
glucose-induced insulin secretion in f3 cells (39).

We hypothesize that the reduced pancreatic § cell mass appar-
ent in diabetic mice with insulin resistance is due to an impair-
ment in cell cycle progression. Progression of the cell cycle in
mammals is governed by various complexes of cyclins and cyclin-
dependent kinases (CDKs) and by their inhibitors. We found
that the CDK inhibitor p27XiP! progressively accumulates in the
nucleus of pancreatic 3 cells in IRS-2-deficient (Irs2-/~) mice and
db/db mice (40). Deletion of the gene encoding p27%ir! ameliorat-
ed hyperglycemia in these animals by inducing the proliferation
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of P cells. These observations suggest that the reduced p cell mass
and p cell failure in Irs2/- or db/db mice are due, at least in part, to
the accumulation of p27XiPl. The mechanism responsible for this
accumulation of p27Xir! in the nucleus of pancreatic 3 cells of
diabetic mice with insulin resistance remains to be determined.
However, given that the PI3K/Akt signaling pathway regulates
the nuclear abundance and localization of p27XiPl, the reduced
Akt activity apparent in the islets of these mice may explain, at
least in part, the accumulation of p27%iP! in the nucleus of f cells.
Furthermore, given that hyperglycemia and reactive oxygen spe-
cies increase the abundance of p27Xirl) these factors also may
contribute to its nuclear accumulation in f cells.

Pancreatic f cells are exposed during  cell compensation to
metabolic changes associated with obesity, so factors commonly
associated with obesity — such as insulin resistance (including that
in f cells), adipokines, FFAs, reactive oxygen species, and endoplas-
mic reticulum-associated stress — should therefore be examined as
candidates for inducers of f} cell failure. The mechanism of f§ cell
failure in type 2 diabetes is extensively discussed by Mark Prentki
and Christopher Nolan in this Review series (41).

Type 2 diabetes and atherosclerosis

Diabetes mellitus is a major independent risk factor for cardio-
vascular disease. Several studies have shown that diabetes is asso-
ciated with a 2- to 4-fold increase in the risk of coronary heart
disease, whereas another study concluded that diabetic patients
without previous myocardial infarction are at as high a risk for
myocardial infarction as are nondiabetic patients with previous
myocardial infarction (42). Diabetic patients usually manifest not
only hyperglycemia but also insulin resistance. In his Review, Clay
Semenkovich describes data on insulin resistance in cells directly
relevant to atherosclerosis and discusses the role of insulin resis-
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tance in the development of atherosclerosis associated with obe-
sity-related diabetes (43). Given that systemic insulin resistance is
thought to give rise to risk factors for cardiovascular disease such
as hyperlipidemia and hypertension, it is difficult to dissect a role
for hyperglycemia and systemic insulin resistance in the pathogen-
esis of atherosclerosis. The issue is further complicated by the fact
that the development of atherosclerosis is itself a complex process
that affects multiple target tissues. Systemic insulin resistance can
be viewed as an admixture of impaired insulin action in certain
target cells and excessive insulin action in others. Moreover, as type
2 diabetes progresses, the relative roles of insulin resistance ver-
sus hyperglycemia may vary, as has been highlighted by 2 recent
studies of the effects of insulin receptor ablation in macrophages
(44,45). The apparent discrepancy between the findings of these 2
studies may be attributable to the fact that the authors measured
different aspects of atherosclerotic lesions at different stages of the
disease (advanced versus early) in different animal models. Epide-
miological data, most recently from the Epidemiology of Diabetes
Interventions and Complications (EDIC) study (46), have shown
that the benefits of tight glycemic control in individuals with dia-
betes and atherosclerosis are somewhat less than expected, sug-
gesting that additional risk factors (insulin resistance?) need to be
considered in the prevention or treatment of atherosclerosis. This
is an area where more collaboration between diabetes and athero-
sclerosis investigators is sorely needed in order to develop robust
models of diabetic atherosclerosis in mice (47).
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