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The association of obesity with type 2 diabetes has
been recognized for decades, and the major basis for
this link is the ability of obesity to engender insulin
resistance. Insulin resistance is a fundamental aspect
of the etiology of type 2 diabetes and is also linked to
a wide array of other pathophysiologic sequelae
including hypertension, hyperlipidemia, atherosclero-
sis (i.e., the metabolic syndrome, or syndrome X), and
polycystic ovarian disease (1). Although many details
of the mechanisms by which the enlarged adipose tis-
sue mass that defines obesity causes systemic insulin
resistance remain unknown, the past several years have
witnessed an explosive increase in our understanding
of what may now be referred to as the adipo-insulin
axis. There are also grounds for considering the relat-
ed possibility that insulin resistance and hyperinsu-
linemia, in addition to being caused by obesity, can
contribute to the development of obesity. In this Per-
spective, we will review recent progress, highlight areas
of controversy or uncertainty, and suggest approach-
es to clarifying the unresolved issues.

Insulin action in the adipocyte. Insulin is a critical regu-
lator of virtually all aspects of adipocyte biology, and
adipocytes are one of the most highly insulin-respon-
sive cell types. Insulin promotes adipocyte triglyceride
stores by a number of mechanisms, including fostering
the differentiation of preadipocytes to adipocytes and,
in mature adipocytes, stimulating glucose transport
and triglyceride synthesis (lipogenesis), as well as
inhibiting lipolysis (Figure 1). Insulin also increases the
uptake of fatty acids derived from circulating lipopro-
teins by stimulating lipoprotein lipase activity in adi-
pose tissue. Insulin’s metabolic effects are mediated by
a broad array of tissue-specific actions that involve
rapid changes in protein phosphorylation and func-
tion, as well as changes in gene expression. The funda-
mental biologic importance of these actions of insulin
is evidenced by the fact that the insulin signaling cas-
cade which initiates these events is largely conserved in
evolution from C. elegans to humans (2).

The initial molecular signal for insulin action involves
activation of the insulin receptor tyrosine kinase, which
results in phosphorylation of insulin receptor sub-
strates (IRSs) on multiple tyrosine residues. These phos-
photyrosine residues act as docking sites for many SH2

domain-containing proteins, including the p85 regula-
tory subunit of phosphoinositide 3" kinase (PI3K).
Binding of the p110 catalytic subunit of PI3K to p85
activates the lipid kinase that promotes glucose trans-
port (3). Whereas activation of PI3K is necessary for full
stimulation of glucose transport by insulin, emerging
evidence suggests that it is not sufficient and another
pathway may also be necessary (4, 5). The signals down-
stream of PI3K are still unknown, and there is contro-
versy as to whether the serine/threonine kinase Akt/pro-
tein kinase B (PKB) (6, 7) or the protein kinase C (PKC)
isoform A/ (8) mediates insulin stimulation of glucose
transport. Most likely, the pathways that mediate
insulin’s metabolic effects diverge downstream of PI3K
(7, 9) and show differential sensitivity to varying levels
of insulin. For example, the antilipolytic effect of insulin
requires much lower insulin concentrations than stim-
ulation of glucose transport. Hence, even in insulin-
resistant states in which glucose transport is impaired,
sensitivity to insulin’s antilipolytic effect is relatively
preserved, resulting in maintenance or expansion of adi-
pose stores. Insulin also activates the ras-mitogen-acti-
vated protein kinase (ras-MAPK) signaling cascade. This
pathway appears to be important for the mitogenic
effects of insulin, but most data do not implicate the
MAPK pathway in the well-studied metabolic actions of
insulin. Insulin action in adipocytes also involves
changes in gene transcription. The transcription factor
ADD-1/SREBP-1c (adipocyte determination and dif-
ferentiation factor-1/sterol regulatory element-binding
protein-1c) may play a critical role in the actions of
insulin to regulate adipocyte gene expression (10-12),
by inducing genes involved in lipogenesis and repress-
ing those involved in fatty acid oxidation. Transcription
factors of the forkhead family may also play a major role
in transducing insulin signals to the nucleus (13). The
relative functions of the ADD-1/SREBP-1c and fork-
head pathways should be the subject of future research.

Insulin resistance in obesity and type 2 diabetes. The term
“insulin resistance” usually connotes resistance to the
effects of insulin on glucose uptake, metabolism, or
storage. Insulin resistance in obesity and type 2 diabetes
is manifested by decreased insulin-stimulated glucose
transport and metabolism in adipocytes and skeletal
muscle and by impaired suppression of hepatic glucose
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output (1). These functional defects may result, in part,
from impaired insulin signaling in all three target tis-
sues and, in adipocytes, also from downregulation of
the major insulin-responsive glucose transporter,
GLUTA4. In both muscle and adipocytes, insulin binding
to its receptor, receptor phosphorylation and tyrosine
kinase activity, and phosphorylation of IRSs are
reduced. There are also tissue-specific alterations: In
adipocytes from obese humans with type 2 diabetes,
IRS-1 expression is reduced, resulting in decreased IRS-
1-associated PI3K activity, and IRS-2 becomes the main
docking protein for PI3K (14). In contrast, in skeletal
muscle of obese, type 2 diabetic subjects, IRS-1 and IRS-
2 protein levels are normal but PI3K activity associated
with both IRSs is impaired (15).

One mechanism for the signaling defects in obesity
may be the increased expression and activity of several
protein tyrosine phosphatases (PTPs), which dephos-
phorylate and thus terminate signaling propagated
through tyrosyl phosphorylation events. Some data indi-
cate that at least three PTPs, including PTP1B, leukocyte
antigen-related phosphatase (LAR), and src-homology-
phosphatase 2, are increased in expression and/or activ-
ity in muscle and adipose tissue of obese humans and
rodents (16). PTP1B and LAR have been shown to
dephosphorylate the insulin receptor and IRS-1 in vitro
(16, 17). In fact, mice in which PTP1B has been knocked
out have increased insulin sensitivity and resistance to
diet-induced obesity (18, 19), at least in part, due to
increased energy expenditure (19). This suggests a regu-
latory role for PTP1B not only in insulin action, but also
in energy homeostasis. Interestingly, the insulin sensi-
tivity is present in muscle and liver but not in adipocytes
(18, 19). Whether there is a causal relationship between
the insulin sensitivity and leanness/energy expenditure
or whether these are regulated by independent signaling
pathways is a key question.

Other mechanisms also contribute to insulin resist-
ance in obesity. In morbid obesity, the expression of var-
ious insulin signaling molecules is reduced in skeletal
muscle (20). In all forms of obesity and diabetes, a major
factor contributing to the impaired insulin-stimulated
glucose transport in adipocytes is the downregulation
of GLUT4. However, in skeletal muscle of obese and dia-
betic humans, GLUT4 expression is normal (reviewed in
ref. 21) and defective glucose transport appears to be
due to impaired translocation, docking, or fusion of
GLUT4-containing vesicles with the plasma membrane.

Although insulin resistance is characteristic of obesi-
ty and type 2 diabetes, it is not established that all of
insulin’s actions are impaired in individuals with both
conditions. It is possible that hepatic lipogenesis and
lipid storage are being driven to excess in adipose tis-
sue, whereas other insulin effects related to glucose
homeostasis are impaired. It will be important to iden-
tify the signaling pathways and transcription factors
that could allow for such discordant actions of insulin.
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Reduced glucose disposal into adipose

tissue in obesity

The action of insulin to lower blood glucose levels
results from suppression of hepatic glucose produc-
tion and increased glucose uptake into muscle and fat.
Muscle has long been considered the major site of
insulin-stimulated glucose uptake in vivo, with adi-
pose tissue contributing relatively little to total body
glucose disposal. Support for this conclusion comes
from the fact that measurements of 2-deoxyglucose
uptake in vivo show at least ten times more glucose per
milligram of tissue going into muscle than into white
adipose tissue (WAT) (22). Because muscle mass is con-
siderably greater than WAT mass, at least in lean
rodents and humans, this observation has been taken
to indicate the prominent contribution of muscle to
glucose disposal. Although glucose transport into
brown adipose tissue (BAT) is higher than in many
muscle groups, the mass of BAT is small even in
rodents, making this an unlikely site to account for
large amounts of total body glucose uptake. Thus, it
has been viewed as unlikely that diminished glucose
uptake into fat could account for diminished whole
body glucose uptake in obesity. However, transgenic
studies have raised the possibility of a greater role for
glucose uptake into fat in systemic glucose homeosta-
sis than was previously believed. Overexpression of
GLUT4 selectively in fat enhances whole body insulin
sensitivity and glucose tolerance (23) even in overtly
diabetic mice (24). Furthermore, knocking out GLUT4
selectively from fat results in a degree of insulin resist-
ance similar to that seen with muscle-specific knock-
out of GLUT4 (unpublished observation). Whether
this systemic insulin resistance results directly from
the absence of adipose glucose transport or indirectly
from possible effects of altered glucose uptake on the
release of other molecules from adipocytes remains a
key question. Likely candidates for indirect effects are
FFA, leptin, or TNF-a, all of which are known to affect
glucose homeostasis (see below). Undoubtedly there
are other, as yet undiscovered, molecules from fat that
influence systemic metabolism.

Further support for a potential direct role of
adipocytes in regulating systemic glucose homeosta-
sis comes from studies in which rodents or humans
are treated with the 33 adrenergic agonist CL316,243
(25, 26). Since B3 adrenergic receptors are expressed
almost exclusively in fat, effects of these agents would
be expected to be initiated by alterations in fat. Treat-
ment with CL316,243 results in enhanced sensitivity
of both whole body glucose uptake and suppression
of hepatic glucose production (25). These effects are
accompanied by increased glucose uptake in adipose
tissue with no effect in multiple muscle groups stud-
ied. Thus, increasing glucose uptake selectively in fat
with B3 adrenergic receptor agonists may improve
whole body glucose uptake, with the effects in fat
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Figure 1

Pleiotropic effects of insulin to promote adipose storage. Insulin stimulates differentiation of preadipocytes to adipocytes. In adipocytes, insulin
promotes lipogenesis by stimulating the uptake of glucose and lipoprotein-derived fatty acids and by inducing ADD-1/SREBP-1c¢, which regulates
genes promoting fatty acid synthesis and lipogenesis, not only in adipocytes but also in hepatocytes. Insulin may also regulate transcription
through Forkhead transcription factors. Insulin diminishes triglyceride breakdown by inhibiting lipolysis. Many of these metabolic pathways are
regulated by the PI3K signaling pathway.

indirectly resulting in increased insulin sensitivity in
liver. Alternatively, 3 agonists may work by changing
the release of some adipocyte product that influences
systemic insulin sensitivity.

The significance of the location of body fat for insulin resist-
ance. The relationship between obesity and insulin
resistance is seen across all ethnic groups and is evi-
dent across the full range of body weights. Large epi-
demiologic studies reveal that the risk for diabetes,
and presumably insulin resistance, rises as body fat
content (measured by body mass index [BMI]) increas-
es from the very lean to the very obese, implying that
the “dose” of body fat has an effect on insulin sensi-
tivity across a broad range (27). Although this rela-
tionship is seen with measures of adiposity such as
BMI, which reflect general adiposity, it is critical to
realize that all sites of adiposity are not equal in this
regard. Central (intra-abdominal) depots of fat are
much more strongly linked to insulin resistance, type
2 diabetes, and cardiovascular disease than are periph-
eral (gluteal/subcutaneous) fat depots (28). This fact
about fat and insulin sensitivity has not been ade-

quately explained. It is possible that an unknown
common factor, either genetic or environmental, pro-
duces both insulin resistance and the central pattern
of regional adiposity, and that central obesity does not
actually cause insulin resistance. Alternatively, some
biochemical feature of intra-abdominal adipocytes
may directly influence systemic insulin sensitivity.

A leading hypothesis in this regard is that intra-
abdominal adipocytes are more lipolytically active, in
part due to their complement of adrenergic receptors.
This would increase intraportal FFA levels and flux,
which might inhibit insulin clearance and promote
insulin resistance by mechanisms that are still uncer-
tain. Hyperinsulinemia per se can cause insulin resist-
ance by downregulating insulin receptors and desensi-
tizing postreceptor pathways, as was confirmed by
overexpression of insulin in livers of otherwise normal
transgenic mice. This transgene resulted in an age-relat-
ed reduction in insulin receptor expression, glucose
intolerance, and hyperlipidemia without any primary
genetic defect in insulin action or secretion (reviewed in
ref. 29). An alternative hypothesis is that, since
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adipocytes are now known to secrete many factors that
are capable of exerting systemic effects (see below), the
array of factors secreted by intra-abdominal adipocytes
may be particularly harmful to systemic insulin sensi-
tivity. So far, this hypothesis remains unproven.

Adipocytes as endocrine cells. Adipocytes are well known
for their essential role as energy storage depots for
triglycerides, from which energy is called forth at times
of need in the form of FFAs and glycerol. However, data
emerging over the past several years have established an
additional role for the adipocyte, that of secretory cell
(Figure 2). Adipocytes express and secrete numerous
peptide hormones and cytokines, including TNF-a;
plasminogen-activator inhibitor-1, which helps main-
tain hemostasis; angiotensinogen, whose proteolytic
product regulates vascular tone; and leptin, which plays
a central role in regulating energy balance. Adipose tis-
sue can also produce active steroid hormones, includ-
ing estrogen and cortisol (30, 31). Through such secret-
ed products, adipocytes possess the capacity to
influence local adipocyte biology, as well as systemic
metabolism at sites as diverse as brain, liver, muscle, 3
cells, gonads, lymphoid organs, and systemic vascula-
ture. This realization raises many possibilities for addi-
tional links between adipose function or mass and
insulin resistance, independent of the adipocyte’s roles
in energy storage and release (Figure 1).

A great deal of interest has followed the discovery
that adipocytes express and secrete the cytokine TNF-
a, and that enlarged adipocytes from obese animals
and humans overexpress this factor (32). Although
not all studies have found TNF-a to be elevated in
obesity, the normal circulating levels of this factor are
at the limit of detection, making quantitative analy-
sis uncertain. This low expression may indicate that
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Figure 2 .
Evolving view of the biological func-
tions of the adipocyte. Previously,
adipocytes were considered to be inert

) Fasted
storage depots releasing fuel as fatty
acids and glycerol in time of fasting or
starvation. More recently it has Fatty acids Glycerol

become clear that adipocytes are
endocrine glands that secrete impor-
tant hormones, cytokines, vasoactive
substances, and other peptides. ANS,
autonomic nervous system.

TNF-a acts in a paracrine rather than endocrine fash-
ion. Alternative approaches to assessing a role of
TNF-0 in systemic insulin resistance are therefore
needed, and in some but not all studies using neu-
tralizing antibodies or other agents to block TNF-a
function in animal models, it appears that such block-
ade heightens insulin sensitivity (33).

TNF-a has many effects on adipocyte function, and
these include actions to inhibit lipogenesis and to
increase lipolysis. These actions have been viewed by
some as a feedback loop against excessive energy stor-
age. Can excessive TNF-0 cause insulin resistance?
TNF-a signaling impairs insulin signaling, in part
through serine phosphorylation of IRS-1 (32, 33), and
can reduce GLUT4 gene expression, so a plausible cel-
lular basis for TNF-0 as a mediator of insulin resistance
has been established. Further support derives from the
beneficial effect of knockout of TNFa or TNFa receptor
genes on insulin resistance in several animal models of
obesity-associated insulin resistance (32, 33). However,
improvement of insulin resistance in response to loss
of TNF signaling is at best partial, and the effect of
TNF neutralization has not been seen in all experi-
mental models. Thus, TNF-a may be a partial contrib-
utor to insulin resistance, but other factors must exist.

Leptin, the product of the ob gene, may be one such
factor. This adipocyte-derived hormone exerts pleiotrop-
ic effects, including profound effects on satiety, energy
expenditure, and neuroendocrine function (34). The
most compelling role of leptin from an evolutionary
standpoint is its capacity to serve as a bidirectional sig-
nal that switches metabolic physiology and neuroen-
docrine status between programs appropriate to the fed
and starved states. The proposed role for rising leptin as
a strong (adipostatic) signal to prevent obesity is easily
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Figure 3

Leptin exerts multiple actions to regulate
glucose homeostasis through autocrine,
paracrine, endocrine, and neural circuits.
Whereas many of leptin’s effects are medi-
ated by the CNS, some effects may be exert-
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subverted by leptin resistance. Since increased energy
stores would favor survival in periods of famine, the adi-
postatic aspect of leptin action may have been selected
against during the course of evolution (35). This view of
leptin as being primarily involved in the starvation/feed-
ing switch does not negate the fact that the absence of
leptin in both rodents and humans produces severe obe-
sity for which leptin is clearly the cure. Nor does it lessen
the importance of determining the molecular basis for
leptin resistance, which limits the capacity of rising lep-
tin to prevent obesity in most situations.

Severe insulin resistance is a well known feature of
deficiency of leptin or its receptor in the 0b/ob or db/db
mouse strains, and these models were among the first
to be investigated for the pathogenesis of insulin
resistance in the early 1970s. Insulin resistance and
hyperinsulinemia occur early in the life of these ani-
mals, are out of proportion to their adiposity at early
stages, and exceed the insulin resistance and hyperin-
sulinemia due simply to hyperphagia and obesity. The
degree to which diabetes (as opposed to insulin resist-
ance without hyperglycemia) develops in these mice is
determined by their genetic background, via effects on
insulin secretory capacity and possibly other factors.
The identity of these background modifier genes is
unknown at present. Leptin’s major site of action is
the hypothalamus, especially in selected nuclei within
the ventrobasal hypothalamus, where neurons that are
directly regulated by leptin reside (36). The fact that
hyperinsulinemia and insulin resistance are produced
by hypothalamic lesions affecting the ventromedial
hypothalamic nucleus suggested a major role for the
central nervous system (CNS) in regulation of insulin
action or secretion. Consistent with this model, cur-

rent evidence suggests that leptin exerts much of its
effect on metabolism and satiety through actions
within the ventrobasal hypothalamus.

The result of leptin replacement in 0b/ob mice on dia-
betes and insulin resistance is dramatic. Leptin treat-
ment causes both glucose and insulin levels to fall with-
in hours of administration, before changes in either food
intake or body weight occur, and prolonged leptin has
effects on glucose and insulin that exceed those seen in
pair-fed ob/ob mice (37). Leptin has a clear insulin-sensi-
tizing effect acutely and also after chronic administra-
tion to normal rodents (37-39). The molecular basis for
the insulin-sensitizing effect of leptin remains a topic of
great interest. Two general views prevail. According to
one, the metabolic actions of leptin are exerted predom-
inantly through actions of leptin within the CNS, most
likely within the hypothalamus (Figure 3). The hypo-
thalamic pathways involved in these actions are incom-
pletely understood, although a role for melanocortin sig-
naling pathways has been suggested. These central
effects may be transmitted to the periphery through a
variety of mechanisms, including the effects of altered
appetite to decrease nutrient flux into the body and the
effects of leptin on neuroendocrine or neural pathways.
Leptin’s effects on insulin sensitivity likely extend
beyond those caused by alterations in food intake and
nutrient flux, so actions via neuroendocrine or neural
effectors are most likely involved as well. In many rodent
models of obesity, including those due to leptin defi-
ciency or resistance, increased glucocorticoids are an
important mediator of both hyperphagia and insulin
resistance, as seen through the beneficial effects of
adrenalectomy (40). In 0b/0ob mice, leptin replacement
suppresses the activated hypothalamic-pituitary-adreno-
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cortical (HPA) axis, which may be an important compo-
nent of leptin’s action on insulin sensitivity, at least in
rodents. Autonomic nerves may also be involved, as sug-
gested by the effects of denervation to reduce leptin’s
action to promote glucose uptake into some muscle
types (41). Major unanswered questions at this point
include which signaling mechanism(s) and cellular tar-
gets in the periphery respond to the autonomic nerve
output by which leptin affects metabolic pathways in rel-
evant tissues, such as muscle, liver, and fat.

The second view of how leptin sensitizes to insulin
involves direct effects at the level of insulin target tis-
sues (Figure 3). In addition to the actions of leptin to
modify metabolism via the brain, substantial data
support the notion that leptin may have important
effects through direct action on peripheral target
cells, including B cells, liver, muscle, and fat. Although
initial surveys suggested that the ObRD isoform of the
leptin receptor was not expressed in peripheral tis-
sues, it now appears that receptor expression in such
tissues occurs at biologically meaningful levels, as
assessed by the ability to rapidly activate signaling
events, including activation of STAT and MAPK
pathways (42). Some evidence suggests that in tissues
including muscle and 3 cells, leptin promotes lipid
oxidation and inhibits lipid synthesis, which would
promote insulin sensitivity (43, 44). Current data do
not allow determination of the relative importance of
central versus peripheral actions of leptin in the meta-
bolic actions of the hormone with certainty. Since lep-
tin fails to reverse insulin resistance and lipid accu-
mulation in mice with ventromedial hypothalamic
lesions, and low-dose central administration of leptin
has major metabolic effects without changing blood
leptin levels, it seems likely that central actions are
required, and that without them, the peripheral
actions are at best limited. Since leptin expression is
induced in tissues such as skeletal muscle after peri-
ods of feeding, it is possible that leptin produced
locally has important metabolic actions as well (45).
Tissue-specific knockout of leptin receptor isoforms
may be helpful in clarifying this point. Even if, as we
suspect, leptin’s major actions are exerted within the
CNS, we lack insight into the precise mechanism by
which engaging central neural pathways rapidly
changes the ability of leptin to regulate metabolic
pathways in the periphery. This area will surely attract
attention from the research community.

Unlike rodents, the few humans with leptin or leptin
receptor mutations and obesity do not appear to have
extraordinary degrees of insulin resistance, as assessed
by hyperinsulinemia, and none have as yet been
described with diabetes (46, 47). This difference may
be related to the fact that in humans, unlike mice, lep-
tin has little effect on the HPA axis. If leptin proves to
have an important action on insulin sensitivity in
humans, as it does in mice, then it will be important to
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determine the extent to which decreased leptin action,
or leptin resistance, contributes to the insulin resist-
ance of obesity in humans.

Lipotoxicity and lipoatrophy:

two sides of the same coin?

There are two additional ways in which alterations in
the function of adipose tissue may influence glucose
homeostasis. In one, increased adipose energy storage
in obesity results in increased FFA flux to other tis-
sues and increased triglyceride storage in these tissues,
which promote insulin resistance and other adverse
effects, referred to by some as “lipotoxicity.” In the
other, paradoxically, the absence of adipose tissue
begets many of the same outcomes. How do we
explain this paradox?

When the adipose depot s expanded, as in obesity, plas-
ma FFAs become elevated, due, most likely, to increased
release from the expanded adipose mass and probably also
to impaired hepatic metabolism. Elevated FFAs impair the
ability of insulin to suppress hepatic glucose output and
to stimulate glucose uptake into skeletal muscle, as well
as to inhibitinsulin secretion from pancreatic 3 cells. The
defect in muscle may involve impaired activation of PI3K,
possibly due to elevations in PKCO (48). An acquired loss
of PI3K activation in muscle is also seen as a result of a
high-fat diet (49). In humans, the triglyceride content of
muscle correlates directly with insulin resistance, and the
fatty acid composition of muscle phospholipids influ-
ences insulzzin sensitivity (50). We need to learn much
more about the mechanisms that drive lipid accumula-
tion in nonadipose tissues, and the mechanisms by which
such lipotoxic impairment of function occurs. Recent
studies in B cells suggest that long-chain fatty acids may
exert adverse effects via inducing overproduction of
ceramide (51). It will be important to determine whether
fatty acids alter gene expression through binding as lig-
ands to transcription factors of the peroxisome prolifera-
tor-activated receptor (PPAR) family.

Severe deficiency or absence of fat occurs in patients
with a heterogeneous group of disorders known as
lipodystrophic diabetes, which, remarkably, is also asso-
ciated with severe insulin resistance. It has been sug-
gested that certain inherited disorders of insulin sig-
naling pathways might account for both aspects of the
disorder. However, thus far, no inherited defects in the
insulin signaling pathway have been identified in these
patients, and patients with insulin receptor mutations
and insulin resistance do not have lipoatrophy. An alter-
native hypothesis, now supported by some published
findings, holds that a primary deficiency of adipose tis-
sue would cause severe insulin resistance. Two different
mouse models in which fat is reduced or missing com-
pletely due to a disruption of adipogenesis have now
been shown to have severe insulin resistance. In one
case, leptin alone reversed the insulin resistance and
diabetes (52). In the other, which shows more complete
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adipose loss, leptin replacement transiently ameliorat-
ed but did not reverse the disorder, whereas fat trans-
plantation dramatically reversed insulin resistance and
diabetes (53). Thus, it is clear that leptin and, possibly,
other uncharacterized adipocyte products influence
insulin sensitivity in the mouse.

That lipoatrophy causes insulin resistance by defi-
ciency of secretory products of adipocytes, as opposed
to the storage function alone, is also seen from studies
of a “skinny” mouse, made deficient in adipose tissue
through transgenic overexpression of leptin. Unlike
lipoatrophic mice that lack leptin, these hyperleptine-
mic mice lacking visible adipose tissue have increased
insulin sensitivity and do not accumulate triglyceride
in muscles or liver (54). This may be due to the
increased metabolic rate and body temperature in these
mice, which result in increased substrate utilization
instead of fat storage, as well as to effects of leptin to
increase fatty acid oxidation (whether through the CNS
or directly in peripheral tissues). Leptin increases fatty
acid oxidation and decreases esterification in skeletal
muscle (43) and in pancreatic islets (44). This appears
to be due, at least in part, to regulation of the expres-
sion of genes involved in fatty acid metabolism and
may be exerted directly at the level of the target tissues,
as the effects are seen in muscle and islets exposed to
leptin ex vivo. In islets of obese Zucker diabetic fatty
rats with leptin receptor mutations, triglyceride con-
tent is 20 times greater than in lean controls and ester-
ification capacity is increased three- to fourfold (55).
Maneuvers that reduce islet fat content improve insulin
secretion and prevent diabetes in these rats (55).

Insights from thiazoladinediones and PPARY. A major
therapeutic advance in diabetes is the availability of thi-
azoladinediones (TZDs), a class of drugs that improve
hyperglycemia, at least in part by improving insulin
sensitivity (reviewed by Olefsky, this Perspective series,
ref. 56). A breakthrough in understanding their mech-
anism of action came from the realization that the
receptor for these drugs is the nuclear transcription fac-
tor PPARY, previously identified as a key transcription
factor for adipogenesis. PPARY is activated by TZDs,
which bind to the ligand-binding domain and increase
transactivation of target genes. The greatest expression
of PPARY s in adipocytes, although substantial expres-
sion is seen in some other tissues such as immune cells
and vascular cells, and lower level expression of
unknown significance is observed in tissues such as
muscle and liver. The fact that TZDs act through
PPARY, and that PPARY is predominantly expressed in
fat, is a powerful new link between the adipocyte and
insulin resistance. What exactly is the link?

The site of action and molecular targets of PPARY
that promote insulin sensitivity are poorly defined.
TZDs may well act directly in muscle, which expresses
PPARY and contributes greatly to systemic insulin
resistance. However, most interest heretofore has been
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in the direct effects of TZDs in fat, where PPARYis very
abundant, to reduce systemic insulin sensitivity. Thus,
it has been suggested that TZDs act in fat, by unclear
cellular mechanisms, to suppress release of FFAs or to
decrease TNF signaling and TNF expression. TZDs
reduce leptin expression and levels through actions on
the ob promoter, thereby promoting obesity. This
mechanism, which has been difficult to demonstrate in
humans taking TZDs, would not promote insulin sen-
sitivity in any event. In rodents, TZDs increase the
number of adipocytes, while decreasing their size. The
increased number may be through well-described stim-
ulation of adipogenesis, while the reduced size may be
due to the lowering of ambient insulin levels, resulting
in reduction in both lipid storage and antilipolysis.
Smaller adipocytes are more insulin-sensitive, at least
in terms of glucose transport, and this, as well as
reduced release of TNF-0 and other molecules from
small adipocytes, may augment whole body insulin
sensitivity. Finally, it is entirely possible that TZDs alter
expression of an as yet unidentified adipocyte hormone
that regulates insulin sensitivity.

The therapeutic effects of TZDs clearly suggest that
PPARY regulates insulin sensitivity in diabetes. Howev-
er, the mechanism is unknown and several additional
key questions remain unanswered. First, do PPARY-
dependent pathways fine-tune insulin sensitivity under
normal circumstances? PPARY is regulated both by
expression of the protein and by the level of activating
ligands; the endogenous ligands are unknown but are
presumed to include FFAs or their derivatives. Once
these molecules are identified, it will be important to
learn what controls their levels in physiologic states,
and whether their levels contribute to the etiology of
insulin resistance. We are currently unable to answer
these key questions, but with the answers will come
important insights into the basis of insulin resistance.
One experiment of nature strongly supports the idea
that PPARY-dependent pathways regulate insulin sen-
sitivity under normal circumstances in vivo in humans.
A patient with severe insulin resistance has been found
with an apparently dominant-negative mutation of
PPARY. Surprisingly, this patient is not deficient in adi-
pose tissue (in contrast to mice with PPARy knockout),
but the presence of severe insulin resistance strongly
supports a critical role for PPARY in the pathways
responsible for insulin sensitivity in normal as well as
diabetic individuals. Mice that are heterozygous for
PPARygene deletion are protected from diet-induced
insulin resistance, a finding that is difficult to explain.

Conclusions and implications

The relationship of obesity to insulin resistance and
type 2 diabetes is a long-recognized phenomenon with
fundamentally important scientific and clinical impli-
cations. The paradox that either absence or excess of
adipose tissue causes insulin resistance highlights the
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complexity of this relationship and underscores the
fact that adipose tissue undoubtedly subserves multi-
ple functions. Advances over the last decade have
expanded our understanding of the role of adipocytes
in biology, and this has begun to provide mechanistic
insights into the causal relationship between obesity
and diabetes. It is now clear that adipocytes function as
endocrine glands with wide-reaching effects on other
organs including the brain. The release of a wide vari-
ety of molecules including hormones such as leptin,
cytokines such as TNF-a, and substrates such as FFAs
allows the adipose organ to play a major regulatory role
in energy balance and glucose homeostasis. Current
challenges on the horizon include (a) discovering addi-
tional adipocyte-secreted products which are central to
these processes; (b) deepening our understanding of
the cellular and molecular mechanisms underlying
insulin sensitivity and secretion, including previously
unidentified pathways such as those mediated by
nuclear receptors such as PPARY; and (c) exploring the
possibility of divergence among different insulin-medi-
ated processes, such that those driving adipogenesis
and fat storage may actually be augmented, at least in
some tissues, in insulin-resistant states.

Most likely, the complex orchestration of the relation-
ship between adipose tissue, insulin action, and glucose
homeostasis evolved out of survival needs to maintain
fuel supplies when food was scarce. Now in times of
plenty in Western society, obesity with its accompanying
morbidities has reached epidemic proportions and the
need for scientific advances to identify new therapeutic
approaches could not be more acute. The challenge to
use the increasing repertoire of adipocyte functions to
shift the equation of energy intake and utilization
toward reduced fat storage holds great opportunities to
alter the course of human disease.
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